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To create the ideal light,
we had to improve
onthe original

To create eye-pleasing light, man has always looked to the sun for
guidance.

At Westinghouse, we did it the other way around. We looked at the
eye. And made such a dramatic discovery that we had to look away from
the sun and start anew.
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The sun and conventional lamps produce light made from all colors of
the spectrum. But we found that our eyes respond best to light made from
only three colors: redjorange I, green Il and bluejviolet BR. So that's the
light our Ultralume™ fluorescent lamps produce.

Under Ultralume, colors appear richer. Textures and fine details seem
clearer than ever before.

Ultralume is the first fluorescent that delivers the light our eyes prefer

to see. Because once again, Westinghouse has looked at an old problem in
a new light.

Westinghouse )

A powerful part of your life.
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Were helpin
When our new DC-9 Super 80 enters service
to bulld next year, it will be the quietest commercial
P jetliner ever to fly. So quiet that the high-
noise area around airports will be cut
ul er in size to just one-fifth of what it is
, with today’s comparable aircraft.

Quiet, and efficient, too. Airlines
flying the Super 80 will pay the lowest operating costs per seat mile of any jetliner in its class.
Watch for the Super 80. You'll see it long before you hear it.

—
I NNA The best way to conserve valuable energy resources
) LA in a building is to start, literally, from the ground up.
S/ o Which is exactly what architects are now doing—
f_r ) with help from our MCAUTO® Division.

2, Working with our computer programs, design

“IMAN T engineers use weather data, peak demand estimates,
lighting and other building

and environment features to
simulate the proposed

building’s heating

T R
| U juiii|
‘ I“E}ﬂf | and cooling require-
J n ments. These needs
—— — are then factored
® ® into the final
building plans.
efficient,
, good building

design
combined with full energy efficiency.
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healthier,

In the medical lab, where minutes count in detecting
and identifying disease, doctors have a powerful new
ally. The AutoMicrobic® System, developed by
our Vitek subsidiary. AMS is a computer-
based system which pinpoints
- infectious organisms 50 to 80
LY percent faster than conven-
) tional testing. But more, AMS C\M
= evaluate the susceptibility of the
microbes to various antibiotics and suggest
to your physician the most effective treatment.
Quick, accurate diagnosis and treatment.
That'’s something we can all feel good about.

more secure
world. .........

as a "filling station” with wings.

The KC-10A can refuel thirsty fighters
across the Atlantic, and then fly home.
As a freighter, it can fly 170,000 pounds of

cargo more than 4300 miles. Which means

the U.S. can now send fighter squadrons and

| their support people and equipment just about anywhere on Earth
ﬁ o, " they’re needed. Beauty of it is for taxpayers, the research and develop-

m ' ment costs were paid for by private capital.
e —

Commercial and military aircraft? Of course. Medical and energy research? Yes again.
And as our technologies advance in these and other fields, you can expect more products
and systems to make your life a bit easier, safer, perhaps better and

longer. To learn more about our surprising technologies, write ,
McDonnell Douglas, Box 14526, St. Louis, MO 63178. /

MCDONNELL DOUGLAS

A JOB? LETS SWAP RESUMES SEND YOURS. WE LL SEND OURS. AN EQUAL OPPORTUNITY EMPLOYER WRITE BOX 14526, ST LOUIS. MO 63178
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Offprints

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

THE COVER

The painting on the cover depicts part of the first powered, man-carrying air-
plane: the “Flyer” of 1903, designed and built by Wilbur and Orville Wright

Offprints will be ready for delivery by (see “The Origins of the First Powered, Man-carrying Airplane,” by F. E. C.
the end of the month following the Culick, page 86). The view is from the rear of the craft and slightly to the left of
month of issue. In addition, over 1,000 center. The rear-mounted 8.5-foot propeller, one of two on the plane, was a

crucial factor in the Wrights’ success. They had to design the propellers them-

selected articles from earlier issues selves when they found that the published information on marine propellers

are available in Offprints and are listed was largely irrelevant. The propellers were so efficient that the Wright broth-
in catalogue (see form below). ers were able to fly their airplane even with a fairly modest gasoline engine,
which, like everything else, they built themselves. To the right of the propel-

Individual and Corporate Orders ler can be seen the footrest for the pilot, who flew prone, and the hip cradle with
Offprints may be ordered in any quan- which he was able to warp the trailing edges of the wings up on one side and
tity and combination. Price: $.40 down on the other to execute a turn, a maneuver that the Wrights were the first

to succeed at. Beyond the wings is the horizontal control surface. The forward

each; $5.00 minimum; payment with location of this surface was a distinctive feature of the early Wright planes.

order. Coupon below suggests form

of order.

School and College Orders THE ILLUSTRATIONS
Offprints adopted for classroom use

Cover painting by Ted Lodigensk
may be ordered direct or through P e .

campus bookstore. Price: $.40 each. Page Source Page Source
Student sets of 10 or more Offprints 18 Ben Rose 104 Bunji Tagawa (top);
are collated by publisher and deliv- 20 Scott Kim Peter A. Lawrence,
ered as sets to bookstore. Offprint 36-38  Alan D. Iselin Medical Research
: 39 Albert Miller Council, Cambridge

Readers, pre-selected course-oriented ; (middle and bottom)
sets of Offprints, are accompanied by 4(2)_41 215 ‘;‘)‘r IFo;ce 105-110 Bunji Tagawa
selector’s commentary relating the ar- i 6—23 AlZZrt Miifelrn 113-120 Walken Graphics
ticles to one another and to formal 49 Werner Henle 123 Simon Conway Morris

i . 124 Simon Conway Morris
course work. Write for catalogue. 50 M. Anthony Epstein, (top), Tom Prgntiss

University of Bristol (bottom)
W. H. Freeman and Company Medical School (10p); 125-127 Tom Prentiss
660 Market Street, San Francisco, Cal 94104 11il Arbel (bottom) >
. 128 Palaeontological
51-52 Ilil Arbel

Please send me Offprints: Association, London

53 Gunnar Bjursell, top and bottom right):
Title of Article Quantity University of Aarhus gi.pSchweizerbart'sihe):
54-58  Ilil Arbel Stuttgart (middle and
59 Werner Henle bottom left)
) 61 Hale Observatories (t0p); 129 Albert Miller
= _ S Eric E. Becklin 130 Royal Society of London
and Gerry Neugebauer, (top and bottom);
Total California Institute Palaeontological
Multiply by $ 40 of Technology and Hale Association, London
Observatories (bottom) (middle)
Payment Enclosed $ . 62-63  George V. Kelvin 131 Ellis L. Yokelsen
Minimum order $5.00, payment with order 64 Hale Observatories (fOP),‘SlmOH Conway
California residents add sales tax 65-70  George V. Kelvin Morris (bottom)
. : 133 Simon Conway Morris
[] Please send free Offprint catalogue 86-87 D.an Todd and H. B. Whittington
88-93  Library of Congress (top), Simon Conway
Name T 94-99  Dan Todd Morris (bottom)
. 100 Dan Todd (t0p), Library 137 U.S. Air Force
Address of Congress (bottom) 140-151 Jerome Kuhl
Ciyand State —— zip 103 Bunji Tagawa 152-160 Michael Goodman
6
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JS&A has never offered a radar detector.

As our president put it, “A radar detector is a
flagrant anti-police device that does nothing
but permit abuse of our traffic laws.”

Although many devices were presented to
JS&A, none were acceptable. Despite all of
our efforts, our president stood firm, “Our
company will not, under any circumstances,
sell radar detectors.”

For three years we saw radar detectors—
some good, some bad—but because of our
president’s policy, we were unable to offer a
single unit. We saw the units go to both Xand K
bands; we saw the police develop radar jam-
ming devices; and we saw the FCC prohibit
these jamming devices. We followed with
great envy as other companies sold thou-
sands of them while JS&A stood firm on its
decision not to sell them.

In January of 1979, our president was travel-
ling on an interstate highway at 55 miles per
hour. Other cars were passing him.

As he approached the top of a hill, he
neglected to pay attention to his speedometer.
As he rolled down the hill his speed increased
to 63 MPH. At the bottom of the hill was a
police radar trap.

He was apprehended and charged with
exceeding the speed limit by eight miles per
hour. He was taken to a Justice of the Peace
who was in the barber shop, so our president
had to wait until he finished. Finally there was a
quick trial and a fine was paid.

Our president was four hours late. He felt
that he was treated like a common criminal
despite his good driving record and he lost
very valuable time.

ATTITUDE CHANGES

This small incident created an entire change
in his attitude. Our president saw for the first
time that even law-abiding citizens are subject
to the inequities of radar justice. He saw that
the law-abiding citizen must also be protected
from the abuses of radar power when unfairly
used.

And when he studied the entire situation,
our president realized something very fright-
ening for all motorists. Many police depart-
ments have quotas imposed on them to realize
either federal or state funds. They mustissue a

certain amount of tickets to qualify. With more
and more motorists using radar detectors and
CB'’s, police must strictly enforce speed limits
to reach their quotas. Now, even law-abiding
motorists, who might make a slight mistake,
are more vulnerable to speeding violations.

NEW MEMORANDUM

In a recent memorandum our president
stated, “Due to the changing nature of police
radar, JS&A may offer radar detectors as part
of its program if presented within the quality
image of our company and if the product
represents a truly unique radar detector
product.”

With the green light to find a radar detector,
our product selection group was prepared.
They had brochures from practically every
manufacturer in the world. And they eventually
selected what even our president thought was
the most professional and well-designed unit
available.

HIDDEN ANTENNA

Manufactured by a company called Chicago
Radar, the unit consists of two parts—one that
is hidden behind your grill, and the other under
your dash. There's nothing on top of your dash
board to indicate that you've got a radar
detector and the system is difficult for anybody
to steal. The unit under your dash is attached
with a self-adhesive Velcro material so there’s
no screws or installation to worry about.

The control unit has two lights—one to indi-
cate thatthe unitis on, and the other to indicate
that your car isunder radar surveillance. There
is also an audible alarm that will sound. But at
night, when the light is all that you need, you
can switch off the audible sound.

The control unit plugs into your cigarette
lighter. The radar antenna is placed behind
your grill. Just pull into any service station and
the mechanic can easily install the entire
system. The Velcro material and mounting
brackets are all provided.

AMPLIFIED SENSING

The antenna is one of the keys to the unit's
high performance. Instead of the square-
shaped dish antennas, the Chicago Radar
version is a round cylinder. It tends to sense
the radar signals sooner and around curves
and hills because of its unique design.
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LEGAL DEFENSE

No-Fault
Radar

If you've ever been caught by radar
or if you own a radar detector, please
read this important message.

The unit responds to both police radar
bands X and K and uses all solid-state
computer technology in its design.

We urge you to test our selection of what we
feel to be the nation’s finest radar detector.
Order one from JS&A. When you receive it,
drive to your nearest service station or CB
dealer and have them install your unit. The
antenna installs with just a few brackets and
the control unit attaches under your dash with
the Velcro material.

Then use it for 30 days. During that time,
count the number of radar traps you en-
counter. On the 30th day, turn off your unit as
you travel. See how naked and unprotected
you feel.

40 DAYS PROOF

If for any reason you are not completely
satisfied, just return your unit within our 40-day
trial period and we’'ll gladly send you a prompt
and courteous refund.

To order your system, send $179.95 plus
$3.00 for postage and handling to the address
shown below. (lllinois residents, please add
5% sales tax.) Credit card buyers may call our
toll-free number below. By return mail, you'll
receive the complete system, all cables,
Velcro material, instructions and a 90-day
limited warranty.

The patented unit is precision crafted by
Chicago Radar—one of the most respected
names in radar detection systems. JS&A is
America’s largest single source of space-age
products —further assurance that your modest
investment is well protected.

We firmly support our police departments
and their efforts, but if they are encouraged to
use radar to maintain quotas, the law abiding
consumer has no choice but to protect himself.
Start today. Order your unit now at no
obligation.

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

InlllinoisCall........... (312) 564-7000
© JS&A Group, Inc.,1979




LETTERS

In your February issue you published
an article by Congressman Les Aspin,
“The Verification of the SALT II Agree-
ment.” The name and, more important,
the reputation of your magazine would
lead your readership to conclude that
the Aspin article is both analytical in
approach and accurate in fact. Because
in substantial degree it is neither, I ask
that the contents of this letter be made
known to your readers.

Aspin should as a minimum have pre-
sented data pertinent to his topic. That
topic is verification that the Soviets do
not exceed the force levels authorized
by a treaty extending through 1985.
Where the U.S. force is largely static, the
capabilities of the U.S.S.R. force are be-
ing steadily enhanced. Yet Aspin’s main
chart depicts the “Russian strategic ar-
senal” at some point in the recent past
whereas what counts is the totals they
are authorized to have and to which all
intelligence agrees they are building.
For instance, that chart shows the num-
ber of deployed launchers for the SS-18
ICBM, the largest and most accurate in
the Soviet inventory, as 170. The rele-
vant total is the 308 or 326 (if operation-
al launchers within Soviet test sites are
included) the Soviets will have when the
ongoing conversion program is com-
plete. The U.S,, incidentally, is autho-

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.
Send both old and new addresses and enclose an ad-
dress imprint from a recent issue. (Date of last issue on
your subscription is shown at upper right-hand corner of
each month’s mailing label.)

Name

| New Address

| Old Address

rized to have none of these large mis-
siles. This distortion is compounded by
showing the number of MIRV’s per SS-
18 as “1 or 8,” whereas the missile is
in fact being armed with 10 individual
warheads. As a result Aspin understates
by about 100 percent the inventory of
MIRYV warheads the Soviets will have
by the terms of the treaty.

The SS-18 faux pas is but one example
of efforts to sell SALT II by the utiliza-
tion of irrelevant or misleading data.
For instance, Aspin states in the cap-
tion for the referenced chart that the
U.S.S.R. has no delivery systems, other
than those shown, capable of reaching
targets in the U.S. What about the sub-
marine launched Shadduck cruise mis-
sile? What about the Backfire bomber?

In Aspin’s general description of U.S.
verification systems he states that over-
the-horizon radars can tell one missile
from another. Wrong. Over-the-horizon
radars can tell you that a missile has
disturbed the ionosphere but provide lit-
tle technical data. It is primarily a warn-
ing system. Aspin states that we have
infrared satellites that can detect cam-
ouflaged silos and virtually prevent So-
viet hiding of additional strategic weap-
onry. Wrong. Infrared can reveal the
difference between real foliage and cam-
ouflage nets. It cannot detect missiles
stored under roofs or underground.

Aspin asserts that the Soviet SS-20
mobile missile now being deployed can-
not be upgraded to ICBM range with-
out further testing that we would detect.
Wrong. The SS-20 is an SS-16 ICBM
less one stage. The SS-16 has already
been thoroughly tested and has been de-
ployed in a nonmobile mode in older SS-
13 silos. The Soviets need only strap on
the third stage, or even more simply re-
move one of the three SS-20 warheads,
and the missile is capable of striking
U.S. cities. Assuring the U.S. Govern-
ment that this is not happening is not
within intelligence capabilities.

Mr. Aspin admits that the Soviet
Backfire strategic bomber (which like
the SS-20 is not even counted in SALT
II) now has the capability to strike the
United States with or without refueling.
He then states, however, that the unilat-
eral (nontreaty) assurances of the Sovi-
ets will limit the “strategic value” of the
bomber. Mr. Brezhnev may agree to
limit production of the bomber to cur-
rent rates, but so far he has refused to
state what those rates are. Thus U.S. in-
telligence is in essence being required to
verify Soviet good intentions, an impos-
sibility by all logic.

With regard to cruise missiles Aspin
asserts that even if the Soviets cheat by
adding cruise missiles to their bombers,
“it is doubtful that more than about 120
[Soviet] bombers would be available be-
fore the expiration date of the treaty.”
But that is equal to the number of air-
craft the U.S. expects to equip with
long-range cruise missiles, and more-
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over the Soviet launch vehicles will be
more modern. As Aviation Week author-
itatively reported, the Soviets have al-
ready flown a subsonic-speed replace-
ment for the Bear bomber and a super-
sonic replacement, comparable to the
B-1, for the Bison bomber. Moreover,
the Soviets have already been detected
testing cruise missiles on their uncount-
ed Backfire bomber, of which they will
have 400 or more by the expiration date
of the treaty.

Finally, Aspin’s entire treatise on veri-
fication is silent on the numerous at-
tempts by the Soviets to circumvent the
provisions data through the encryption
of telemetry, and the disastrous blows
dealt to our verification capabilities.by
the Soviet acquisition of a top-secret
manual on our KH-11 satellite and the
loss of our monitoring stations in Iran.

The fact of the matter is that given the
damage sustained by U.S. intelligence
capabilities over the past few years we
cannot today verify the much simpler
SALT I treaty, let alone the vastly more
complex SALT II treaty.

It should be noted that the U.S. arms
controllers themselves signaled the non-
verifiability of SALT II when they asked
in December that the Soviets desist from
the practice of encrypting their teleme-
try. This practice denies us reliable in-
formation on the technical characteris-
tics of Soviet missiles, in particular the
number of MIRV’s per missile. The So-
viets balked and counterproposed that
henceforth there be no encryption of
that portion of the test data relevant
to verification—the determination to be
made unilaterally by the testing side.
(Astonishingly, this suspect Soviet offer
is being supported by the Administra-
tion.) The question that arises is: If
SALT II is “fully verifiable,” why did
they try to get the Soviets to cease en-
cryption of telemetry?

Lack of verifiability is only one of sev-
eral major flaws of SALT II, and cer-
tainly not the most significant. It only
makes a bad treaty worse. Indeed, it can
be argued that the Soviets would be
foolish to cheat since the treaty is so
heavily advantageous to Moscow as it
stands.

GEN. RICHARD G. STILWELL

Coalition for Peace through Strength
Washington

Sirs:

General Stilwell’s letter is filled with
misleading statements. The chart in
my article, depicting Russian strategic
forces, refers to currently deployed
forces, not to those of 1985. Not all SS-
18 missiles have 10 warheads. Two of
the four versions are fitted with a single
warhead; the others have eight or 10.
Under SALT counting rules they are all
presumed to have 10—something of a



We have a raft of policies that can
give you a more comfortable retirement.

Social security will help. So will a pension. But if you want a truly
comfortable retirement, you may very well need more. ,

That’s where New York Life can help. A New York Life retirement
policy can guarantee extra income every month for as long as you or
your spouse live. What’s more, some New York Life retirement policies
will not only provide a monthly income at retirement but financial pro-
tection now for your family.

See your New York Life Agent soon. He or she will help you select
the retirement plan best suited to your needs.

New York Life. For all of your life.

New York Life Insurance Company, 51 Madison Avenue, New York, New York 10010. Life, Group and Health Insurance, Annuities, Pension Plans.
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... THIS IS THE MOUNT RUSHMORE
THAT ONLY QUESTAR OWNERS SEE

The perfection of the world’s finest lens brings into view the inaccessible in all its
magnificent detail, revealing the granite scars that brought these colossal human
countenances to life. The head of Jefferson in the group of Mount Rushmore figures
by the sculptor Gutzon Borglum was photographed from the “Avenue of Flags”,
approximate distance 1/4 mile, by Ralph and Doris Davis. Kodak Plus-X, 1/125 sec.
exposure. The 50 mm. camera lens view is below.

With our literature describing the world's finest most
versatile optical instruments we will include our
Questar folder illustrated with 8x10” photographs of
the four Mount Rushmore figures. Please send $2 for
mailing on this continent; by air to S. America. $3.50;
Europe and N. Africa, $4; elsewhere $4.50.

QUESTAR

Box 20MR, New Hope, Pa. 18938
(215) 862-5277
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disadvantage to the Russians, I would
think.

I did not include the Shadduck cruise
missile as a weapon capable of striking
U.S. targets because its range is only 250
miles, it has poor accuracy and it can be
launched only from the surface (a dan-
gerous place for a Russian submarine to
be only 250 miles off American shores).
It clearly is not a strategic weapon
by anyone’s definition, except perhaps
General Stilwell’s.

General Stilwell is incorrect in his as-
sessment of our military capabilities.
Over-the-horizon radars can observe the
propulsion characteristics of missiles
(which is one way of distinguishing
among them), and infrared devices can
distinguish among their rocket-exhaust
plumes. Note that General Stilwell com-
pletely ignores all the other detection
devices, of which there are many, that
my article discusses in detail.

He is also wrong about infrared satel-
lites. As long as the ground immediately
around an object in question has a tem-
perature or radiative emission different
from that of the surrounding terrain, an
underground silo will stand out clearly.

General Stilwell has been given poor
information on the SS-16. The missile
has been tested only once since 1975,
and that test was a failure.

If the Russians deploy a new heavy
bomber, as General Stilwell suggests,
then it must be counted as a “strategic
delivery vehicle,” thus limiting the num-
ber of other vehicles the Russians can
deploy. If they deploy Backfire bombers
with long-range cruise missiles, they too
must be counted under SALT IL If there
are no “functionally observable differ-
ences” between these Backfires and oth-
ers, then all Backfires must be counted
and the Russians must proportionately
reduce the number of bombers, [CBM’s
or SLBM’s. This is fine with me.

I was silent on the controversies over
telemetry and the KH-11 because they
arose after my article had gone to press.
Telemetry conveys important technical
information but very little that is related
to SALT II; the little it does relay can
be detected by other means. The KH-11
scandal somewhat degrades our capa-
bility to get some technical information,
but virtually none of this would be perti-
nent to the provisions of SALT II. Un-
fortunately, this cannot be discussed in
detail without getting into highly classi-
fied information. On the basis of what I
know as a member of the House Armed
Services and Intelligence committees,
however, I believe the Administration is
right in stating that telemetry encryption
and the KH-11 disclosure do not seri-
ously degrade our capability to verify
compliance with a SALT II treaty.

LES ASPIN

House of Representatives
Washington



NEW! THE
UNDER-THE-SEAT
KLUGE BAG " ;

Lots of room
in very
little space.

Over 20,000 businessmen have ordered our fa-
mous, original Kluge Bag™ And inundated us with
requests for an under-the-seater with the same
roominess, versatility and thoughtful attention
to detail.

Here, then, is the compact, under-the-seater
you'd design yourself.

The only bag that lets you travel light and still take
along everything you could possibly need — and
more. A bag that slips under the seat but still gives
you all the advantages of an easy-to-pack, wrinkle
free garment bag or valet.

One Night or Four or More

A highly distinctive, exceptionally handsome, ex-
tremely durable bag you can carry on your shoulder
—for hands free convenience and because even an
overnighter can be anuisancebefore you get to the
gate or find a taxi.

A bag you'll use for one night or two and when
you'll be away four nights or five. Because it holds
not just one suit but two . . . plus a full complement of
shirts, socks, and underwear .. . plus an extra pair of
shoes ... even your robe and slippers ... and the
things you'll need if you're going to play tennis, use
the pool, want to relax in a sweater and slacks.

Removable Portfolio

All this, and you still haven't come to some of the
best features. Like the portfolio that's removable.
Something almost everyone seemed to want—and
couldn't find.

A roomy, well-made case you'd expect to spend
$30 or $40 for all by itself. It not only eliminates your
having to carry a separate attache, it also enables
you to pack all those extra files and samples you
pick up in the portfolio pouch, while you keep the
portfolio itself with you.

An Extra Easy Access
Outside Compartment

There's another compartment, on the other side,
which is perfect for last minute items, for things you

Companion to America’s best selling

flight bag, the new Kluge Under-the- Seater
incorporates every element and design
feature these seasoned travelers required.

“Aclose toperfectpieceof luggage. | still find it hard to believe |
can pack everything | need for a six day trip in a bag that goes
under the seat.” Ron Polacco,

President, Travel Technology, Inc. /e p z

need while you're traveling, like a carton of ciga-
rettes, reading material, a sweater to wear on the
plane, or for presents you pick up at the airport.

Raincoat/Umbrella Carrier

Just above this zippered section you'll find ad-
justable straps to carry your raincoat and/or an um-
brella. It seems hard to believe but up until now
nobody made an airline bag thatrecognized the fact
that the weather could change or that you often
travel from a place where it's cold to where it's warm,
orvice versa.

More Bonus Features

The new Kluge Bag, though, pays attention to all
these details. So, there's a fitted toiletries compart-
ment. . .aplaceto hangyourtiesand an extra belt. .
even a special hook to hang the bag in a closet.

Only $45.00!

Simply, there’s no other under-the-seater that's
anything like this. Beautifully made of top-quality,
heavy-duty, linen-like rayon,the material most often
used in expensive luggage today because it's as
strong as it is light, and retains its beauty through
years of use and abuse, the Under-the-Seat Kluge
Bag is available in natural canvas color with rich
brown piping and trim or a striking combination of
black with brown trim.

Most extraordinary of all, though, is the price. At
$90 or $100, which is how much you'd probably
have to spend in a store, the Under-the-Seat Kluge
Bag would be an excellent value. At $45.00 it's
absolutely unbeatable.

A price that's possible only because we're one of
the largest mail merchandisers in the U.S.—able to
commit for an entire manufacturing run, and to
eliminate salesmen, distributors, retailers and all
their costs by selling direct.
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So, the Deluxe Under-the-Seater, with beautiful
belting leather trim and matching zippers is an even
more unusual value at just $75.00. Shipping and
handling for either bag is just $3.60 extra.

30 Day No-Risk Trial

Some of Hollywood's biggest stars, television’s
top performers, chairmen of the Board of America’s
largest corporations fly with a Kluge Bag. Like them,
you must find your Kluge Bag the finest, most useful
and truly convenient piece of luggage of its kind on
the market today. An extraordinary value as well as
the best Under-the-Seater available anywhere. Or
return it within 30 days for a complete refund—no
questions asked.

Call 800-621-5554

lllinois residents call 800-972-5858
(In operation 24 hours aday, 7 days a week)

With this understanding, call the toll free
number above to order with any national credit card.
Send your check to Douglas Dunhill at the address
below. Be sure to specify natural or black .
standard or deluxe. (lllinois
residents include the
sales tax.)

You'll have the only under-
the-seat flight bag
with its own
portfolio and
room for easy,
wrinkle-free
packing of
everything
you need
for almost
every trip
you take.
Order now
without ob-
ligation.

Lauvglas Dunbill

INC..AFFORDABLE QU

Dept. 47-2577
Ten Douglas Dunhill Drive, Oak Forest, IL 60452

© Douglas Dunhill inc. 1979
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Mumm’s the word.

For 150 years, people who know how to lve have been celebrating life
with Mumm premium French Champagne.
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50 AND 100
YEARS AGO

'SCIENTIFIC AMERICAN]

JULY, 1929: “More than 80,000
miles of main and gathering oil lines
now provide a great underground trans-
portation system between oil fields in
various parts of the country and ship
terminals, railway loading racks and re-
fineries. The longest of the oil trunk lines
extends from Texas to Bayonne, N.J.,, a
distance of nearly 1,700 miles. Many
large cities hundreds of miles from the
source of supply are receiving natural
gas through pipelines from 16 to 24
inches in diameter, and a 1,200-mile
pipeline project now under construction
will send natural gas from the Louisiana
fields to Birmingham, Atlanta, Chatta-
nooga and other southern cities. The
mileage of the main natural-gas lines in
the U.S. almost equals our 81,000 miles
of manufactured-gas lines. This is par-
ticularly significant in view of the fact
that most of the larger natural-gas proj-
ects have been built within the past two
or three years, whereas the manufac-
tured-gas lines have been extended grad-
ually since the first American coal-gas
plant was built in Baltimore in 1812.”

“The sun sends out a much wider
spectrum and more ultra-violet light
than we observe on the earth. Ozone, as
if it were a piece of metal, screens off the
short-wavelength end. We can measure
how much ultra-violet is absorbed by
a layer of ozone of one or two or five
millimeters’ thickness, and by studying
the bright and the dark bands in the
spectrum we can compare this with the
amount the atmosphere absorbs. The re-
sult is that there must be at about 40
kilometers’ (25 miles) altitude a layer of
ozone equivalent to three millimeters
(an eighth of an inch) at sea level. The
ultra-violet spectrum is being studied at
Arosa in Switzerland, at the Meteoro-
logical Department of Oxford Universi-
ty, at the University of Montpelier in
France (where the sky is very clear) and
at many other localities. The first years
of study have already given some inter-
esting results. In all the places in the
Northern Hemisphere there is a marked
variation in the course of the year of the
amount of ozone present. The thickness
of the layer is greatest at the beginning
of the spring and decreases during the
summer.”

“Florida, the land of fruits and flow-
ers, is fast attaining quantity production
of the alligator pear, or avocado as it
should more properly be called. South-
ern California is not behind in this re-
spect. Thousands of acres in both states

are bearing full crops of this singular
fruit, which is in substance a vegetable
and is perhaps the most nutritious tree
product. Many have eaten avocados but
do not like them at first. They are some-
what insipid and seem to lack flavor,
even though they are nutritious. The an-
swer probably lies in the acquisition of
taste. Did you like your first raw oyster
or your first olive?”

“Everybody knows the end products

" of scientific investigation because every-

body uses them, but few know the stages
by which these end products have devel-
oped. Many see only what is on top.
They accept, for example, the blessings
of our knowledge of germs and germi-
cides without knowing how Pasteur dis-
covered germs as the chief source of dis-
ease; they use a large variety of chemical
compounds without knowing the mean-
ing of chemistry; they admire skyscrap-
ers, great bridges and other complicated
structures not knowing how Galileo laid
the firm foundation of the laws of forces
without which these structures could
not be safely erected. Even today only a
few carry on the advance of science.
There are millions of otherwise intelli-
gent people whose outlook on the world
is essentially that of the Middle Ages. A
large number confuse science with pseu-
do-science and are easy game for all
kinds of quackery purporting to cure
bodily ills. Astrology is more popular
than astronomy. The people of a sover-
eign state attempt to settle by referen-
dum the question of whether man is a
product of organic evolution; for them
to attempt a popular verdict on the Ein-
stein theory would be no less absurd.”

JULY, 1879: “The grand fact in the
history of iron for the past 20 years has
been the rapid replacement of wrought
iron by the softer varieties of steel. The
earlier experiments of Bessemer and
others were directed to the production
of wrought iron by a quicker and easier
process than ‘puddling’ for the removal
of the carbon of cast iron. These experi-
ments were unsuccessful so far as the
complete removal of carbon and pro-
duction of a fairly soft, pure iron was
concerned, but they proved the feasibili-
ty of manufacturing steel directly from
cast iron with far less expenditure of
time, fuel and labor than was called for
by the older methods. The new proces-
ses, moreover, carried with them the
great advantage of operation at a tem-
perature so high that the metal was com-
pletely fused and hence was much more
uniform than when masses were consol-
idated by welding. Gradually it became
apparent that the true function of the
newly invented methods was the pro-
duction of a new material, containing
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carbon in relatively small amounts,
combining the toughness and workable
qualities of wrought iron with the great
tensile strength, rigidity, some of the
hardness and particularly the homoge-
neity due to the practicable fusibility of
steel. The ‘mild steel’ that is the essential
result of the recent processes of manu-
facture is not the ‘tool steel’ that not
many years ago was pictured in every-
one’s mind in connection with the term
steel, but it is a substance available for a
far wider range of uses and applicable
upon a far greater scale.”

“M. Janssen is still working hard at his
interesting solar observatory at Meu-
don. Gradually but surely he is perfect-
ing his method of observing the sun by
photography. M. Janssen stands alone
in his researches in solar photography.
His last important discovery was the
fact that when a picture is taken of the
sun with the briefest exposure, there is a
vast amount of important detail to be
seen. In some portions of the surface the
sun appears covered with round gran-
ules; in others the granules are comet-
shaped, or elongated, implying motion.
M. Janssen still uses his revolver ap-
paratus, which he first used to record
the transit of Venus, and the successive
views obtained within two minutes of
each other have already given valuable
results. In a word, it is found that two
images of the sun taken with but a short
interval between them differ materially
from each other. The phenomena we
have chosen to designate as sunspots
apparently change much more rapidly
than is supposed. Thus we have ample
proof that changes are for ever going on
in the sun.”

“The new steamer Arizona, which
passed Sandy Hook at half-past five the
afternoon of June 17, arrived at Queens-
town at 20 minutes past seven the morn-
ing of June 25. The actual running time
was seven days nine hours 23 minutes,
the fastest trans-Atlantic trip on record.
It is one and a half hours less than the
time of the Britannic in August, 1877.”

“The Fall River spinners’ strike began
as threatened June 25. By the action of
about 800 operatives the industry of
15,000 has been arrested. The strike will
cost the mill hands about $100,000 a
week in loss of wages. The leaders in
the strike are described as operatives re-
cently from England, particularly from
Blackburn and Preston. It is further af-
firmed that no person prominent in these
difficulties was an inhabitant of Fall
River in 1871. One man is particularly
described. He is a weaver who can get no
employment in any of the mills on ac-
count of his bad reputation for causing
trouble. He makes a business of agitat-
ing. A few men of this sort have been
allowed by their fellow operatives to
stop their work and stop their wages.”
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THE AUTHORS

KEVIN N. LEWIS (“The Prompt and
Delayed Effects of Nuclear War”) is a
fellow of the Arms Control Project at
the Center for International Studies of
the Massachusetts Institute of Technol-
ogy, a consultant to the Rand Corpora-
tion and a Ph.D. candidate in defense
policy in the M.I.T. department of polit-
ical science. He received his B.S. in op-
erations research from Yale University
in 1977 and his master’s degree from
M.LT. this past spring. Lewis’ current
research interests include the structur-
ing of general-purpose forces, the eco-
nomic impact of nuclear warfare and
air-defense technologies.

WERNER HENLE, GERTRUDE
HENLE and EVELYNE T. LEN-
NETTE (“The Epstein-Barr Virus”) are
research virologists at the Children’s
Hospital of Philadelphia. The Henles
are also professors of virology in pedia-
trics at the University of Pennsylvania
School of Medicine. Both were born in
Germany, and they met as medical stu-
dents at the University of Heidelberg.
Because Werner Henle had a Jewish
grandfather he emigrated from Nazi
Germany to the U.S. in 1936; Gertrude
Henle followed him in 1937. They have
been on the research staff of Children’s
Hospital and the Pennsylvania School
of Medicine ever since. This year the
Henles were given the second annual
Bristol-Meyers Award for Cancer Re-
search in recognition of their work on
the Epstein-Barr virus. Lennette was
born in China and was raised in Viet-
nam and Okinawa. Her family then
moved to California, where she did her
undergraduate work in physics at the
University of California at Berkeley.
After obtaining her Ph.D. in molecular
biology from Washington University
she learned techniques of virology at the
California Department of Health labo-
ratories.

THOMAS R. GEBALLE (“The Cen-
tral Parsec of the Galaxy”) is a senior
research fellow at the Hale Observato-
ries of the California Institute of Tech-
nology. Born and raised in Seattle, he
studied at the University of Washington,
the University of Amsterdam and the
University of California at Berkeley,
where he received his bachelor’s degree
in 1967. He then continued his studies at
Berkeley, obtaining his Ph.D. in physics
in 1974 with a dissertation on astronom-
ical infrared spectroscopy. Following a
postdoctoral year at Berkeley, Geballe
spent two years at the University of
Leiden, returning to the U.S. to accept a
fellowship at the Hale Observatories.

F. E. C. CULICK (“The Origins of
the First Powered, Man-carrying Air-
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plane”) is professor of applied physics
and jet propulsion at the California
Institute of Technology. Born in New
Hampshire, he studied at the Massachu-
setts Institute of Technology both as an
undergraduate and as a graduate stu-
dent, receiving his Ph.D. in aeronautics
in 1961. He then accepted a postdoctor-
al fellowship at Cal Tech, where he has
remained ever since. His research inter-
ests include gas lasers, fluid mechanics,
combustion and the aerodynamics of
the Wright brothers’ 1903 “Flyer.” Cu-
lick is a private pilot and shares the own-
ership of an aircraft he uses for business
and pleasure. He writes: “Last summer
my 15-year-old son and I flew around
the U.S. in two weeks in celebration
of the 75th anniversary of the Wrights’
first powered fiights. We made 48 land-
ings, only one in each of the continen-
tal states, and covered 8,400 miles in
66.5 hours of flying. Kitty Hawk was
of course one of our stops.”

ANTONIO GARCIA - BELLIDO,
PETER A. LAWRENCE and GINES
MORATA (“Compartments in Animal
Development”) are developmental biol-
ogists. Garcia-Bellido is director of the
Institute of Genetics of the Spanish Re-
search Council in Madrid. He obtained
his Ph.D. from the University of Madrid
in 1962 and did postdoctoral work at the
universities of Cambridge and Zurich
and at the California Institute of Tech-
nology. Lawrence is on the staff of the
cell-biology division of the Medical Re-
search Council Laboratory of Molecu-
lar Biology in Cambridge, England. He
did his undergraduate work in zoology
at Cambridge and went on to do gradu-
ate work in insect development in the
laboratory of V. B. Wigglesworth. From
1965 to 1967 he was a research fellow
at the University of Virginia and Case
Western Reserve University. Lawrence
then joined the genetics faculty at Cam-
bridge, moving in 1969 to the Laborato-
ry of Molecular Biology. Morata is on
the staff of the Institute of Genetics in
Madrid. He received his undergraduate
degree in 1968 and went to work in
Garcia-Bellido’s laboratory the follow-
ing year. After obtaining his Ph.D. in in-
sect development in 1973, he spent a
year as a fellow in the department of ge-
netics at the University of Oxford and
two years at the Laboratory of Molecu-
lar Biology, where he met Lawrence.

KENNETH A. JOHNSON (“The
Bag Model of Quark Confinement”) is
professor of physics at the Massachu-
setts Institute of Technology. He did his
undergraduate work at the Illinois Insti-
tute of Technology and received his
Ph.D. from Harvard University in 1955.
After two years as a lecturer at Harvard
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he went to the Institute for Theoretical
Physics in Copenhagen as a postdoctor-
al fellow. In 1958 he joined the M.LT.
faculty.

SIMON CONWAY MORRIS and
H. B. WHITTINGTON (“The Animals
of the Burgess Shale”) are paleontolo-
gists who have studied the rich harvest
of fossils from the Burgess Shale locali-
ty in British Columbia. Conway Morris
is lecturer in the earth sciences at the
Open University in Milton Keynes, En-
gland. Born in London, he did his un-
dergraduate work at the University of
Bristol and obtained his Ph.D. from the
University of Cambridge in 1976. In
1975 he was elected research fellow of
St. John’s College, Cambridge, the first
paleontologist to be elected since L. S.
B. Leakey. In his spare time Conway
Morris collects antiquarian geology
books and navigates English canals.
Whittington is Woodwardian Professor
of Geology at Cambridge and head of
the department of geology. He was edu-
cated at the University of Birmingham,
where he received his Ph.D. and lectured
from 1945 to 1949. He then joined the
geology faculty of Harvard University,
where until 1966 he was curator of in-
vertebrate paleontology at the Museum
of Comparative Zoology. In 1966 and
1967 he joined parties from the Canadi-
an Geological Survey in collecting fos-
sils at the Burgess Shale locality.

DAVID REGAN, KENNETH BEV-
ERLEY and MAX CYNADER (“The
Visual Perception of Motion in Depth”)
are experimental psychologists at Dal-
housie University. Regan is Killam Re-
search Professor and director of the
Center for Research in Sensory Psychol-
ogy and Medical Physics. He studied
physics at the Imperial College of Sci-
ence and Technology, which gave him
his Ph.D. in 1964, and obtained his D.Sc.
from the University of London in 1974.
After teaching physics at London for a
few years, he worked in the research de-
partment of communication at the Uni-
versity of Keele, and then in 1976 he
moved to Canada. Regan’s major re-
search interests are the application of
visual and auditory psychophysics to
the diagnosis and management of brain
damage and to aviation. Beverley is
a postdoctoral fellow. He received his
Ph.D. in 1975 from the University of
Keele and then worked on visual dis-
plays of image intensifiers in the de-
partment of electrical engineering at
the University of Nottingham. Beverley
moved to Dalhousie in 1977. Cynader is
associate professor of psychology. He
obtained his bachelor’s degree in psy-
chology at McGill University and then
did graduate work on the visual system
of cats and monkeys at the Massachu-
setts Institute of Technology. After re-
ceiving his Ph.D. in 1972, he moved to
Dalhousie.
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Choose any one of these invalu-
able sets as your introduction to
membership in the Book-of-the-
Month Club. You simply agree to
buy 4 books within a year.

The Club is the source for the best
of the best sellers. Every Club book
is of bookstore quality—or

better. You don t settle for the al-
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book clubs offer. And when you
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trial period, each book you buy
earns Book-Dividend® credits, which
entitle you to discounts of at least
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The Compact Edition of the

OXFORD ENGLISH

DICTIONARY
for $1995 Publisher’s list price: ¥125

The world’s “most complete and most scholarly
dictionary of the English language” —The
Christian Science Monitor. Contents of this two-
volume edition are identical to the original
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case. "Endlessly browsable”—Newsweek
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one of the great literary achievements of this century and deserves a place in every library.

MEDICIN 2

§ History

Hhostr

MEDICINE:
AN ILLUSTRATED
merRYby Albert S. Lyons, M.D.

and R. Joseph Petrucelli I, M.D.
for $12 50 Publisher’s list price: %75
This impressive, wide-ranging pictorial survey,
composed of more than 1000 extraordinary
illustrations and an informative, anecdotal text,
documents the development of human achieve-
ment in the healing arts, from earliest prehis-
toric times through the scientific advances
of the twentieth century. 266 full-color plates.
“This volume is in itself a work of art”

—Choice Magazine

i

OMLIHI |

JIHSMOTTSE

D\JRHHUO]
NAINIOL HHT A LIBROM IHL

NIIIOL ===

RS numlu'uumsau
B

NapnQL Yl

NIDNOL ¥

|
(

—

A COMPLETE
TOLKIEN LIBRARY

The entire seven-volume set for $12 50
Publishers’ list

prices total: $858°

The Silmarillion edited by Christopher Tolkien.
The Elder Days of Middle-earth.

The Lord of the Rings. Second revised edition.
3-volume boxed set.

The Tolkien Companion by J.E.A. Tyler.

A complete guide to Middle-earth.

The Hobbit (Collector’s Edition). Boxed, with
paintings and drawings by the author.

Tolkien by Humphrey Carpenter. The only
authorized biography.
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MATHEMATICAL
GAMES

Douglas R. Hofstadter’s
“Godel, Escher, Bach”

by Martin Gardner

This sentence no verb.
—DoucGLAS R. HOFSTADTER,
Godel, Escher, Bach:
an Eternal Golden Braid

very few decades an unknown au-
E thor brings out a book of such
depth, clarity, range, wit, beauty
and originality that it is recognized at
once as a major literary event. Gddel,
Escher, Bach: An Eternal Golden Braid,
a hefty (777 pages) volume just pub-
lished by Basic Books, is such a work.
The author (and the illustrator and
typesetter) is Douglas R. Hofstadter, a
young computer scientist at Indiana
University who is the son of the well-
known physicist Robert Hofstadter.
What can Kurt Gédel, M. C. Escher
and Johann Sebastian Bach have in
common? The answer is symbolized by
the objects shown in the photograph on
page 18 and in the photograph on the
book’s jacket. In each photograph two
wood blocks floating in space are illu-
minated so that their shadows on the
three walls meeting at the corner of a
room form the initials of the three sur-
names Godel, Escher and Bach. More
precisely, the upper block casts “GEB,”
the heading of the book’s first half, and
the lower block casts “EGB,” the head-
ing of its second half. The letters G, E
and B may be thought of as the labels
for three strands that are braided by re-
peatedly switching a pair of letters. Six
steps are required to complete a cycle
from GEB (through EGB) back to GEB.
Dr. Hofstadter (his Ph.D. is in physics
from the University of Oregon) calls
such a block a “trip-let,” a shortened
form of “three letters.” The idea came to
him, he explains, “in a flash.” Intending
to write a pamphlet about Godel’s theo-
rem, his thoughts gradually expanded to
include Bach and Escher until finally he
realized that the works of these men
were “only shadows cast in different di-
rections by some central solid essence.”
He “tried to reconstruct the central ob-
ject, and came up with this book.”
Hofstadter carved the trip-let blocks
from redwood, using a band saw and an
end mill. The basic idea behind this
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form is an elaboration of the classic puz-
zle that asks what solid shape will cast
the shadows of a circle, a square and a
triangle. Can a trip-let be constructed
for any set of three different letters? If
the letters may be distorted sufficiently,
the answer is yes, and so to make the
problem interesting some restrictions
must be imposed. To begin with, the let-
ters (preferably uppercase) must all be
conventionally shaped, and they must fit
snugly into the three rectangles that are
the orthogonal projections of a rectan-
gular block. In addition the solid must
be connected, that is, it must not fall
apart into separate pieces. It is not easy
to determine except by trial and error
whether such a trip-let can be made for
any three given letters. As it turns out,
some trip-lets are not possible. This
problem suggests exotic variations, for
example n-tup-lets that project n letters;
four-dimensional tup-lets that project
solid trip-lets that in turn project plane
shadows of letters; solids that project
numbers, pictures or words, and so on.
(For this description of trip-lets I am
indebted to Hofstadter’s friend Scott
Kim, who worked closely with him on
many aspects of the book.)

What reality does Hofstadter see be-
hind the work of his three giants? One
aspect of that reality is the formal struc-
ture of mathematics: a structure that, as
Godel’s famous undecidability proof
shows, has infinitely many levels, none
of which are capable of capturing all
truth in one consistent system. Hofstadt-
er puts it crisply: “Provability is a weak-
er notion than truth.” In any formal sys-
tem rich enough to contain arithmetic
true statements can be made that cannot
be proved within the system. To prove
them one must jump to a richer system,
in which again true statements can be
made that cannot be proved, and so on.
The process goes on forever.

Is the universe Godelian in the sense
that there is no end to the discovery of
its laws? Perhaps. It may be that no mat-
ter how deeply science probes there will
always be laws uncaptured by the theo-
ries, an endless sequence of wheels with-
in wheels. Hofstadter argues eloquent-
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ly for a kind of Platonism in which sci-
ence, at any stage of its history, is like
the shadow projections on the wall of
Plato’s cave. The ultimate reality is al-
ways out of reach. It is the Tao about
which nothing can be said. “In a way,”
Hofstadter writes at the end of his pref-
ace, “this book is a statement of my
religion.”

For laymen I know of no better expla-
nation than this book presents of what
Godel achieved and of the implications
of his revolutionary discovery. That dis-
covery concerns in particular recursion,
self-reference and endless regress, and
Hofstadter finds those three themes viv-
idly mirrored in the art of Escher, the
most mathematical of graphic artists,
and in the music of Bach, the most
mathematical of the great composers.
The book’s own structure is as saturated
with complex counterpoint as a Bach
composition or James Joyce’s Ulysses.
The first half of the book serves as a
prelude to the second, just as a Bach
prelude introduces a fugue. Moreover,
each chapter is preceded by a kind of
prelude, which early in the book takes
the form of a “Dialogue” between
Achilles and the Tortoise. Other char-
acters enter later: the Sloth, the Anteat-
er, the Crab and finally Alan Turing,
Charles Babbage and the author him-
self. Each Dialogue is patterned on a
composition by Bach, and in several in-
stances the mapping is strict. For exam-
ple, if the composition has n voices, so
does the corresponding Dialogue. If the
composition has a theme that is turned
upside down or played backward, so
does the Dialogue. Each Dialogue states
in a comic way, with incredible word-
play (puns, acrostics, acronyms, ana-
grams and more), the themes that will be
more soberly explored in the chapter
that follows.

There are two main reasons for Achil-
les and the Tortoise having been chosen
to lead off the Dialogues. First, they
play the major roles in Zeno’s paradox
(the topic of the book’s first Dialogue),
in which Achilles must catch the Tor-
toise by escaping from an infinite re-
gress. Second, they are the speakers in
an equally ingenious but less familiar
paradox devised by Lewis Carroll. In
Carroll’s paradox, which Hofstadter re-
prints as his second Dialogue, Achilles
wishes to prove Z, a theorem of Euclid’s,
from premises 4 and B. The Tortoise,
however, will not accept the theorem
until Achilles postulates a rule of infer-
ence C, which explicitly states that Z fol-
lows from A4 and B. Achilles adds the
rule to his proof, thinking the discussion
is over. The Tortoise then, however,
jumps to a higher level, demanding an-
other rule of inference D, which states
that Z follows from 4, B and C, and so
it goes. The resulting endless regress
seems to invalidate all reasoning in
much the same way that Zeno’s para-
dox seems to invalidate all motion.



On Photographing a Small Step

IT is unearthly. The landscape
underfoot. It is soft and powdery.

A silver beast stands there. His
head is a shiny globe. His huge
frankfurter fingers hold a small box
that talks.

Click. Whir. Click. Whir.
A man is taking the first pictures
on the moon. He takes them with a

camera that gives him startling detail.
It is a Hasselblad.

It is the first of twelve taken

to the moon onsix landings. And it
is still there today.

-.‘ “‘.

Hasselblads have taken tens of
thousands of photographs during
millions of miles of travel in space.

In all, 60 Hasselblads on 27
flights with 6 astronauts have com-
pleted 3566 orbits of earth and 363
of the moon.

Every Hasselblad proved reliable
on every flight under every
condition.

Today, 10 years after, Hasselblad
celebrates mankind’s giant leap with
a commemorative issue of a limited
edition (earth version) of the
S500EL/M motor drive camera that
took those historic photographs.

The only medium format cam-
era on earth or in space that can
equal it, is another Hasselblad.

For even in an age of space,
much of a year goes into building
each Hasselblad; much of it crafted
by hand.

100 Hasselblads from one
No Hasselblad can be any better

- 0
Photograph by Hasselblad courtesy of NASA

than any other Hasselblad; only
more suited to your purposes.

Hasselblad is a prodigious sys-
tem of 4 cameras, 22 lenses, 8 view-
finders, 9 film magazines, and over
300 other accessories. And there
is no obsolescence.

Simply by choosing the right
pieces, you can custom build over 100
distinct Hasselblad cameras for
almost any photographic application.

From a man’s first steps on the
moon to a child’s first steps on earth.

An incredible motor drive
The 500 EL/M is the only hand held
medium format camera with an inte-
grated motor unit.

So unlike cameras with optional
motor drive attachments, it is built
to withstand the punishing demands
of motorized operation.

And the possibilities are infinite.
There is a dial set in the body

that will order the camera to fire in
any of five different ways.

From single shot to speeded up
continuous firing at the rate of one
shot every 8/10th of a second.

That means you can walk away
from the camera, devoting all your
concentration to your subject, while
firing with a remote cable.

Plug in the intervalometer, for
instance, and you can trigger the
camera automatically. At any
moment you want, from 2 seconds
to 14 minutes.

Or trigger up to four cameras
simultaneously with a command
unit.

Or, fitted for remote radio con-
trol, fire from a half mile away.

And the standard film frame on
a Hasselblad is 2% inches square,
almost 4 times the area of a 35mm
frame. So the ability to hold sharp-
ness and contrast is phenomenal.
(For actual size of film frame, see box
at lower right.)

The eyes of a Hasselblad

A Hasselblad can see with any one of
22 lenses; all multi-coated (except for
two special purpose lenses) in focal
lengths from 30mm to 500mm with
angular fields from 180 degrees to 9
degrees.

There are lenses for sports,
aerial, architectural, and fashion
photography. Portrait, landscape,
medical, underwater and news pho-
tography. Wildlife, laboratory, indus-
trial and child photography.

A lavish brochure on the 500 EL/M
and other Hasselblad cameras is
available free if you write: Braun North
America, Dept. SA7H, 55 Cambridge
Parkway, Cambridge, MA 02142—a
division of The Gillette Company and
exclusive marketer of Hasselblad in the
US.

There is even the 105mm Zeiss
UV-Sonnar f4.3 which can photo-
graph the ultraviolet portion of the
electromagnetic spectrum with costly
quartz elements that can detect radi-
ations unseeable by the human eye.

There are also lenses that adjust
the aperture fully automatically as
the light changes.

Even if you are not yet into
these more exotic applications but
simply recording travel and everyday
happenings, it's nice to know that
your camera produces the very best
images in the medium format.

So, in effect, there is nothing
you can't see with a Hasselblad. And
photograph. From what is invisible
to the naked eye to all that is visible
in the universe.

Is it any wonder then that
NASA came to Hasselblad for the
camera which was to photograph
space! And that top professional and
serious amateur photographers still
rely on Hasselblad.

HASSELBLAD®

The Motor-Drive Hasselblad 500 EL/M, made in
Sweden. The standard lens is a multi-coated Zeiss
Planar 80mm /2.8T.*
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“Plenty of blank leaves, I see!” exclaims
Carroll’s Tortoise, glancing at Achilles’
notebook. “We shall need them ALL!”
The warrior shudders.

One of Hofstadter’s Dialogues, “Con-
tracrostipunctus,” is an acrostic (com-
plete with punctuation marks) asserting
that if the words in it are taken back-
ward, they provide a second-order
acrostic spelling out “J. S. Bach.” An-

18

other Dialogue, “Crab Canon,” which is
illustrated with an Escher periodic tes-
sellation of crabs, is based on Bach’s
“Crab Canon” in his Musical Offering.
As the Tortoise discusses Bach his sen-
tences are interspersed with those of
Achilles, who is discussing Escher. The
Tortoise and Achilles use the same sen-
tences in reverse order. The Crab en-
ters briefly at the crossing point to knot

G, E and B cast as shadows by a pair of “trip-lets”

© 1979 SCIENTIFIC AMERICAN, INC

the halves of their discourse together,
halves that interweave in time in the
same way that the positive and negative
crabs of Escher’s tessellation interweave
in space.

The initials 4, T and C (for Achilles,
Tortoise and Crab) correspond to the
initials of adenine, thymine and cyto-
sine, three of the four nucleotides of
DNA, the molecule with the extraordi-




SEE EVERY BEAT OF YOUR HEART.

Checking your heart rate is
now as easy as grasping a glass of
orange juice, thanks to the remark-
able Insta-Pulse™ heart rate
monitor from Biosig, Inc.

When held in your hands, it
reads your heart rate function from
the tiny electrical impulses in your
finger tips. Insta-Pulse works on the
same principle as a hospital elec-
trocardiograph (EKG). Yet it weighs
a mere 10 ounces, measures 11" X
1Y2” and is fully portable. It runs for
up to one full year (over 100,000
readings) on a single 9-volt battery.

No waiting required.

Once Insta-Pulse is in your
hands, its microcomputer chip
begins to monitor every heart
muscle contraction. And instan-
taneously translates that into heart-
beats per minute—showing it with
a bright, always changing LED
display.

(Flash) /& = (beats per
minute) . . .

(Flash) [ %= (beats per
minute) . . .

(Flash) & - (beats per
minute) . . . and so on.

As long as its nickel hand grips
are between your fingers,
pulse data continues; put
Insta-Pulse down, and it
turns itself off auto-
matically.

Watch both heartbeats
and heart rate patterns.

You're free to monitor -your
heart rate anywhere with Insta-
Pulse. During a workout or after
one. At home, at the gym or on
the track.

Instantly, you will see how the
most critical organ of your body
responds to exertion. And how long
it takes to return to its normal
at-rest rate.

This picture of your heart recov-
ering from activity is something you
can never get with conventional
pulse readings.

In seconds you can also see
the effects of psychological stress,
overeating, alcohol, caffeine and
cigarettes. You'll learn just how
valuable to your heart a short nap
can be. Or check the benetits of a
morning’s meditation. Here, too,
is an excellent tool for use in bio-
feedback work; with practice, you
can actually develop the ability to
alter your heart rate—at will.

Not a toy. Not a toy's price.
The cost of Insta-Pulse through
The Sharper Image is $149.00. It's
not the only heart rate monitor
available to you for about
that price. However,
others
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with their cumbersome clips and
wires do not provide the accuracy
of Insta-Pulse, the world'’s first
instant heart rate monitor.

And it's shock resistant as well.
Insta-Pulse contains no moving
parts, is 100% solid state and its
circuitry is shielded from damage
by a thick, clear lucite shell. A
hand lanyard provides additional
security. The battery is included.

Insta-Pulse comes with a ninety-
day warranty from its manufac-
turer, and the Sharper Image's own
guarantee of satisfaction: if you are
not completely delighted with it,
send it back within two weeks for
a full refund.

Order an Insta-Pulse now, and
watch your heart function as you
never could before.

ORDER TOLL-FREE

Credit card holders may use
our toll-free ordering number,
below. Or send check for $149.00
plus $2.50 delivery. Add
$8.94 tax in California.

(800) 227-3436

In California

(800) 622-0733

THE SHARPER IMAGE
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nary ability to replicate itself. Just as
Achilles pairs with the Tortoise, so ade-
nine pairs with thymine along the DNA
double helix. Cytosine pairs with gua-
nine. The fact that the initial G can
be taken to stand for “gene” prompted
Hofstadter to do a “little surgery on the
Crab’s speech” so that it would reflect
this coincidence. The striking parallel
between the tenets of mathematical log-
ic and the “central dogma” of molecular

“

-
By

biology is dramatized in a chart Hof-
stadter calls the “Central Dogmap.”
The letter G also stands for Godel’s
sentence: the sentence at the heart of his
proof that asserts its own unprovability.
To Hofstadter the sentence provides an
example of what he calls a Strange
Loop, exemplifying the self-reference
that is one of the book’s central themes.
(A framework in which a Strange Loop
can be realized is called a Tangled Hier-

| N

Scott Kim’s FIGURE-FIGURE Figure
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archy, and the letters of “sloth” turn out
to stand for “Strange Loops, or Tan-
gled Hierarchies.”) Dozens of examples
of Strange Loops are discussed, from
Bach’s endlessly rising canon (which
modulates to higher and higher keys un-
til it loops back to the original key) to
the looping flow of water in Escher’s
Waterfall and the looping staircase of
his Ascending and Descending. One of
the most amusing models of G is a rec-
ord player X that self-destructs when a
record titled “I Cannot Be Played on
Record Player X” is played on it.

A particularly striking example of a
two-step Strange Loop is Escher’s draw-
ing of two hands, each one sketching
the other. We who see the picture can
escape the paradox by “jumping out
of the system” to view it from a meta-
level, just as we can escape the tradi-
tional paradoxes of logic by jumping
into a metalanguage. We too, however,
have Strange Loops, because the human
mind has the ability to reflect on itself,
that is, the firing of neurons creates
thoughts about neurons. From a broad-
er perspective the human brain is at a
level of the universe where matter has
acquired the awesome ability to con-
template itself.

By the end of Gédel, Escher, Bach Hof-
stadter has introduced his readers to
modern mathematical logic, non-Eu-
clidean geometries, computability the-
ory, isomorphisms, Henkin sentences
(which assert their own provability),
Peano postulates (the pun on “piano” is
not overlooked), Feynman diagrams for
particles that travel backward in time,
Fermat’s last theorem (with a pun on
“fermata’), transfinite numbers, Gold-
bach’s conjecture (which is cleverly
linked with Bach’s Goldberg Variations),
Turing machines, computer chess, com-
puter music, computer languages (Terry
Winograd, an expert on the computer
simulation of natural language, appears
in one Dialogue under the anagrammed
name of Dr. Tony Earrwig), molecular
biology, the “mind” of an anthill called
Aunt Hillary, artificial intelligence, con-
sciousness, free will, holism v. reduc-
tionism, and a kind of sentence philoso-
phers call a counterfactual.

Counterfactuals are statements based
on hypotheses that are contrary to fact,
for example, “If Lewis Carroll were
alive today, he would greatly enjoy
Hofstadter’s book.” These statements
pose difficult problems in the semantics
of science, and there is now a great deal
of literature about them. For Hofstadt-
er they are instances of what he calls
slipping, progressing from an event to
something that is almost a copy of it.
The Dialogue that precedes a chapter
on counterfactuals and artificial intelli-
gence concerns a Subjunc-TV set that
enables an observer to get an “instant
replay” of any event in a football game
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and see how the action would have
looked if certain parameters were al-
tered, that is, if the ball were spherical, if
it were raining, if the game were on the
moon, if it were played in four-dimen-
sional space and so on.

The book’s discussion of artificial in-
telligence is also enormously stimulat-
ing. Does the human brain obey formal
rules of logic? Hofstadter sees the brain
as a Tangled Hierarchy: a multilevel
system with an intricately interwoven
and deep self-referential structure. It
followslogicalrules only on its molecu-
lar substrate, the “formal, hidden, hard-
ware level” where it operates with eerie
silence and efficiency. No computer, he
believes, will ever do all a human brain
can do until it somehow reproduces that
hardware, but he has little patience with
the celebrated argument of the Angli-
can philosopher J. R. Lucas that Go-
del’s work proves a human brain can
think in ways that are in principle impos-
sible for a computer.

Only a glimpse can be given here of
the recreational aspects of this mon-
strously complicated book. In “The
Magnificrab, Indeed” (a pun on Bach’s
Magnificar in D), the Dialogue that in-
troduces a discussion of deep theorems
of Alonzo Church, Turing, Alfred Tar-
ski and others, appears a whimsical In-
dian mathematician named Mr. Naju-
namar. Najunamar has proved three
theorems: he can color a map of India
with no fewer than 1,729 colors; he
knows that every even prime is the sum
of two odd numbers, and he has es-
tablished that there is no solution to
an + br = c» when n is zero. All three
are indeed true.

Some readers will recognize 1,729 as
the number of the taxi in which G. H.
Hardy rode to visit the Indian mathema-
tician Srinivasa Ramanujan (“Najuna-
mar” spelled backward) in a British hos-
pital. Hardy remarked to Ramanujan
that 1,729 was a rather dull number.
Ramanujan rejoined instantly that on
the contrary it was the smallest positive
integer that is the sum of two differ-
ent pairs of cubes. Hardy then asked
his friend if he knew the smallest such
number for fourth powers. Ramanujan
did not know the number, although
he guessed that it would turn out to be
fairly big. Hofstadter supplies the an-
swer: 635,318,657, or 1344 + 1334 or
1584 + 594, He also wonders if his read-
ers can find the smallest number that can
be expressed as the sum of two squares
in two different ways, but he hides the
answer. Can you determine it before I
supply it next month?

To explain the meaning of the term
“formal system” Hofstadter opens his
book with a simple example that uses
only the symbols M, Iand U. These sym-
bols can be arranged in strings called
theorems according to the following
rules:



1. If the last letter of a theorem is 1, U
can be added to the theorem.

2. To any theorem Mx, x can be add-
ed. (For example, MUM can be trans-
formed into MUMUM, and MU can be
transformed into MUU.)

3. If 1] is in a theorem, it can be re-
placed by U, but the converse operation
is not acceptable. (For example, MIII
can be transformed into MU, and UMI1I-
IMU can be transformed into UMU-
MU.)

4. If UU is in a theorem, it can be
dropped. (For example, UUU can be

transformed into U, and MUUUIII can |

be transformed into MUIIIL)

There is only one “axiom” in the sys-
tem: In forming theorems one must be-
gin with MI Every string that can be
made by applying the rules, in any or-
der, is a theorem of the system. Thus
MUIIU is a theorem because it can be
generated from MI in six steps. If you
play with the M, I and U system, con-
structing theorems at random, you will
soon discover that all theorems begin
with M and that M can occur nowhere
else.

Now for a puzzle: Is MU a theorem?
I shall give Hofstadter’s answer next
month. I shall say no more about MU
here except that it plays many other
roles in the book, in particular serving as
the first two letters of “Mumon,” the
name of a Zen monk who appears in a
delightful chapter on Zen koans.

Even as simple a system as that of M, I
and Uenables Hofstadter to introduce a
profound question. If from all the possi-
ble strings in the system we subtract all
the strings that are theorems, we are left
with all the strings that are not theo-
rems. Hence the “figure” (the set of the-
orems) and the ‘“ground” between the
theorems (the set of nontheorems) seem
to carry equivalent information. Do
they really? Is the system like an Escher
tessellation in which the spaces between
animals of one kind are animals of
another kind, so that reproducing the
shapes of either set automatically de-
fines the other? (Or so that a black zebra
with white stripes is the same as a white
zebra with black stripes?) In this connec-
tion Hofstadter reproduces a remark-
able tessellation by Kim in which the
word “FIGURE?” is periodically repeat-
ed in black so that the white-ground be-
tween the black letters forms the same
shapes [see illustration on page 20]. The
same concept is playfully illustrated in
the Dialogue “Sonata for Unaccompa-
nied Achilles” (modeled on Bach’s sona-
tas for unaccompanied violin), in which
we hear only Achilles’ end of a tele-
phone conversation with the Tortoise
about “figure” and ‘“ground.” From
Achilles’ half of the conversation we
can reconstruct the Tortoise’s.

Other figure-ground examples are
provided by the counting numbers. For
example, given all the primes, we can
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the record groove.

Accumulated grit
on stylus that
looks “clean” to
the naked eye.

The SC-1 Stylus Cleaner from
Discwasher is designed with a brush
that is stiff enough to remove harmful
accumulation, but gentle enough to
avoid damaging delicate cartridge as-
semblies. Two drops of Discwasher's
D3 Fluid add extra cleaning action to
the SC-1 without the side-effects of
alcohol, which can hardenrubber canti-
lever mountings.

After cleaning with
SC-1 and D3
Fluid by
Discwasher.

The retractable, walnut-handled
SC-1 includes a magnifying mirror for
convenient inspection of stylus/car-
tridge alignment and wiring.

Get the clean truth from your
records; get the SC-1.

SC-1 STYLUS
CLEANER

discwasher®inc.
1407 N. Providence Rd

Columbia, MO 65201

determine all the nonprimes simply by
removing the primes from the set of pos-
itive integers. Is the same true of all for-
mal systems? Can we always take all the
theorems from the set of all possible
statements in the system and find that
what is left—the set of nontheorems—is
another complementary formal system?
An unexpected discovery of modern set
theory is that this is not always the case.
To put it more technically, there are
recursively enumerable sets that are
not recursive. Thus does Hofstadter lead
his readers from trivial beginnings into
some of the deepest areas of modern
mathematics.

The book closes with the wild Di-
alogue “Six-Part Ricercar,” which is
simultaneously patterned after Bach’s
six-part ricercar and the story of how
Bach came to write his Musical Offering.
(A ricercar is a complicated kind of
fugue.) In this Dialogue the computer
pioneers Turing and Babbage improvise
at the keyboard of a flexible computer
called a “smart-stupid,” which can be as
smart or as stupid as the programmer
wants. (The computer’s name is a play
on “pianoforte,” which means “soft-
loud.”) Turing produces on his comput-
er screen a simulation of Babbage. Bab-
bage, however, is seen looking at the
screen of his own smart-stupid, on
which he has conjured up a simulation
of Turing. Each man insists he is real
and the other is no more than a pro-
gram. An effort is made to resolve the
debate by playing the Turing Game,
which was proposed by Turing as a way
to distinguish a human being from a
computer program by asking shrewd
questions [see “Mathematical Games,”
June, 1971]. The conversation in this
scene parodies the conversation Turing
gives in his classic paper on the topic.

At this point Hofstadter himself
walks into the scene and convinces Tu-
ring, Babbage and all the others that
they are creatures of his own imagina-
tion. He, however, is as unreal as any of
the other characters of the Dialogue, be-
cause he too is imagined by the author.
The situation resembles a painting by
René Magritte titled The Two Myster-
ies, in which a small picture of a tobac-
co pipe is displayed with a caption that
says (to translate from the French) “This
is not a pipe.” Floating above the fake
pepe is a presumably genuine larger
pipe, but of course it too is painted on
the canvas.

And how real was Magritte? How real
are Hofstadter, you and I? Are we in
turn no more than shadows on the rap-
idly flipping leaves of the book we call
the universe? We are back to a Godelian
Platonism in which reality is infinitely
layered. Who can say what reality real-
ly is? The book’s final word, “RICER-
CAR,” is a multilevel pun anticipated
by a series of acronyms such as Turing’s
remark “Rigid Internal Codes Exclu-

© 1979 SCIENTIFIC AMERICAN, INC

sively Rule Computers and Robots” as
well as Bach’s inscription “Regis Tustu
Cantio et Reliqua Canonica Arte Reso-
luta” on a sheet of music he sent to Fred-
erick the Great. Bach’s six-part ricercar
is from his Musical Offering, the story of
which opens the book. In this way RI-
CERCAR serves, in much the same
way as “riverrun,” the first word of Fin-
negans Wake, to twist the work into one
gigantic self-referential loop.

One of the book’s most amusing in-
stances of a Strange Loop is in the Dia-
logue that introduces Chapter 16. The
Crab speaks of browsing through a
“crackpot” book on “metal-logic” titled
Copper, Silver, Gold: An Indestructible
Metrallic Alloy. Hofstadter’s annotated
bibliography reveals that this book is by
one Egbert B. Gebstadter (note the EGB
of Egbert, the GEB of Gebstadter and
the EBG initials) and was published in
1979 by Acidic Books (Hofstadter’s
publisher being Basic Books). Here is
Hofstadter’s comment: “A formidable
hodge-podge, turgid and confused—yet
remarkably similar to the present work.
Contains some excellent examples of in-
direct self-reference. Of particular inter-
est is a reference in its well-annotat-
ed bibliography to an isomorphic, but
imaginary, book.”

Here are the answers to last month’s
chess problems.

Sam Loyd’s mirror-move game, in
which White mates on his fourth move,
has two solutions:

White Black
(1) 1.P-QB4 1. P-QB4
2. Q-R4 2. Q-R4
3. Q-B6 3. Q-B6
4. QxB (mate)
2) 1.P-Q4 1. P-Q4
2. Q-Q3 2. Q-Q3
3. Q-KR3 3. Q-KR3
(or BS) (or B5)

4. QxB (mate)

Loyd’s mirror-move game in which
White self-mates on his eighth move is
played as follows:

White Black
1. P-K4 1. P-K4
2. K-K2 2. K-K2
3. K-K3 3. K-K3
4. Q-B3 4. Q-B3
5. N-K2 5. N-K2
6. P-QN3 6. P-QN3
7. B-R3 7. B-R3
8. N-Q4 (check)

Black’s only possible move is PxN,
which checkmates the white king.

To achieve the joke checkmate in the
final chess problem given last month
White simply raises his knight an inch or
so above its square and shouts, “Discov-
ered mate!”



A LUXURY SEDAN BASED
ON THE BELIEF THAT ALL OF
THE RICH ARE NOT IDLE.

In every age, there have always First and foremost, the engi- allancillary instruments are large, |
been those among us whose pri- neers at BMW are racing engineers | well marked and totally visible—set
mary activity is inactivity. by nature and by profession. in a dashboard designed in the man-

And for those people—mem- | So, while the BMW 528 pro- ner of an airplane cockpit.
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dubbed the “idle rich” and the “lel- | could rationally require in any SHIFT FOR YOURSELF.
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try club driveway. in the world.” borders on the esthetic.
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hand, is a luxury sedan built to sat- | pendenton all four wheels—provides | that—while a three-speed auto-
isfy an opposite mentality. People the driver with a tactile sense of matic transmission is available as
who believe that activity—mental as | control, an uncanny feel of the road | an option—the BMW 528i offers a
well as physical—is what makes liv- | that is positively unique to BMW. fourspeed manual transmission as
ing worthwhile. Its interior is biomechanically standard equipment.
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to do with the one thing that makes | able seating position. est BMW dealer.
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extraordinary performance. The tachometer, speedometer and | Bavarian Motor Works, Munich, Germany.
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How small IBM computers
students run 10,000

Athough it has been in existence for less than
a quarter of a century, the University of
Waterloo is the third largest university in On-
tario and has gained a reputation for academic
innovation. About half of the 15,000 students
alternate their studies at the Waterloo, Ont.,
campus with periods of actual
work experience with employers

through a card reader and then wait at a printer
for the result to be returned from the central
computer — especially since the process is usu-
ally a repetitive one. Moreover, the cost of the
cards and printout paper had mounted to about
$21,000 a month or over $250,000 a year. “You
might say a switch to video termi-
nals was in the cards,” says J.

throughout Canada. And some
80% take at least one course in
computing, reflecting the
University’s strong commitment
to the computer for instruction,
problem solving and research.

With this emphasis on com-
puting, it is not surprising that
the University should be active in
new ways to increase the useful-
ness of computing systems for “
students. It scored a major ad-
vance not long ago with the advent of a system
for online, video-terminal program preparation
by large numbers of students — a system given
the acronym WIDJET (Waterloo Interactive
Direct Job Entry Terminal system).

An IBM-licensed program, WIDJET is an
interactive multiuser system that runs on one or
more IBM Series/l1 computers. At Waterloo,
using three Series/ls, it provides thousands of
student programmers with the advantages of
ready access to the computer— without the pro-
hibitive costs that time sharing would involve.
At the same time, it represents a marked im-
provement, both in function and expense, over
punched card methods of program preparation.

From cards to terminals

As the student computing load grew at Wa-
terloo, increasing dissatisfaction was felt with
methods which required a student submitting a
program to punch a deck of cards, run the deck

Wesley Graham, professor of
computer science at Waterloo.

The low-cost interactive
WIDJET system was the solu-
tion. In this system, most of the
workload handled by the central
computer is shifted to one or
more of the Series/1 computers to
which a number of terminals are
linked. Programs being prepared
at the terminals can be developed
interactively — that is, in back-
and-forth conversational mode— with the help of
an editing capability resident at the Series/1
computers.

The Series/1 solution

“The Series/l is an ideal base for such an
interactive system, both in terms of its capabili-
ties and of IBM service and reliability,” says
Professor Graham. “We now have 2,500 student
programmers authorized to use WIDJET
through as many as 200 terminals. On a normal
day, we’ll get 10,000 jobs submitted — up to
20,000 at a peak period. Because we've removed
the constraints associated with card handling,
the average submission has grown to around
200 lines of code, instead of 50. Yet with WID-
JET, the six hours a week a student program-
mer typically puts in at a terminal nets out to
only about one minute of actual processing time
on our System/360 and 370 central computers.
The rest is absorbed by the Series/1 and the
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help University of Waterloo
programs a day.

WIDJET system.

“And we've found that what
we've saved on punched cards in
a single year alone more than paid
for a Series/1”

Personalized use

The Waterloo student using a
WIDJET terminal keys in his or
her identification plus a personal
“invisible” password. Then he or
she can create programs or data,
edit material from a previous ter-
minal session, or run a program.
Any material the student wants
saved can be placed in a personal
file stored directly on the Series/];
there is no need to access the
main computer when starting or
ending a WIDJET session. The
main computer is accessed only
when a program is actually com-
piled or run. Since all of a
student’s output is identified by a
personal number, no copying of
another student’s program is pos-
sible. As a result, students can
receive a large part of their grade
from an assessment of all their
computer work performed dur-
ing the term.

There is also a “public library” on the
Series/1 which, unlike the personal file, can be
used by all students; teachers can place class
announcements and program and problem as-
signments in this library to be copied by their
students.

A standalone, too

In addition to functioning as a front-end ad-
junct to a central computer, the WIDJET

WORKING WITH WIDJET: Professor J. Wesley Graham with a University of
Waterloo student at an IBM 4978 terminal.

Series/1 system can also operate in a “stand-
alone” mode in which alljobs are submitted to the
Series/1 itself. The standalone configuration can
be converted to the front-end configuration by
installing a multileaving remote job entry
(MRJE) module. For more information, write
IBM General Systems Division, College/
University Programs, A06B1,
P.O. Box 2150, Atlanta, GA
30301.
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While you're flying, our

Cabin Staff is
walkin
millions o

kilometers.

Ou are sitting down, relaxed and
comfortable. But take a look at our Cabin Staff.

Every day, about 40.000 people
choose Iberia. Our stewards and stewardesses
do a lot of walking to give each passenger the
kind of service that traditional Spanish hospita-
lity demands. They walk about S kilometers
on board the Madrid-New York flight, for
example.

And since they know that your
opinion of Iberia depends on the way they do
their job, they all agree: they want to improve all
the time.

So their training is hard. They
have to be concerned about your comfort, give
you the courteous, personal service you expect
from a Spaniard... in other words, to treat you
as a guest.

Smile at them. They deserve it.
And, next time you fly with us, you’ll notice that
they try even harder.

This is Iberia today. But we want
to be better.

=4

y 4

INTERNATIONAL A/RLINES OF SPAIN

MORE THAN 50 YEARS MAKING FRIENDS
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BOOKS

Technology from 1900 to 1950, Galileo

at work, color vision, the warm tuna

by Philip Morrison

HisTorY OF TECHNOLOGY, edited
by Trevor 1. Williams. VOLUME
VI: THE TWENTIETH CENTURY, C.
1900 To c. 1950, PART 1. VoLUME VII:
THE TWENTIETH CENTURY, C. 1900 TO C.
1950, PART II (with index to Volumes VI
and VII). Clarendon Press (Volume VI
$39.50, Volume VII $47.50, both vol-
umes $82). With what pleasure and ex-
citement the five heavy, blue-jacketed
volumes edited by Charles Singer, E. J.
Holmyard, A. Rupert Hall and eventu-
ally Trevor 1. Williams were received by
the happy reader during the mid-1950’s.
They were a satisfying survey of the en-
tire history of technology, superbly il-
lustrated, expertly prepared by a galaxy
of archaeologists, historians, technolo-
gists and museum experts, mainly but
not exclusively British. The work was of
course imperfect (the Far East entered,
so to speak, as an afterthought), but it
was overall a huge success, deserved-
ly popular worldwide, with translations
into Italian and Japanese and a special
large printing in the U.S. Whether it was
the fire piston of Southeast Asia, the
marvelous granulated goldwork of the
Etruscans, the multiple grain mill the
Romans built near Arles, the precision
screw threads of 16th-century Nurem-
berg, the adventure of the early Atlantic
cables or the first full-fledged cinema of
the brothers Lumiére in Paris as the 19th
century ended, it was brought before the
reader with vividness and reliable schol-
arship.

The 20th century was excluded. It
would demand too much space, the edi-
tors argued; scholars had not yet ac-
quired perspective, and the technical de-
mands on the reader would be excessive.
Now, a generation later, the youngest of
the original editors has all the same giv-
en us a new collection: nearly 60 chap-
ters by some 65 authors, mostly British,
covering the first half of our most tech-
nical century. The work is so massive
that it has had to be divided in two for
reasons of bulk. (The two volumes, VI
and VII, are unfortunately not easily
read separately because the fine index
to both is found only in Volume VII.)

Inflation and recession have taken
their toll in spite of the success of the
earlier work (which benefited from a

generous subvention by Imperial Chem-
ical Industries), so that this expensive
continuation almost entirely lacks the
drawings, wonderfully made and thor-
oughly documented, that enriched the
first five volumes. The number of illus-
trations is somewhat smaller, and now
nearly all of them are photographs with
less meticulous documentation; good
halftones are scattered through the text,
whereas before they were sequestered
in a special section of sized paper. Al-
though photographs do present visual
evidence with authenticity, we great-
ly miss the pungency, clarity and orna-
ment offered by drawings. The technical
level will be taxing for the general scien-
tific reader only here and there (as in the
detailed account of the chemical separa-
tion of plutonium), but a more generous
provision of graphs, numerical tables,
flow charts and the like would have
much improved many of the essays.

Yet it remains true that no four or
five single-topic ordinary books offer as
compendious and as unified a view of
the technological developments of the
first half of our century, or one placed in
as broad a social and historical context.
Several distinguished engineers contrib-
ute chapters that have a flavor of direct
participation and ripeness of judgment,
although at the price of detachment, and
a few essays are too brief to be more
than occasional pieces. For example,
the chapter on space technology cov-
ers everything from Goddard and Tsiol-
kovsky to the moon, at a rather popular
level, in fewer than 15 pages.

Even a list of the 58 chapter titles can-
not span this work. A more readable as-
say is provided by presenting in order
some points that caught an interested
eye in passage through the two thick vol-
umes; they may evoke the entire work.

The half century was fitfully lighted
by the flames of two great wars. They
are well summarized, but a glaring
omission is any account of the machine
gun, the tank (and mechanized combat
vehicles generally) and the aircraft car-
rier. None of these salient technologi-
cal developments receives more than
a passing allusion. The trendier atomic
energy and nuclear weapons, on the oth-
er hand, are fully covered.
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The disk memory, standard among
computer peripherals for a decade or
two, was once a “bootleg project” at one
of IBM’s laboratories, having been de-
nied a budget.

Innovation is surveyed in economic
and managerial terms as well as more
directly. Technology is “one thread in
the warp of an elaborately woven fab-
ric.” The famous tale of the bored relay
assemblers in Western Electric’'s Haw-
thorne plant, whose work pace quick-
ened with every change in the light-
ing (whether the lights were dimmed or
brightened), is not forgotten. A long
table lists the time between invention
and application for 46 innovations. The
longest intervals—50 to 79 years—were
for the fluorescent lamp and the cotton
picker; the one-year delay before Freon
refrigerants (which had been the object
of a purposive search) were put to use is
the shortest interval listed.

In 1917, when a study was made that
led to the slow unification of London’s
electricity supply, “10 different frequen-
cies and 20 different voltages” were be-
ing supplied.

Radar and echo sounding were mil-
itary developments that greatly in-
creased the safety and productivity of
commercial fisheries.

Rotary drilling, beginning in about
the 1890’s, has been crucial for the re-
covery of oil and gas; the wells have
steadily gone deeper, from one mile in
1910 to four miles in 1950. Oil rigs were
standing on piers offshore at Santa Bar-
bara in the 1890’s.

The pioneer large-scale open-pit mine
was the huge copper pit at Bingham,
Utah; the yawning cavities of this gar-
gantuan technology have made it eco-
nomic to work ores with a metal content
an order of magnitude less than before.

Die-cast parts made of alloys of zinc
distilled to 99.99 percent purity to re-
duce corrosion became staples of the
automobile, from carburetors to door
handles, in the late 1920’s. Chromium
plating came to brighten many of them.

The precipitation-hardened alloy of
aluminum was found accidentally dur-
ing the zeppelin epoch by Alfred Wilm
in the course of studies looking to-
ward aluminum coinage, when he saw
his hardness-test results change after a
weekend’s delay. (Duralumin is named
not from a Latin root but from the com-
pany that got the patent rights, which is
at Diiren in Germany.) New copper-
nickel alloys lengthened the average life
of steam-condenser tubes in naval ves-
sels from between three and six months
in World War I to seven years in World
War IL

In 1902 Chilean guano furnished
more than two-thirds of the world’s ni-
trogen fertilizer. By the mid-1960’s the
use of fixed nitrogen had risen about fif-
tyfold, the great bulk of it synthesized
by the Haber process.
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Petrochemicals began in the U.S. as
rivals of the coal-tar industry. Their
manufacture was fed by the big flow of
gasoline, which induced techniques for
modifying feedstocks to improve gaso-
line yield and quality. In time the in-
crease in coal prices, the spread of auto-
mobiles beyond America, the finding of
natural gas and above all the develop-
ment of plastic polymers based on the
linear hydrocarbons made the petro-
chemical industry into a worldwide gi-
ant, pouring out plastics, tire synthetics
and surfactants; now it is itself facing
the problem of high-priced feedstock.
The first plastic was made in 1846 by
Christian Schonbein of the University
of Basel, who isolated cellulose nitrate
(suitable for “attractive vessels”) from
the reaction of paper with mineral acids.
(The polymer story is given in some de-
tail from its beginning, which was much
before the period of the volume.)

The television-tube industry is a re-
markable innovation in glassworking;
it involves both centrifugal casting and
shaping with the glass lathe, complete
with augmented electric heating sup-
plied to the spinning piece by currents
applied through the plasma of the gas
flames.

Ceramics has come into its own within
this century as a body of technical and
scientific knowledge, far from its an-
cient craft roots. Refractories, grind-
ing wheels, electric insulators large and
small, remarkable thermal insulation
and even ceramic magnets are some
novelties of this industry’s indispensable
maturity.

Transport of all kinds is well treated,
aircraft in particular, both in war and in
peace. Charles F. Kettering’s self-starter
is seen as the result of the perception
that a small electric motor can be heavi-
ly overloaded for a short time with safe-
ty. The railroads reached maximum
route distances all over Europe and
North America a generation ago; the to-
tal mileage has fallen since then in sever-
al countries, but in Japan it has tripled
since 1900. Landmark aircraft are pic-
tured: the first practical airplane, the
Wright Flyer; the first civil all-metal
plane, the Junkers F13 of 1919; the first
practical multiengine aircraft, the Fok-
ker FVIIA-3m of 1925; the de Havil-
land Moth of 1925, the first widely used
light airplane; the 1941 Sikorsky V.S.
300A, the first successful helicopter of
what is now the conventional type, and
the first jet fighter (flown operationally
in 1944), the Messerschmitt Me 262. In
1957 the number of passengers who flew
the Atlantic exceeded the number of
those who went by ship.

The cruise missile, the ballistic missile
and the radar- and wire-guided missile
were all pioneered at Germany’s war-
time Peenemiinde.

The elegant Gladesville Bridge car-
ries a six-lane highway over a river near
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Sydney; it was built in 1964 to the design
of Freyssinet with giant prestressed-con-
crete arches, the longest in the world.
One arch rib weighs about 25,000 tons
and does not depart from the true arch
line by more than 10 millimeters any-
where in its 300-meter span. On the al-
most harborless coast of Ghana there is
now a modern harbor at Tema, shel-
tered from the pounding waves of the
deep Atlantic, a kilometer or two out-
side the haven, by five kilometers of
rock breakwaters.

The first Otto engines were run not by
gasoline but by town gas; they weighed
about 200 kilograms per horsepower
and were “too heavy to carry [them-
selves] uphill.” That figure has im-
proved about 400-fold since Victorian
days for the same fundamental cycle.
Automobiles are an obvious conse-
quence; consider also how the chain
saw and the bulldozer have transformed
the ancient forest industries.

By 1910 or so Charles H. Norton had
met Henry Ford’s demand for precision
production in hardened steels, the basis
of the modern engine. To do so he had
developed both new abrasive wheels
(alumina and Carborundum, cheap and
well controlled) and the key machine
tool for shaping such parts as camshafts,
crankshafts and cylinders in quantity:
the precision grinding machine, now op-
erated in many forms. (“Few of the mil-
lions who daily drive a car have ever
heard [Norton’s] name.”)

Hot water was for the Victorians a
“very great luxury indeed.” The boiler
in the Kkitchen range, the freestanding
coal or coke boiler and the gas-fueled
geyser that directly supplied the bath
changed that once and for all. The gey-
ser was invented and named in 1868; by
the end of World War I the first priority
in every British household was a supply
of hot water.

In the comprehensive Dictionary of
Applied Physics published in 1922 the
vacuum tube went unmentioned. That
could happen again a few years hence,
but between the old galvanometer and
today’s integrated circuit came the “era
of the tube.”

The Zeiss Contax camera is now pro-
duced across the world by the firm of
Yashica. Sic transit gloria Germaniae.
Two of every three single-lens reflex
cameras sold today are made in Japan.

White bread has its deficiencies, but
so had the whole-meal bread of the vil-
lagers; its phytate is a contributor to
trace-metal deficiencies. Long, interest-
ing chapters cover food and water.

The narrative ends with the editor’s
reflections on the half century of mush-
rooming technology, with its two
“embarrassing legacies”: environmental
pollution and an energy shortage. Wil-
liams recognizes the latter as the more
pressing. How we came this way, rather
than how we might steer now, is in fact
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the brightest nugget to be mined from
this thick vein of ore.

ALILEO AT WORK: His SCIENTIFIC

BioGRAPHY, by Stillman Drake.
The University of Chicago Press ($25).
OPERATIONS OF THE GEOMETRIC AND
MILITARY CoMPASS 1606, by Galileo Ga-
lilei. Translated, with an introduction by
Stillman Drake. The Burndy Library,
Norwalk, Conn. ($6). “So put forward
the arguments and the demonstrations,
Simplicio...but not just text and bare
authorities, because our discourse must
relate to the sensible world and not to
one on paper.” Under that banner sci-
ence has won many strong points since
those first taken by the early heroes Ga-
lileo, Simon Stevin, Evangelista Torri-
celli and the rest. (There were other
great names too, allies who followed an-
other flag. Descartes, Kepler and even
the incomparable Newton sought deep-
er causes, inferred great principles and
invoked philosophical necessities, even
though Newton once asserted that he
did not “feign hypotheses.”)

Galileo was a scientist of the sensory:
the eye, the pulsebeat, the sung tune, the
rolling weights and the rest. He recog-
nized that the instruments we call the
senses are only inborn biological mem-
bers of a much wider set of possibilities.
For example, lenses of glass can mighti-
ly aid the natural lens of protein. The
matter is subtle, however, because right
reason is indispensable to almost every
observation.

Stillman Drake has long been the
most sympathetic and among the most
penetrating of contemporary Galilean
scholars. Here he offers a convincing
study of the scientific life of the great
Tuscan, a celebration of the ‘“narrow
domain within which no appeal need
be made beyond sense experiences and
necessary demonstrations.” Twenty-five
years ago Drake published his fine trans-
lation of the Dialogue concerning the
Two Chief World Systems, with a fore-
word by Albert Einstein. Einstein was
pointed: “To put into sharp contrast the
empirical and deductive attitude is mis-
leading and was entirely foreign to Gal-
ileo.” Old, blind but still thoughtful,
Galileo himself clarified the primacy
of experience: “I have learned sureness
of demonstration from the innumera-
ble advances made by pure mathemati-
cians.... Thus far, therefore, I am Peri-
patetic.... And if Aristotle should see
the things newly discovered in the sky,
though he affirmed it to be unaltera-
ble...doubtlesshe... would now say the
contrary. For indeed . .. when he says the
sky is unalterable because no alteration
has been seen there, he would now say
it is alterable because alterations are
perceived there.”

To say much more on this issue of
method would be to belie the book it-
self, which tries to avoid philosophical



conjecture and the search for bookish
and final influences; it puts together in-
stead a study of improving experiment,
clearer argument and growing results.
Enduring meaning lies less in why than
in how.

Galileo is seen first in Pisa, where he
wrote against Aristotle on motion and
where he was still preoccupied in the
traditional way with the whys, the
“search for causes as such.” On to Pad-
ua, where his deft experiments contin-
ued on motion, with the inclined plane
and split-second musical timing. This
period ends with the “Holland specta-
cles,” as Sarpi wrote of them, and the
new heavens announced so gloriously
in The Starry Messenger. Drake shows
plainly that Galileo’s moon diagrams
were indeed factual. (This was brilliant-
ly confirmed recently by E. A. Whita-
ker, himself a selenographer in Arizo-
na.) The diagrams were modified only to
accent the effects described in the text
and were not presented as overall maps.
Drake argues convincingly from manu-
script sources that the Jupiter satellites
too were watched with sober factuality.
Galileo interpreted their motions as or-
biting according to Copernican views
only when those circles became the most
plausible way to order the intricate
dance. Not the utility of those invisible
moons in the grand scheme but their
daily procession was Galileo’s concern.

Then to Florence, where he was al-
ways in the public eye. There was a dec-
ade of study and writing. “During these
years Galileo supplied a large number
of telescope lenses to various correspon-
dents and there is little doubt that he
ground these himself.” Even by 1621 the
scores of telescopes made in Florence
by Galileo and in Venice by Sagredo
and a lens grinder were hardly matched
anywhere else in Europe. Galileo him-
self felt that the chief difficulty was in
getting, outside of Florence and perhaps
Venice, clear enough glass that was hard
enough to take a fine polish.

The scene had long included Rome,
the source of fame and of danger alike.
A visit in 1616 had put Galileo under a
rather friendly injunction not to make
too much of the earth’s motion. In 1624
he could take along a princely gift,
a compound microscope (probably his
own invention a few years before), and
heard nothing but praise from the Pope.
By 1632, with his Dialogue concerning
the Two Chief World Systems in print,
the scientist was hostage to the public
man. There was a report that one Father
Scheiner, on hearing a priest praise the
Dialogue as the greatest book ever writ-
ten, turned livid and shook so badly that
the witness was astonished. Soon came
Galileo’s summons to the Inquisitor,
the abjuration on his knees before the
cardinals, leniency against torture and
the sentence to life imprisonment, which
was commuted to house arrest in Arce-

tri. Protestants such as Hobbes and Mil-
ton could still come to see the old man;
it was harder for his old students to
gain permission. The end of the high
drama was at hand,

The rising young professor at Padua
had sought to augment reputation and
income by giving private lessons, at first
on military architecture. After a few
years Galileo began to improve a well-
known artilleryman’s instrument for his
well-to-do students. Out of it he made
what is properly called in English the
sector, which he referred to as his com-
passo geometrico et militare. It was a brass
device with legs that opened out at any
set angle; each leg was marked with half
a dozen graduated scales that made pos-
sible a variety of modest arithmetic cal-
culations, without pencil and paper, by
those innocent of the algorithms. The
calculations included square and cube
roots and determination of the fourth
term, given one ratio and one other
number (the rule of three).

It was a practical device that freed
workmen and noble gentlemen alike
from dependence on trained captains
and engineers, who then were few in
number. It was accurate to 1 percent or
better—mosteffective. After a couple of
years Galileo employed a live-in instru-
ment maker to manufacture the new
compasso, three remain of the scores that
were made. Once Galileo had published
his manual he also licensed the instru-
ment’s manufacture in several other
places. The device entered common use
all over Europe within a generation;
most indications of Galileo’s priority of
invention were lost.

This story, told by Drake in Scientific
American in 1976, is retold here in a
translation of the very rare manual with
its original figures, an inexpensive me-
mento of the grandeur of the 17th centu-
ry and a powerful temptation to people
who like fine old instruments.

Galileo was science’s hero in the 19th
century, seen as devoted to the evidence
and against speculation, a traveler with
light metaphysical baggage. The reac-
tion against this half myth was strong,
and the historians have since made him
a closet Platonist, a man who knew the
answers before experiment, a little of
a fake, certainly devout. Drake goes
far to damp the swing of this particular
pendulum. The experiments seem to
have been real, probably even the two
weights dropped from the Leaning Tow-
er of Pisa and the swinging lamp. The
historians are shown to have misunder-
stood the very tests they accused Galileo
of neglecting.

Probably the old man really did mut-
ter, “It moves, nevertheless”—not to the
stern cardinals but to the Archbishop of
Siena, who was host to the scientist after
the sentencing. The unfairness of the
process had shaken Galileo terribly;
someone wrote that he “went through
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the night crying out and rambling so
crazily that it was seriously considered
whether his arms should be bound” lest
he injure himself. His composure and
perhaps his wit returned as he parted
from Siena, to find a place in history he
would have much enjoyed: complex,
subtle and pathbreaking, no demigod
but a model of human greatness.

OLOR VISION: AN HISTORICAL INTRO-

DUCTION, by Gerald S. Wasserman.
John Wiley & Sons ($18.95). Among the
700,000 buyers of this magazine per-
haps two or three are unable to discrimi-
nate colors in any way; they are rod
monochromats, who see only with the
detectors that mediate colorless night vi-
sion in the rest of us. Their perceptions
are understandable; the cause—no reti-
nal cones—is simple and clear. The com-
monest form of color blindness, how-
ever, is an inability to distinguish be-
tween reds and greens. For such viewers
the ability to see yellow and blue hues
remains. (We know these perceptions
well from detailed study of a few rare
individuals in whom one eye is abnor-
mal and the other is quite normal.)
These people never report the loss of
a single color sensation; for them col-
ors always drop out in pairs. The intro-
ductory textbooks in their serried ranks
all describe it differently, however; “a
deduction from a theory [is] taken for
a fact.”

The theory, of course, is the three-col-
or theory, based on the widely held
view, known to be wrong since the first
experiments of Helmholtz, that three
primaries can be added to match any
color. The three-color television and
photographic processes are implicitly
invoked. Actually those familiar sys-
tems cannot in general match vivid col-
ors; they are clever technical compro-
mises that can attain pleasing results,
not accurate matches. Indeed, high-
quality color printing actually uses four
or even five colors, including black, and
anyone who tries can convince himself
that a brown patch, say, baffies the usual
textbook model.

Of course, there is truth in the three-
color model; along the way to the pres-
ent fairly deep understanding we trav-
eled that path, led by such towering
names as Newton, Thomas Young,
James Clerk Maxwell and Helmholtz.
The whole truth is only algebraical-
ly different: to match any color one of
the three primaries must sometimes be
mixed with another (arbitrary) color.
The true match is of two primaries to a
third plus some other; there are indeed
three variables, but they cannot always
be additive.

This unusual text, readable and inter-
esting throughout, takes the reader al-
most nonmathematically on a logical
tour along the historical route to the
theory of color vision. The treatment of
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old, overconfident partial understand-
ings and of how they arose and declined
is itself a wonderful mixing process,
which makes a good match between
what we all half-learned and the far sub-
tler structures of today. Even the poet
Goethe (who railed against the labora-
tory: “Friends, escape the dark enclo-
sure / where they tear the light apart /
and in wretched bleak exposure / twist,
and cripple Nature’s heart”) is given his
due. In fact, the centuries of color exper-
imentation produced two classes of con-
trasting theories, each class with strong
support from experience. One class, the
component theories, appealed to three
independent components in the system
(as in television) and the responses of
those components to stimulation. Those
theories do explain much, but not all.
Such clear subjective experiences as the
three psychological pairs, black-white,
red-green and blue-yellow, have plenty
of objective consequences: striking con-
trast, shadow and additivity-failure ef-
fects. Again there is an algebraic rela-
tion. The three variables can be chosen
from three paired opponent stimuli,
which must, to be sure, include both
positive and negative contributions. The
three-color component theory, how-
ever, needed the same extension.

In time a more complex class of mod-
els has arisen, here called zone theories.
Much more satisfactory, these models
take as their premise that within the
visual system there are portions—call
them zones—each of which functions ei-
ther in a component mode or in an op-
ponent mode. The visual receptors may
satisfy a component model, whereas the
processors in the central nervous system
may rely on the opponent transforma-
tions. Can we decide?

For a long time the history of color-
vision study was chiefly the history of
experiments with a black box: the ob-
server and his reports. Only the invalu-
able natural experiments of genetics
now and then made it possible to peek
under the lid. For the past 50 years,
however, and mainly since the 1950’s,
progress in neurophysiology and opti-
cal techniques has pried the box al-
most open. Single receptor cells and
their neighbors have been studied both
electrically and spectrophotometrically.
There is a growing consensus from this
remarkable work, usually done in the
goldfish or the monkey, that we have
seen correlates of both types of classical
model. The retinal receptors are more
complex than we might have guessed,
with two-peak response, feedback and
strong coupling among cells and with
spatial coding for color-contrast re-
sponses. The hardware is coming clear,
and the software of this marvelous
computing system is beginning to be
unraveled.

Wasserman, a Purdue sensory physi-
ologist, has drawn on his special knowl-
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edge and a flair for exposition to make a
modest but deep book that can clarify
this tough topic for any attentive reader.
From it he draws a conclusion on meth-
od: Science is a slowly self-correcting
institution whose course can be true
only over the long run and only if diver-
sity of view and plurality of opportunity
are encouraged. It is a world of the ten-
tative, whose ultimate arbiter is not pa-
per but complex and slowly won experi-
ence (even Goethe’s). The reward for
the scientist is the “profound pleasure of
understanding that which was once not
understood.” The reward for society in-
cludes that understanding, and perhaps
the improvement of human life.

HE PHysioLoGIcAL EcoLoGy oF Tu-

NAs, edited by Gary D. Sharp and
Andrew E. Dizon. Academic Press, Inc.,
Publishers ($29.50). Tuna and their kin,
the mackerel and the bonito, are fierce
blue-water nomads. Their high-speed
schools feed on lesser fishes and even on
plankton in the open sea; they are high-
performance predators, the apex (apart
from mammals) of the ocean’s food pyr-
amid. A skipjack tuna can develop 40
times the power per unit of body weight
released by more typical fishes of the
same size. This top-of-the-line quality
has caught the imagination of physiolo-
gists, and the economic value of the tuna
fisheries (an annual U.S. take of $1 bil-
lion worth of fish) has provided oppor-
tunities and an incentive to understand
the world of the tuna.

Once upon a time such studies were
made by examining a few recently
caught fish and perhaps weighing their
stomach contents and sampling their
blood. Now for 20 years it has been pos-
sible to study live tuna, held captive in
circulating seawater tanks in the Kewalo
Basin laboratory of the National Ma-
rine Fisheries Service in Honolulu. Free-
swimming tuna have been tagged with
tiny ultrasonic transmitters and fol-
lowed across the seas; there is even tuna
temperature telemetry at sea. In this
fascinating, if technical, report of a
workshop held in 1977 a school of ex-
perts review the state of our tuna under-
standing, a biological challenge only
beginning to be met. The volume is in
the “rapid manuscript” style (typewriter
text with ragged right margins and no
index), but it has a very welcome inset of
eight colorplates, in addition to graphs,
drawings and halftones.

Tuna are different, all right. The most
striking difference was first noted in
1835: they have warmer bodies than
other fishes caught in the same waters.
The discoverer, John Davy, saw in tuna
the “exception to the generally received
rule that fishes are universally cold-
blooded.” It is no small effect: the
temperature can rise 20 degrees Celsi-
us or more. Tuna have either small
swim bladders or none at all, and they
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are therefore heavier-than-water subma-
rines, required to swim continuously to
stay afloat in the open sea. They lose
half of their heat, according to some
measurements, by the forced ventilation
of their gills, because they swim at speed
with their mouth held open in order to
take in oxygen more effectively than any
other fishes. They digest rapidly, have
large amounts of body fat near their
muscles and have two kinds of muscle:
red muscle for sustained aerobic effort,
it appears, and white muscle for peak
bursts of anaerobic power. Along with
the sharks, they sport countercurrent
heat exchangers in their bloodstream; a
color photomicrograph of the structure
is the first picture in the book.

Full understanding has not been at-
tained. Although easy hypotheses have
been plentiful, most of them have been
punctured. The authors of these chap-
ters have thrown the book at the prob-
lems, with obvious enjoyment. The
chapters deal with energetics, enzyme
properties, thermal biology in depth,
hydrodynamic and heat-loss models
of considerable sophistication, plenty of
data on free and captive fish, studies and
models of bluefin cruises (5,000 miles at
good speed).

Do tuna need to save heat so that the
muscular power plant will work better?
Maybe, but some calculations show that
“a Dewar flask with an internal heat
source” would cook internally. Big tuna
need to lose heat, not to conserve it. Yet
the red muscles appear to lie below the
surface only in those species found in
cooler waters. What patchy feature of
the distribution of the tuna’s scarce nu-
trients (on the average only parts per
billion of the waters they forage) can
account for its great schools? Why, if
tuna need so much energy, do they ex-
pend it fighting negative buoyancy?

The advanced level of these discus-
sions and the long path to knowledge
ahead give an air of excitement to the
technical accounts. Several authors sug-
gest (and it seems plausible to a general
reader) that the adaptations of the tuna
are dynamical in nature, not to be
learned from mere static measures. The
fish may need to change depth rapidly in
order to hunt well, making a buoyant
state not so useful. They may need both
to conserve heat on a sustained cruise
and to lose heat fast during peak activ-
ity of modest duration. Central control
over heat-exchange processes, and the
consequent ability to manage tempera-
tures in the two-muscle system, may
make possible a very wide dynamic
range in performance by matching a
temperature rise with an increase in out-
put—sometimes. These are not racers
but versatile hunting nomads. Control
may be the requisite for high perform-
ance: not only powerful dual engines but
also subtle throttles, smooth transmis-
sions and optimal heat flows.



GM's New Front-Wheel-Drive Cars

For occupant-protection and accident-avoidance,
standard safety features include
energy-absorbing steering column, padded
instrument panel, dual master-cylinder braking
system, side marker lights and more.

Every new front-wheel-drive Chev-  these are some developed by In addition, you'll notice certain
rolet Citation, Pontiac Phoenix, General Motors, such as the provisions to help prevent theft.
Oldsmobile Omega and Buick Sky-  energy-absorbing steering col-  Like the safety features, we hope
lark offers an impressive list of umn and audible wear indica-  you'll never need them. But they’re
standard safety features. Among tors for our front disc brakes. there just in case.

Seat belts with pushbutton buckles

Four-way hazard for all passenger positions. Outside rearview mirror.
warning flasher.

Smooth contoured door and Windshield defrosters, washer

Backup lights. window regulator handles. and dual-speed wipers. Energy-absorbing

steering column.

Laminated windshield.

Energy-absorbing
padded instrument panel
and front seat-back tops.

Side marker lights

and reflectors. Wide-view inside mirror.
Anti-theft ignition Front disc brakes with
key reminder buzzer. audible wear indicators.
’ Look into buying
‘ leasing at your
Antitheft Passenger guard Dual master-cylinder brake s or
key system. door locis‘ system with warning light. GM dealers today.

550 1B el Self-adjusting brakes. Front..R’u nners
for the’80s.

Chevrolet Citation, Pontiac Phoenix,
Oldsmobile Omega, Buick Skylark.
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HOW THE NEW EATON PROFITS FROM CHANGE

Detroit needs a billion dollars worth of miracle chips by 1981.
And that's just for starters.

The wafer on the hood holds up to 300 chips. make the equipment that makes the
Each chip is a microcomputer. A computer chips have to grow just as fast. And
that will change the way you drive. The first we're in the thick of that growth -
major application will be the ignition system through our Cutler-Hammer group,
of your car. aleader in electronics and a recent
Computer chips will also direct air Eaton acquisition. :
and fuel mixtures, govern speed, Our base is broad and balanced. §797Verostatic
signal when anti-freeze is low, whento  Our sales have grown to an annual  farm equipment.
change oil. They’ll shift gears and rate of $3 billion. Earnings per share
balance suspension when you corner. have increased 45% during the last five years.
We profitfrom They'll increase performance and And with our growing involvement in advanced
changein truck ~ SAVE 9as. technology for industry, we expect to profit

components... The companies
making these chips
are growing fast. So
the companies that

from change even more in the years ahead.

For the complete story write: Eaton
Corporation, World Headquarters, 100 Erieview
Plaza, Cleveland, Ohio 44114.

automated stor-
age and retrieval
systems...

E.T°N
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The Prompt and Delayed Eftects
of Nuclear War

The prompt effects of nuclear weapons are the basis for the size

of U.S. strategic forces. The delayed eftects are equally great,

ensuring that these forces remain a more than ample deterrent

The primary purpose of this coun-
try’s strategic nuclear forces is to
deter the U.S.S.R. from launching
an attack on the U.S. or its allies. To
accomplish that mission the U.S. main-
tains the constant ability to inflict in-
tolerable damage on the U.S.S.R. The
long-range missile and bomber forces of
the U.S. have been designed to survive
even an all-out surprise attack by the
U.S.S.R. in numbers sufficient to deliver
a devastating retaliatory counterattack.
Since the U.S.S.R. has similar forces, it
is considered unlikely that either side
would find it advantageous to attack the
other. It is this mutualretaliatory poten-
tial, or assured-destruction capability,
that is widely held to be responsible for
the strategically stable military balance

between the two superpowers.
Since in this view the avoidance of

war depends in part on the integrity of
the assured-destruction capability of the
U.S., any degradation of that capability
would be a grave matter. Accordingly
recent assertions by some military ana-
lysts that the U.S.S.R. is actively pursu-
ing measures to reduce the effectiveness
of an American retaliatory strike have
given rise to much concern. Specifically
it is alleged that ambitious Russian civil-
defense initiatives could create a dan-
gerous strategic asymmetry in the ab-
sence of countervailing U.S. efforts. For
example, in conjunction with a surprise
“counterforce” attack on U.S. land-
based missiles the U.S.S.R. could at-
tempt to evacuate its cities, with the pro-
jected result that Russian fatalities in an
all-out nuclear exchange would be sub-
stantially fewer than American ones. In
such a situation the U.S. might be inhib-
ited from further escalating hostilities,

by Kevin N. Lewis

and the U.S.S.R. would then in various
ways be able to impose its will. Even if
all-out war were to ensue, the U.S.S.R.,
it is said, would be able to recover much
faster than the U.S. One result of this
line of reasoning has been a revival of
interest in the moribund American civil-
defense program; another has been the
consideration of new strategic-missile
targeting options designed to defeat the
Russian civil-defense program.

Such hypothetical scenarios are based
in part on underestimates of the damage
the surviving U.S. forces could inflict on
the U.5.S.R. Many estimates of this kind
include only the easily calculable blast
effects of nuclear weapons. They ignore
the equally devastating effects of ther-
mal radiation and ionizing radiation.

When these additional effects are in-
cluded in the calculations, it is clear that

nuclear war remains an unmitigated
mutual disaster, and that no conceivable
civil-defense preparations could mate-
rially change the prospect. Therefore
from an operational military point of
view there is no validity to assertions
that the U.S. retaliatory capability is
“eroding.” Moreover, it is extremely un-
likely that the situation will change in
the foresceable future.

How is the damage from nuclear war
estimated, and what consequences
of such a war are routinely excluded
from calculations of the damage? In this
article I shall compare calculations fre-
quently used to assess “adequate” levels
of assured destruction with estimates
of the probable wider results of a nu-
clear exchange between the two super-
powers. The more comprehensive anal-
ysis shows that neither the U.S. nor the
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U.S.S.R. needs to be concerned about
the integrity of its retaliatory capability.
Although much of the current debate on
the gravity of the Russian threat tends to
ignore this fact, there can be no conceiv-
able doubt that all-out war remains a
losing proposition for both sides. Credi-
ble deterrence of course relies on many
factors other than the ability to conduct
a massive retaliatory attack. It is in the
interest of all parties, however, that the
notion of “winning” an all-out nuclear
war, in the sense of one side’s being able
to improve its relative position at an
acceptable cost, be dismissed from the
strategic debate, and that the full conse-
quences of such a calamitous event be
brought to public attention.

Specific criteria of retaliatory effec-

tiveness were first established under the
direction of Secretary of Defense Rob-

ert S. McNamara in the early 1960’s. Up
to that time strategic military planners
lacked any formal quantitative stan-
dards for determining the appropriate
levels of U.S. retaliatory forces. Secre-
tary McNamara therefore advanced the
concept of assured destruction, arguing
that the destruction of between 20 and
25 percent of the U.S.S.R.’s population
and at least 50 percent of its industrial
capacity would constitute unacceptable
damage in the eyes of that country’s
leaders. By establishing these measures
McNamara was better able to coordi-
nate Air Force and Navy planning, to
match strategic military requirements
with existing force structures and to
eliminate programs that were superflu-
ous. Although the task of defining a
certain level of damage had a political
purpose, namely to threaten the govern-
ment of the U.S.S.R. with intolerable de-
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struction, the specific percentages cho-
sen reflected the capabilities of the U.S.
strategic forces programmed at that
time. The required levels of destruction
were also based to some extent on the
characteristics of the particular target
system represented by the U.S.S.R.

The population and economic re-
sources of the U.S.S.R. are concentrated
in a remarkably small number of major
urban centers. About a third of the pop-
ulation and nearly two-thirds of the in-
dustrial capacity are concentrated in the
country’s 200 largest cities. Nuclear at-
tacks on additional cities would not ap-
preciably increase the retaliatory dam-
age (except for the delayed effects of
radioactive fallout). McNamara’s crite-
rion of assured destruction could there-
fore be loosely translated into the ability
to destroy the 200 largest cities in the
U.SS.R.

Given this assumption, U.S. force re-
quirements could be set by determining
the number of nuclear warheads needed
to destroy the social and economic tar-
gets of importance in those 200 cities.
Target planning is sensitive to many op-
erational factors, such as the composi-
tion and layout of cities, but above all
it calls for predicting accurately how
the local population will be affected by
the lethal effects of nuclear explosions.
In actual practice retaliatory damage
is predicted by matching the physical
properties of nuclear explosions with
the relevant target characteristics on a
city-by-city basis. In calculating such
damage levels U.S. planners have at

their disposal a large store of informa-
tion on each target, sophisticated analyt-
ical techniques and an advanced data-
processing capability. The results of
these detailed calculations can be ap-

proximated fairly well, however, with
the aid of some simple procedures.

he yield of a nuclear weapon is usu-

ally described in terms of the quanti-
ty of chemical explosive required to re-
lease an equivalent amount of energy; a
nuclear weapon is said to have the pow-
er of kilotons (thousands of tons) or
megatons (millions of tons) of TNT. As
in a chemical explosion, the energy from
a nuclear explosion is generated very
quickly in a small volume. When the
nuclear explosion is set off in the air, the
energy released instantaneously vapor-
izes the components of the warhead,
creating a hot, rapidly expanding fire-
ball. The explosion gives rise to two
prompt effects that in an attack on a city
can be devastating. First, as the fireball
expands it sends a shock wave through
the surrounding medium. The shock
wave, which travels away from the point
of the explosion at supersonic speeds,
does blast damage to structures and peo-
ple. The hot fireball also radiates ther-
mal energy, mainly photons in the visi-
ble and infrared regions of the electro-
magnetic spectrum, which can cause
burns and ignite materials that are not
protected by some kind of opaque
screen. Roughly half of the weapon’s
energy is eventually converted into me-
chanical blast motions and about a third

THE PROMPT EFFECTS of the explosion of a one-megaton nuclear warhead detonated at a
height of 6,500 feet over the heart of New York are depicted chronologically in the sequence
of scenes on the opposite page. Inmediately after such a detonation an extremely hot, luminous
fireball would form. The fireball would emit intense thermal radiation (color), capable of caus-
ing skin burns and starting fires at a considerable distance. The explosion would also give rise
to a destructive blast wave, which would move away from the fireball at supersonic speed; at
1.8 seconds after the detonation, for example, the front of the blast wave (black circle) would
be roughly half a mile ahead of the fireball. In addition the nuclear processes responsible for
the explosion would be panied by the of hard radiation, mainly gamma rays
and neutrons (wavy white lines), which would have enough range in air to reach the ground in
the midtown area. When the primary blast wave from the explosion hit the ground, another
shock wave would be caused by reflection. At a certain distance from ground zero (depending
on the height of the explosion and the energy yield of the weapon) the primary and reflected
wave fronts would fuse near the ground to form a single reinforced Mach front; in the case of a
one-megaton warhead detonated at 6,500 feet the Mach effect would begin some 4.6 seconds
after detonation at a distance of 1.3 miles from ground zero. At that point the overpressure
(that is, the air pressure above ambient atmospheric pressure) would be 16 pounds per square
inch (p.s.i.). At 11 ds after detonation the Mach front would have moved outward to 3.2
miles from ground zero, the overpressure at the Mach front would be 6 p.s.i. and the veloci-
ty of the wind just behind the front would be approximately 180 miles per hour; appreciable
amounts of thermal radiation and nuclear radiation would continue to reach the ground. At 37
seconds after detonation the Mach £ront would be nearly 9.5 miles from ground zero, the over-
pressure at the front would be 1 p.s.i. and the wind velocity behind the front would be 40 miles
per hour. (Glass would be broken at overpressures down to .5 p.s.i.) Although thermal radiation
would no longer be significant, gamma rays would still reach the ground in potentially lethal
amounts. The fireball would no longer be luminous, but it would still be very hot, and it would
therefore rise rapidly, causing air to be drawn inward and upward, producing strong air cur-
rents called afterwinds. These winds would raise dirt and debris from the city to form the stem
of what would eventually become the characteristic mushroom cloud. By 110 seconds after
detonation the hot residue of the fireball, while continuing to rise, would have begun to expand
and cool. As a result the vaporized fission products and other weapon residues would condense
to form a cloud of radioactive particles. By this time the cloud would have risen to a height
of seven miles. The maximum height attained by the cloud (after 10 minutes) would be about
14 miles. Ultimately the particles in the cloud would be dispersed by the wind, and unless there
were precipitation there would probably be no early (or local) fallout of radioactive material.
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is released in the form of thermal radia-
tion. The rest of the energy is represent-
ed by prompt nuclear radiation and de-
layed thermal and nuclear radiation,
none of which are treated as being im-

ortant in assured-destruction é)lann'mg
gut all of which nonetheless add to the

destructiveness of a nuclear attack.

The mechanical motions of a nuclear
explosion are analogous to those of a
tidal wave. The shock front is literally a
wall of compressed air. As it passes,
structures are exposed to a nearly in-
stantaneous rise in the local atmospher-
ic pressure, and they may be crushed.
Following the shock front are strong
winds analogous to the water currents
that follow a moving ocean wave. The
forces resulting from these winds may
also lead to the collapse of structures
in the target area. Depending on their
shape and construction, buildings may
be vulnerable either to the shock wave
or to the winds that follow it or to both.
The “hardness” of a target (its ability to
withstand the destructive effect of the
shock wave) is generally described in
terms of the induced peak “overpres-
sure” (in pounds per square inch above
atmospheric pressure) at which the tar-
get is destroyed.

Thermal radiation can lead directly
to flash-burn casualties and indirectly
(through the ignition of nearby materi-
als) to flame-burn casualties, superpos-
ing both effects on blast casualties. The
extent of such damage depends on both
the power of the radiant energy deliv-
ered (usually measured in calories per
square centimeter) and the period over
which the energy is delivered. Destruc-
tive blast effects decay with distance
faster than thermal effects. Therefore
under ideal conditions a nuclear explo-
sion can do substantial incendiary dam-
age well beyond the area devastated by
blast. The thermal damage, however, is
much influenced by external factors, in-
cluding the presence of clouds or of
snow cover, the relative transparency of
the atmosphere and the composition of
the target. Hence thermal effects are far
less predictable than direct blast effects.

Since retaliatory forces are planned
on the basis of assured damage, the con-
sequences of an attack are typically cal-
culated only on the basis of the more
predictable blast effects. Consider the
problem of allocating a suitable “pack-
age” of nuclear weapons to an urban
area after a review of the targets within
that city. Aim points for each weapon
are selected in such a way as to ensure
that the desired blast effects will cover
all the targets. If the targets are close
enough together, a single warhead may
suffice. If the targets are dispersed or
hardened, it may be preferable to allo-
cate more than one weapon to a target
area, as opposed to increasing the yield
of a single weapon. This approach
guards against the failure of a single
large warhead, which would leave a tar-
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get “uncovered.” It also reflects the fact
that few industrial and military com-
plexes are sufficiently concentrated or
have the right shape to be attacked by a
single weapon of the type that current-
ly constitutes the bulk of the U.S. strate-
gic arsenal.

Each city has a unique set of target
characteristics, but some simple rules
make it possible to predict damage and
fatalities. In general any structure not

specifically designed for blast resistance
would be destroyed if it were exposed to
an overpressure of five or more pounds
per square inch (p.s.i.) above the ambi-
ent atmospheric pressure of some 15
p-si., and those structures that would
not actually collapse would typically
be damaged beyond repair. Some rein-
forced buildings (and heavy equipment
inside them) could withstand an over-
pressure of 40 p.s.i. or more, but if these

targets were considered important, an
attacker could lower the height at which
his weapons were set to explode or could
aim his weapons (or allocate new war-
heads) to achieve the desired effects.
Still, as a rule of thumb an overpressure
of 5 p.s.i. is considered sufficient to de-
stroy most structures.

The human body can endure a far
more intense blast than most buildings.
Therefore in a nuclear attack most of
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LETHAL AREA is defined by U.S. nuclear-war planners as the cir-
cular region within which the number of survivors of a nuclear ex-
plosion equals the number of fatalities outside the region. This sim-
plifying assumption makes it possible to arrive at an estimate of the
prompt fatalities resulting from a nuclear exploswn by multlplymg
the lethal area by the population density (: g that the pop

tion density over the entire area is uniform). As a general rule the le-
thal area is considered to extend roughly to the 5-p.s.i. overpressure
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contour, which for the one-megaton airburst represented on page 36
corresponds to a circular area with a radius of 4.3 miles (area within
black circle). The lethal-area concept excludes several important (if
less predictable) delayed effects of nuclear explosions, such as fires
and radioactive fallout. On a clear day, for example, a one-megaton
airburst could ignite fires as much as 10 miles away. If these fires
were to consolidate into a mass fire, the entire region within that range
(colored area) would be devastated, enlarging the lethal area fivefold.
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the blast casualties would be caused by
indirect effects. The bulk of the popula-
tion would be at risk from being inside
or near collapsing buildings, from being
hit by debris thrown by the shock wave
or from being hurled into an immo-
bile surface. Thermal effects would also
cause many fatalities within a certain
range, regardless of external conditions.
In estimating fatalities the simplifying
concept of the “lethal area” is often
used. Based on theoretical and empirical
data developed by the Atomic Energy
Commission in the 1950’s, the lethal
area is defined as the circular region
within which the number of survivors
would equal the number of fatalities
outside the circle, assuming that the
population density over the entire area
is uniform.

o simplify the calculations the esti-

mated fatalities are redistributed, so
that planners consider everyone within
the circle to be a fatality and no one
outside the circle to be a fatality. An
estimate of prompt fatalities is then
made by multiplying the lethal area by
the population density. The experience
of Hiroshima and Nagasaki and also
test data indicate that for weapons in
the range of 20 kilotons the lethal area
extends roughly to the contour within
which there is an overpressure of 5 p.s.i.
Hence coverage by that overpressure is
considered a satisfactory standard for
calculating both the fatalities and the
economic destructiveness of nuclear ex-
plosions.

Nuclear weapons will generate an
overpressure of 5 p.s.i. to a distance pro-
portional to the cube root of their yield.
For this reason larger weapons are said
to distribute their destructive power less
efficiently than smaller ones. For exam-
ple, a 100-kiloton bomb will generate an
overpressure of 5 p.s.i. to a range of
about two miles. Yet a warhead with 10
times the explosive yield (one megaton)
will generate the same overpressure to
only about twice that distance. In recog-
nition of the inherently greater efficien-
cy of smaller weapons, a scaled measure
known as equivalent megatonnage, de-
fined as the yield of a bomb in megatons
raised to the two-thirds power, is consid-
ered a better index of countercity capa-
bility than the unadjusted yield in mega-
tons. It was calculated by McNamara’s
systems-analysis staff in the 1960’s that
the reliable delivery of 400 equivalent
megatons would kill 30 percent of the
population of the U.S.S.R. and destroy
75 percent of the industrial capacity;
more recently the population damage
and industrial damage have been esti-
mated to be closer to 35 and 70 percent.

In actuality these damage levels are
the lowest that would result from nucle-
ar explosions, since they are typically
calculated on the basis of the predict-
able “prompt” effects described above.
When delayed effects (fires, fallout and
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TYPICAL RANGES to which three different harmful effects of nuclear weapons extend are
represented here for a typical airburst as a function of the energy yield of the explosion. The
colored line shows the distance to which thermal radiation can cause second-degree skin burns
and ignite fires, creating the risk of a mass fire. The black line measures the radius of the 5-p.s.i.
overpressure circle, within which the passage of the blast wave front, followed by 160-mile-
per-hour winds, would cause massive urban destruction and a high percentage of fatalities. The
gray line gives the range to which prompt nuclear radiation from the explosion would result
in 100 percent fatalities. It is evident that under favorable weather conditions the destructive
thermal effects of such an explosion could reach well beyond the area of major blast destruc-
tion. Prompt nuclear radiation, on the other hand, is clearly not an important damage mecha-
nism for strategic nuclear weapons (which have explosive yields of anywhere from a few tens
of kilotons to many megatons), since the areas covered by deadly radiation would also be ex-
posed to severe blast and thermal effects. It is only at much lower yields (on the order of a
kiloton or less) that prompt nuclear radiation becomes an important lethal mechanism; that
relation in fact is the basic principle of the enhanced-radiation weapon, or neutron bomb.
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ASSURED-DESTRUCTION CRITERION, relied on by U.S. strategic planners to determine
the retaliatory potential needed by U.S. nuclear forces to deter a surprise attack by the U.S.S.R.,
is calibrated here in terms of the number of delivered equivalent megatons it would take to de-
stroy key population centers and industrial targets in the U.S.S.R. (Equivalent megatons are
defined as the explosive yield of a nuclear weapon raised to the 2/3 power.) Given the decreas-
ing value of adding extra equivalent megatons to such a retaliatory attack, it is evident from
these curves that the delivery on target of some 400 equivalent megatons would be more thanade-
quate to achieve assured destruction. Population damage (color curve) was estimated in terms
of fatalities only; industrial damage (black curve) was determined by calculating the “manu-
facturing value added” destroyed during a U.S. retaliatory attack on the U.S.S.R. (Manufactur-
ing value added is the incremental value imparted to raw materials in any industrial process.)
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so on) are introduced, the damage es-
timates become much higher. The de-
layed effects also ensure that even if the
blast-damage levels cited in assured-de-
struction definitions were not reached,
an all-out nuclear war would still result
in the devastation of the combatant
countries.

Prompt and delayed nuclear-weapons
effects can be contrasted by consider-
ing an attack on a typical urban target,
for example the greater Boston metro-
politan area. The detonation of 10 one-
megaton warheads, aimed at local eco-
nomic and military targets, would gen-
erate an overpressure of 5 p.s.i. over
more than 500 square miles. More than
1.3 million people would be killed by
the prompt blast and thermal effects of
the explosions, and more than 80 per-
cent of the area’s industrial capacity
would be destroyed. It is likely that
the secondary effects of the explosions,
particularly fires and fallout, would in-
crease these totals.

If conditions were favorable to the at-
tack, the most devastating effect might
be incendiary. Under certain weather
conditions each one-megaton burst
could ignite fires as much as 10 miles
away. In such an attack a fire threat
would presumably exist throughout
much of eastern Massachusetts. Flash-

induced fires would be joined by blast-
triggered fires from toppled furnaces,
stoves and boilers. Scattered debris and
ruptured tanks and pipelines would add
fuel to the fires. Firebreaks would be
bridged by materials hurled by the blast.
After the attack the suppression of pos-
sibly hundreds of small fires per acre
would be a monumental task; water
mains would be shattered and firefight-
ing equipment and crews would be de-
stroyed or disabled. In Hiroshima some
70 percent of the city’s firefighting
equipment was crushed in the collapse
of firehouses and 80 percent of the fire-
men did not report to their posts.

Depending on weather conditions and
the characteristics of the target area
(particularly the density of flammable
structures), the many individual fires
might consolidate into one of two types
of mass fire: a firestorm or a conflagra-
tion. A firestorm is driven by a strong
vertical updraft of heated air, which is
replaced by cool air sucked in from the
periphery of the fire. A conflagration is
driven in addition by a strong ground
wind that was present before the attack.
Whereas a firestorm continues only as
long as its centripetal winds do, a confla-
gration can continue as long as fuel is
available.

The consequence of a mass fire is total
devastation within the affected area.

The temperatures in a mass fire can ex-
ceed 1,000 degrees Celsius, a tempera-
ture higher than that necessary to melt
glass and metal and to burn ordinari-
ly fireproof materials. In Hiroshima an
atomic bomb with a yield on the order
of 15 kilotons caused a firestorm that
lasted for six hours, totally destroying
4.4 square miles of the city. American
cities are constructed of materials that
are more fire-resistant than those in Hi-
roshima; on the other hand, American
cities are more built up and more fuels,
notably gasoline and heating oil, are
available to feed fires. Most important,
the yields of many modern strategic nu-
clear weapons exceed those exploded
at Hiroshima and Nagasaki by two or
more orders of magnitude. In addition
much of the area under attack would be
exposed to thermal radiation from more
than one fireball.

Blast shelters would provide little
protection against large fires. The sur-
vival of the occupants of such a shelter
would depend critically on the tempera-
ture and humidity inside the shelter, and
if mass fires were to start, the problem of
maintaining a shelter environment in
which people could survive would be
aggravated beyond solution. Moreover,
unless there was an independent supply
of oxygen for each shelter, carbon mon-
oxide and other toxic gases generated by

HIROSHIMA is seen from directly above in these U.S. Air Force
reconnaissance photographs made before (left) and after (right) the
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atomic bombing of that city on August 6, 1945. The cross marks
ground zero, the point on the ground directly under the explosion. The



the fire could be deadly to the occu-
pants. The heating of shelters, both by
flames and by heated rubble (which
could remain intolerably hot for days
after the end of a fire), would jeopardize
the occupants of shelters with an isolat-
ed atmosphere. In Dresden, where a fire-
storm ignited by chemical bombs killed
more than 100,000 people in 1945, only
those inhabitants who had left their shel-
ters before the firestorm began were
able to survive the twin threats of nox-
ious gases and shelter heating.

After a nuclear attack many people
would be disabled, trapped in
wrecked buildings or prevented from
fleeing the city because the streets were
blocked by debris or fire. If mass fires
were to form, which seems to be the
probable result of multiple megaton
bursts, the survivors among those who
had escaped prompt incapacitation
might be few. If mass fires were to begin
in the Boston area, for example, the
number of fatalities could be increased
by 500,000.

Another factor not included in many
assured-destruction calculations is ra-
dioactive fallout. Fallout results from
the condensation of the radioactive by-
products of a nuclear explosion on ma-
terials fused by the intense heat of the
fireball and (to a much smaller extent)

concentric circles are at 1,000-foot intervals. The firestorm following
the prompt effects of the explosion lasted for about six hours and to-

from the conversion of nonradioactive
materials into radioactive ones by the
absorption of neutrons from the nuclear
reactions of the explosion. If a nuclear
weapon were to be exploded at or near
the earth’s surface, fallout would be an
acute threat. Large amounts of debris
would be scooped up into the rising
cloud, later to fall out (or more likely be
washed out) of the cloud in lethal
amounts for hundreds of miles down-
wind. A dose of ionizing radiation mea-
suring between 400 and 500 rems (an
index of the biological effects of differ-
ent types of radiation on man) delivered
over a period of several days would kill
half of the people who had been ex-

posed. A dose of between 200 and 300"

rems would kill somewhat fewer than
20 percent (assuming prompt medical
treatment), but severe radiation-related
blood symptoms, including diminished
immunological response, could add ex-
tra fatalities by contributing to lethal
infections. If 10 one-megaton weapons
were exploded at ground level (to maxi-
mize fallout rather than blast and ther-
mal effects), as many as a million New
England residents who were not ex-
posed to the immediate blast and ther-
mal effects of the nuclear explosions
would be subjected to dangerous levels
of radiation. Even with optimistic as-
sumptions about the availability of shel-
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ter and provisions, the fallout fatalities
that would be added to the Boston-area
toll could be as many as 500,000. An
attack of this type might well mix air-
bursts and ground bursts to create maxi-
mum levels of both kinds of damage.

The number of fatalities from fire and
radiation would grow steadily after such
an attack, in part because medical facili-
ties and personnel would be destroyed.
Burn victims would present an excep-
tional medical problem, since serious
burn cases require intensive and imme-
diate treatment if they are to survive.
The ability of any medical system to
handle large numbers of such casualties
is limited even in peacetime. The influx
of some 50 survivors of the collision of
two jet airliners on Tenerife in the Ca-
nary Islands a few years ago put a strain
on burncentersin the U.S., which have a
maximum capacity of about 130 pa-
tients. After a nuclear attack, of course,
the number of burn cases would be or-
ders of magnitude greater, and access to
medical treatment would be far more
difficult.

Existing medical services would be
further burdened by the incidence of in-
juries well beyond areas of widespread
mortality. The danger of injury from
projected missiles (mainly shards of
glass from shattered windows) would
exist more than eight miles out from the

tally destroyed 4.4 square miles of the city. The explosive yield of the
weapon that caused this devastation was on the order of 15 kilotons.
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center of a one-megaton blast, and se-
vere burns could be common out to nine
miles, depending on weather conditions.
Many victims of burns, radiation sick-
ness and other mortal injuries who did
not die immediately would require in-
tensive (but under the circumstances un-
available) medical care. The manage-
ment of less severely injured people and
the very young, the very old and those
with special medical needs would be
complicated by the scarcity of food,
shelter and medicine.

The survivors of an all-out nuclear
attack would include many who would
be permanently incapacitated by crip-
pling injuries, blindness and other caus-
es. Any medical effort would be further
degraded by the destruction of public-
health facilities and personnel, the pro-
liferation of disease-causing organisms
(which tend to survive high radiation
levels) and other difficulties, such as the
seemingly insoluble problem of dispos-
ing of the dead. The total regional casu-
alties following an attack on the Boston

area with both airburst and ground-
burst nuclear weapons could well ex-
ceed two million dead, with roughly the
same number wounded or sick.

he assured-destruction concept also

ignores certain strategic issues. It is
typically argued that the U.S.S.R. is pur-
suing two types of program that would
enable it to blunt the effectiveness of
a U.S. retaliatory attack. The first pro-
gram seeks toreduce the number of U.S.
warheads arriving at their targets by de-
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HYPOTHETICAL ATTACK on the greater Boston metropolitan
area, which is outlined on these two pages, serves to contrast the
prompt and delayed effects of multiple nuclear explosions. In both
cases shown the attack consists of the detonation of 10 one-megaton
nuclear warheads, which are aimed at local economic and military
targets. In the illustration at the left it has been assumed that all the
weapons have been detonated at an altitude that has been selected to
maximize blast and thermal effects. Black circular outlines in the il-
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lustration correspond to regions exposed to an overpressure of at least
S p.s.i.; each of these areas is 4.3 miles in radius. The colored areas
represent the regions exposed to severe fire and burn risk on a clear
day; each area in this case has a radius of 10 miles. The principal de-
layed effect of the attack suggested by the illustration is the risk of a
regionwide firestorm or conflagration, which could add 500,000 fa-
talities to the assured-destruction estimate of 1.3 million killed by the
prompt blast and thermal effects of the explosions. In the illustration
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stroying U.S. strategic forces in a sur-
prise attack and by intercepting as many
surviving warheads as possible before
they reach their targets in the U.S.S.R.
The second program seeks to minimize
the damage done by arriving U.S. weap-
ons by evacuating urban residents and
by dispersing and hardening industrial
sites. Because the Russians could there-
by “deny” important urban and eco-
nomic targets to U.S. attack it is main-
tained that U.S. forces would fail to
satisfy the assured-destruction damage

levels, and that the U.S.S.R. would re-
tain the industrial base, personnel and
administration necessary for a rapid
postwar recovery.

In spite of the alleged success of the
U.SS.R. in these endeavors, neither
strategy could effectively reduce the
devastation of an all-out nuclear war.
Furthermore, neither effort would ap-
preciably enhance the potential of the
U.S.S.R. for recovery. On the contrary,
such schemes only appear to reduce
U.S. retaliatory capabilities in the per-

spective of the narrow and arbitrary def-
inition of assured destruction discussed
above.

Such analyses ignore the fact that
even under the worst circumstances the
U.S. would be able to mount a more
than adequate retaliatory attack. Any
Russian plan to degrade the U.S. as-
sured-destruction capability would face
the formidable task of reducing U.S.
forces substantially below the level of
400 deliverable equivalent megatons.
(Actually the task might be even more
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at the right it has been assumed that all 10 of the warheads have been
detonated at ground level in order to maximize the effects of radioac-
tive fallout. (Typical January wind patterns have been assumed in
drawing the contours.) The dark-colored areas are those that are cov-
ered by an amount of radiation that would be fatal to at least 80 per-
cent of the exposed population. The medium-colored areas are those
in which at least 50 percent of the exposed population would die of
radiation sickness. The light-colored areas are the probable extent
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of the region in which clinical radiation symptoms would be evident
in much of the exposed population, resulting in perhaps 20 percent
fatalities. (Presumably the survivors would also be subjected to the
effects of additional long-term radioactive fallout from attacks on
neighboring regions.) The total number of casualties in the Boston
region following an attack that made use of a suitable combination
of airburst and ground-burst nuclear weapons could well exceed two
million dead, with approximately the same number wounded or sick.
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difficult, because a well-planned Amer-
ican attack of even 200 equivalent meg-
atons could still promptly kill a fifth
of the U.S.S.R.’s population and destroy
more than two-thirds of its industry,
thereby satisfying the requirements of
assured destruction.)

t is extremely unlikely that a preemp-
tive Russian first strike could achieve
this goal. For one thing, 400 equivalent
megatons is only a fraction of the cur-
rent U.S. nuclear arsenal. More than
half of the current U.S. arsenal of more
than 6,000 equivalent megatons is car-
ried by missile-launching submarines on
station, by bombers on alert at Strategic
Air Command bases and by silo-based
missiles, all of which are capable of go-
ing into action within a few minutes of
a Presidential order. The rest of the
U.S. strategic forces consist mainly of
bombers not on alert and submarines in
port for maintenance. If a Russian sur-
prise attack were to destroy many land-
based U.S. missiles in their silos and all
the nonalert bombers and submarines,
more than 2,000 equivalent megatons
would remain available for retaliatory
action. Even if an unexpectedly large
number of U.S. weapons were to mal-
function or to be destroyed in flight,
more than 1,500 equivalent megatons
could still be delivered with high con-
fidence. These figures assume “worst
case” conditions from a U.S. perspec-
tive: if some warning were available pri-
or to such a Russian attack, extra bomb-
ers and submarines could be alerted and
the number of deliverable equivalent
megatons would more than double.
Because of the availability of what
are sometimes described as “overkill”
forces any effort to reduce the numbers
or effectiveness of the arriving U.S. war-
heads is bound to fail. For example,
Moscow is protected by an anti-ballis-
tic-missile (ABM) system that is limited
by treaty to 100 missile launchers. (Cur-
rently only 64 missiles are deployed in
that system.) In the event of a missile
attack those missiles could destroy a
certain fraction of the incoming mis-
siles. U.S. planners could easily com-
pensate for this potential attrition by
several strategies, one of which would
be to allocate extra warheads to the
“Moscow package” based on generous
theoretical assumptions about the effec-
tiveness of the Moscow ABM system.
The assured-destruction criterion im-
plicitly assumes what may be the least
probable scenario for a general nuclear
war. It is extremely unlikely that an all-
out war would begin with a massive sur-
prise attack by either side on the other
side’s cities. Such a war would more
probably follow an escalating crisis that
might begin with limited nuclear strikes
on military targets. These alternative
scenarios imply that city populations
would have ample warning of a possible
or probable nuclear attack, with the re-
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sult that evacuation and other tactics for
reducing damage could be pursued. If
this were to be the situation, the charac-
ter of the city population would clearly
have changed by the time of an attack.
Since assured destruction is calculated
according to peacetime population den-
sities and the calculations rely on certain
assumptions about the disposition of
city dwellers and workers on a day-to-
day basis, the programmed fatality lev-
els may not be reached under realistic
circumstances.

The assured-destruction criterion also
assumes that a general nuclear war
would consist of a single massive “coun-
tervalue” strike: a strike against both
military and economic targets. Counter-
value strikes might well, however, re-
main at a relatively low level of intensity
for some time. A limited countervalue
exchange might consist of attacks on in-
dustrial locations away from large cities
in order to discourage escalation to at-
tacks with the largest possible number
of fatalities. (The Russians in particular
have built some key installations in re-
mote areas, where they could be at-
tacked with a relatively low level of fa-
talities.) Strikes against cities might be
preceded by a warning or an ultimatum,
which would clearly encourage evacua-
tion. A general war might even begin
with a slow campaign of “city-trading.”
In other words, virtually any change in
assumptions radically alters the context
of the assured-destruction scenario and
casts doubt on the accuracy of fatality
estimates.

¥
W

In fact, except in the circumstances
of certain specialized scenarios, there
will always be an opportunity for a
country to evacuate its urban centers to
some extent, regardless of the degree to
which the country has prepared for such
evacuation. (For example, on Septem-
ber 1, 2 and 3, 1939, the British govern-
ment evacuated some 1.5 million wom-
en and children from Britain’s major
cities, and in the same three days an ad-
ditional two million people moved out
on their own initiative.) The wide avail-
ability of private-automobile transport
in the U.S. probably more than com-
pensates for any current Russian evac-
uation plans and training.

Nevertheless, allegations of evacua-
tion planning in the U.S.S.R. have in-
spired much concern in the U.S. Ac-
cording to a recent report of the Central
Intelligence Agency, if the Russians
were to have at least one week to thor-
oughly evacuate their cities and shel-
ter refugees against radioactive fallout,
war-related casualties could be reduced
to the “low tens of millions, about half
of which would be fatalities.” Some ana-
lysts have gone so far as to term these
fatality levels “acceptable” in view of
the fact that the U.S.S.R. suffered 20
million dead in World War II. Even if
evacuation could reduce the number of
prompt fatalities, however, the degree
of damage the U.S. could inflict on the
unprotectable economic resources of
the U.S.S.R. would be so great that the
U.S.S.R. would be eliminated as a major
industrial power.

— MISSILE-SUBMARINE BASES

CITIES (POPULATION)
® 100,000 TO 250,000 £ 5

@® 250,000 TO 1,000,000

@ MORE THAN 1,000,000

MAJOR AIRFIELDS
l MISSILE-LAUNCHING SITES

| MISSILE-TESTING CENTERS

RELATIVE CONCENTRATIONS of potential population targets and military targets in the
U.S. and the U.S.S.R. are suggested by these two maps. The black dots indicate the location
of the largest cities in each country. The colored symbols designate strategic-weapons instal-
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One purpose of any campaign of stra-
tegic bombardment is to reduce an ene-
my’s potential for supporting armed
forces in the field. In World War 1I fac-
tories, transportation systems and pow-
er plants were attacked. One goal of
such bombing campaigns was to destroy
industries on which other economic sec-
tors relied, depriving those sectors of es-
sential inputs and leading to an expand-
ing industrial incapacitation. The bomb-
ing of Germany failed to have this ef-
fect, in part because of limitations on
the size of chemical-explosive payloads.
Attacks on a given target system had to
be spread out over many raids, and so
the surviving facilities could be “jury-
rigged” to compensate for the damage
done to certain parts of the industrial
network. Civilians left homeless in at-
tacks could be housed in nearby towns
that had not been damaged. Even after
the atomic bombing of Hiroshima and
Nagasaki enough aid was available in
surrounding communities to significant-
ly aid the survivors.

The deployment of large numbers of
nuclear weapons has radically changed
the context of strategic bombing. The
forces currently deployed by the U.S.
and the U.S.S.R. are able to destroy the
entire industrial structure of any nation.
Moreover, this damage can be done all
at once, so that little assistance would
be available for those targets that had
come under attack.

In both the U.S. and the USSR. a
limited number of facilities comprise
the bulk of the productive capacity in

Held h

lations: major air , missil

ine bases, land-based-missile
launching sites and missile-testing sites (see key at bottom left). In
addition to the installations shown here the U.S. has a variety of stra-

many major industries. The centrally
planned economy of the U.S.S.R. in par-
ticular has many vulnerable bottlenecks
and choke points. Hence the destruction
of a single target or very few targets
could disrupt production in many other
industries. Because of this concentration
100 equivalent megatons, correspond-
ing to the payload of the missiles carried
by five or six Poseidon submarines,
would be sufficient to destroy crucial
industries without which the Russian
economy could not sustain itself.

For example, a study conducted re-
cently by the Office of Technology As-
sessment of Congress showed thata U.S.
attack on petroleum refineries in the
U.S.S.R. could, with only some 40 low-
yield nuclear warheads, destroy about
three-fourths of the U.S.S.R.’s entire re-
fining capacity. Comparatively few war-
heads could also destroy the transporta-
tion, energy, maintenance and manage-
ment resources needed for any postwar
economic recovery. The Russian energy
system is particularly vulnerable to at-
tack and is crucial for recovery. For in-
stance, nearly all the intercity freight in
the U.S.S.R. is shipped over electrified
rail networks, whereas much of it in the
U.S. goes by truck.

hese kinds of figures should not be

taken as evidence that the U.S. econ-
omy is somehow less vulnerable than
that of the U.S.S.R. The Russians have
more than enough warheads to cover
similar U.S. targets. Rather, it is instruc-
tive to remember, as the CIA report
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noted, that “the coordination of require-
ments with available supplies and trans-
portation is a complex problem for
Soviet planners even in peacetime, let
alone following a large-scale nuclear at-
tack on the U.S.S.R.”

Even if the Russian evacuation plans
were successful, they would only defer,
not prevent, the impact of the war on
civilians. A nation’s fixed medical, tech-
nical and educational base would, after
all, be destroyed in a nuclear war. Re-
covery stockpiles and facilities could
also be targeted. If some food, pharma-
ceuticals, clothing, equipment and spare
parts did survive, there would be neither
the administrative structure to allocate
the goods nor the transport to ship them
where they were needed. The destruc-
tion of refineries and electric-power sta-
tions could interdict resupply, and
shortages could develop quickly.” Per-
ishable goods, including many foods
and drugs, would be lost if electric
power were cut off. The devastation of
housing would make summer life dif-
ficult and winter existence intolerable.
This would be particularly true in the
U.S.S.R,, where outside cities there are
few alternative forms of shelter such as
hotels. In short, civil defense might
protect some people, but it could not
prevent the widespread destruction of
property essential to the support of life.
The economic interdependence of an
industrialized nation is a vulnerability
that cannot be defended.

A nation’s administrative and social
structure would also be disrupted by nu-
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tegic forces stationed elsewhere in the world (mainly on the island
of Guam and in Alaska). In general suitable targets for nuclear at-
tack are more concentrated in the U.S.S.R. than they are in the U.S.
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clear attack to the point that a political
system might be shattered beyond re-
constitution. Although special bunkers
are being constructed to protect the bu-
reaucratic and internal-security appara-
tus of the Soviet government in the
event of war, the U.S. does not lack the
means to attack those shelters.

The delayed effects of a nuclear war
between the U.S. and the U.S.S.R.
would propagate far beyond the borders
of the antagonists and their allies.
Worldwide effects would result mainly
from the fact that the stem and cloud of
most nuclear explosions would pene-
trate the stratosphere and deposit sever-
al kinds of radioactive material in it.
Unlike the lower part of the atmo-
sphere, the stratosphere lacks the mois-
ture and shear motions needed to quick-
ly sort out particulate and gaseous mat-
ter. Since such materials would remain
in the stratosphere for a long time, their
effects would be diluted. One conse-
quence of this long residence time, how-
ever, would be wide dispersion. Thus
although stratospheric effects would
be less intense than lower-atmospheric
ones, they would last longer and be
more widespread.

PERCENTAGE OF TOTAL INDUSTRIAL OUTPUT

0 |

A report issued by the National Acad-
emy of Sciences in 1975 listed three ef-
fects of nuclear war that might have
adverse worldwide impacts. First, strat-
ospheric ozone might be depleted, be-
cause nitrogen oxides made from atmo-
spheric nitrogen and oxygen by the heat
of nuclear explosions would be injected
into the stratosphere, where they wouid
aid in the conversion of ozorne into mo-
lecular oxygen. Second, the deposition
of large amounts of dust in the upper
atmosphere could alter the amount of
solar radiation arriving at the eartir’s
surface. Third, hazardous radioactive
isotopes could be dispersed through the
stratosphere, falling out slowly on a
worldwide scale.

Stratospheric ozone plays an impor-
tant role in life on the earth by screening
out harmful ultraviolet radiation. The
NAS report estimated that a 10,000-
megaton nuclear war could destroy half
of the ozone in the Northern Hemi-
sphere and about 30 percent of the
ozone in the Southern Hemisphere. As
opponents of the supersonic transport
aircraft and fluorocarbon spray-can
propellants have contended, the deple-
tion of the ozone layer could lead to a

0 10 20

30 40 50

NUMBER OF FACILITIES IN WHICH INDUSTRY IS CONCENTRATED
KEY INDUSTRIAL TARGETS are also more concentrated in the U.S.S.R. than they are

in the U.S,, as these three pairs of curves demonstrate. As a

fewer nuclear warheads

would be needed to cripple the U.S.S.R.’s production of such vital materials as steel, petrole-
um and nonferrous metals. In addition the economies of both countries are characterized by
crucial bottlenecks. For example, only one plant at Pavlodar in the U.S.S.R. does work essen-
tial to 65 percent of the aluminum industry of the country. By the same token close to 80 per-
cent of the iron ore shipped in the U.S. travels through one set of locks at Sault Sainte Marie.
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variety of medical and environmen-
tal problems. Higher cancer rates and
harmful effects on plants, including crop
plants, could result. The destruction of
stratospheric ozone on this scale could
upset the thermal structure of the up-
per atmosphere and lead to worldwide
temperature changes. After such a war
ozone levels might not return to normal
levels for many years.

Asingle one-megaton surface burst
would also project thousands of
tons of fine dust into the stratosphere.
The dust could absorb, reflect and scat-
ter radiation arriving from the sun or
reflected from the earth, and there have
been suggestions that this effect could
lead to a change in the weather at the
earth’s surface. According to the NAS
study, however, a 10,000-megaton war
would inject no more dust into the
stratosphere than was thrown up by the
explosion of the volcano Krakatoa in
1883. By extrapolating from such vol-
canic events the NAS report concluded
that only a slight change in surface
weather conditions might result.

Radioactive isotopes would be dis-
tributed worldwide by stratospheric
transport processes. Since these isotopes
would have a relatively long residence
time in the stratosphere, many of the
dangerous short-lived ones would decay
before they could reach the ground.
Nevertheless, some hazardous isotopes,
such as strontium 90, cesium 137, iodine
131 and carbon 14, would persist and
might enter the food chains of the bio-
sphere. The NAS report did not suggest
that this fallout would have the kind of
worldwide lethal consequences for hu-
man life that are depicted in novels such
as Nevil Shute’s On the Beach. Regional
concentrations of fallout in the combat-
ant nations (and neighboring nations)
could nonetheless present an acute radi-
ation hazard to many evacuees and ru-
ral residents who might not have been
directly imperiled during an attack on
cities. Less intense “hot spots” could ap-
pear at greater distances, with adverse
biological consequences. Few parts of
the attacked country would escape the
threat of fallout, since a thorough attack
would cover economic and military tar-
gets nationwide, leaving most areas con-
taminated.

Atmospheric phenomena are com-
plex, and it is not clear how a 10,000-
megaton nuclear war might influence
climate. Although the NAS study esti-
mated that the effects of ozone depletion
and dust loading probably would not
have an irreversible impact on global
weather patterns, the report did indicate
that changes of a much more serious
nature could not be excluded. The possi-
bility of synergistic actions among these
various effects cannot be ignored. For
example, it has been noted that a global
cooling of only one degree C. could
eliminate all wheat growing in Canada.



Direr possibilities include the expansion
or melting of polar ice.

The NAS report did not examine pos-
sible changes in continental weather re-
sulting from effects such as fires. A sin-
gle 10-megaton airburst could ignite a
forest fire covering thousands of square
miles. The burning of the broad grass-
lands and forests of the U.S. and the
U.S.S.R. could defoliate the natural
ground cover, thereby changing the re-
flectivity of the earth’s surface and giv-
ing rise to weather changes. Particulate
combustion products thrown into the at-
mosphere by forest fires would absorb
and reflect solar radiation, and they
would also act as nucleation centers for
the formation of water droplets and ice
crystals, thereby increasing the cloud
cover and altering the distribution of
precipitation. Such local effects could
exacerbate the worldwide phenomena
cited above.

Finally, just as the various compo-
nents of a national economy are inter-
locked, so nations themselves are inter-
dependent. The destruction of the econ-
omies of the major powers by a nuclear
war would be a massive blow to the
economies of nations dependent on
those powers for the exchange of com-
modities and technology. The less de-
veloped countries in particular would
suffer, since at this stage of their devel-
opment they need to import technology
from more developed countries.

In sum, the cumulative effects of an all-
out nuclear war would be so cata-
strophic that they render any notion
of ‘“victory” meaningless. The formal
methodologies of the assured-destruc-
tion scenarios do not reveal the full ex-
tent of these effects. Moreover, argu-
ments that throw doubt on the sufficien-
cy of the deterrent capability of the U.S.
exclude some of the most profound and
long-lasting of these effects. When the
delayed effects of all-out war are taken
into consideration, it should become
clear that no countermeasure would sig-
nificantly lessen the degree of devasta-
tion that would surely occur. Even if a
highly efficient program for the evacua-
tion of cities could substantially reduce
prompt fatalities, it could not prevent
the delayed social consequences of in-
dustrial and economic devastation. The
magnitude of either the prompt disaster
or the delayed one would be so great
that neither disaster could ever be con-
sidered tolerable.

There are many steps that could be
taken by both sides to diminish the like-
lihood of an all-out nuclear war. Many
of them are now the subject of strong
disagreement. One step in the right di-
rection would be to reframe the cur-
rently misleading concept of assured
destruction in more realistic terms to
reflect the full extent of the catastro-
phe that would be represented by a nu-
clear war.
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U.S. STRATEGIC ARSENAL would retain far more deliverable nuclear weapons than would
be necessary to accomplish the assured-destruction mission, even after an all-out surprise at-
tack by the U.S.S.R. on strategic military targets in the U.S. If there were any warning available
before such an attack, the number of U.S. nuclear weapons that could be delivered on targets
in the U.S.S.R. would increase considerably. The heavy black line across the bottom of the
chart indicates the 400 equivalent megatons thought to be sufficient to kill 35 percent of the
people in the U.S.S.R. Strategic forces above this level are referred to as overkill capability.
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The Epstein-Barr Virus

It is perhaps the commonest of all the viruses that infect human

beings. It is the cause of infectious mononucleosis, and there is

substantial evidence linking it with two types of human cancer

by Werner Henle, Gertrude Henle and Evelyne T. Lennette

he ability of certain viruses to in-

duce tumors in animals under nat-

ural or experimental conditions
has been known for more than 70 years.
As early as 1908 V. Ellerman and O.
Bang in Denmark demonstrated that
leukemia could be transmitted by a vi-
rus in fowl, and in 1911 Peyton Rous
of the Rockefeller Institute for Medical
Research showed that a sarcoma could
be similarly transmitted in chickens.
Since that time many examples of tu-
mor-causing viruses have been found
in the mouse, the frog, the rabbit, the
guinea pig, the cow, the cat, the dog and
even some nonhuman primates. Such
findings led to an intensive search for
similar agents in man, based on the
reasonable assumption that human be-
ings would not be exempt from nat-
ural scourges that plague their fellow
animals.

To date the prime candidate for a vi-
rus involved in cancers of man is the
Epstein-Barr virus. The fascinating sto-
ry of this virus began in the late 1950’s,
when Denis Burkitt, a British surgeon
working at Makerere University in
Uganda, saw his first case of an unusual
tumor that would later bear his name.
The patient was a young boy suffering
from a massive tumor of the jaw that
proved to be a lymphoma: a malignant
growth of the lymphoid tissues. The tu-
mor was remarkably fast-growing, dou-
bling in size every 24 to 48 hours. It
caused grotesque disfigurement and fi-
nally death by metastasis to other parts
of the body.

Burkitt soon had ample opportunity
to observe the disease further, because a
surprisingly large number of young pa-
tients were brought to him. The lympho-
ma of the jaw occurred most frequently
in children six to eight years old; it was
rare in children older than 14 and un-
known in those less than a year old. It
was not uncommon to find clusters of
patients of both sexes in neighboring
families within a short period of time.
This distribution of the tumor was remi-
niscent of viral infections of childhood,
such as poliomyelitis before the intro-
duction of vaccines against it. Burkitt
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proceeded single-handedly to gather ep-
idemiological evidence about the lym-
phoma, not only in Uganda but also
throughout Africa. On his now historic
Land Rover safaris, ranging over thou-
sands of miles, he collected data on the
patients, their residence, their family
and their other diseases. From this evi-
dence he was able to piece together an
impressively complete picture of this
previously undescribed cancer.

Burkitt’s lymphoma was and still is
one of the commonest childhood can-
cers in Africa, with a rate of one case per
10,000 children per year. It is seen only
in areas that have an elevation of less
than 1,800 meters, an annual rainfall of
more than 60 centimeters and an aver-
age temperature of more than 16 de-
grees Celsius. These areas are coex-
tensive with those where mosquito-
transmitted infections such as yellow
fever and malaria are endemic. Burkitt
also found evidence that the lymphoma
could spread from one area to adjacent
areas and that it was influenced by sea-
sonal variations. These findings prompt-
ed him to suggest in 1958 that the cause
of the tumor was a mosquito-transmit-
ted infectious agent, or at least that such
an agent was a precipitating factor in the
disease.

Later, thanks again to Burkitt and the
physicians working with him, it became
possible to treat the lethal lymphoma.
Even in early trials the tumor responded

dramatically to injections of cyclophos-
phamide, melting away within a few
days after the initiation of treatment.
Even more effective drugs with fewer
side effects have been developed since
then. In many cases, however, the tumor
recurs eventually and may ultimately
prove resistant to chemotherapy, result-
ing in death. Depending on the initial
extent and site of the tumor, between 30
and 60 percent of the patients survive
for five years or more without evidence
of disease.

Burkitt’s lymphoma became the sub-
ject of research in many laborato-
ries. In 1964 M. Anthony Epstein, B. G.
Achong and Y. M. Barr at Middlesex
Hospital in London examined cultured
cells from biopsy specimens of Burkitt’s
lymphoma in the electron microscope.
Inside the cells they observed particles
of the virus that was later to bear the
name Epstein-Barr virus. The virus was
classified on the basis of its structure as
belonging to the herpes group of viruses,
which have double-strand DNA as their
store of genetic information. At the time
three human viruses of this type were
known: herpes simplex virus, which
causes fever blisters; cytomegalovirus,
which induces serious congenital mal-
formations and a variety of syndromes
in older patients, and varicella-zoster,
which causes chickenpox and shingles.
The discovery of a herpes virus in the

VIRAL ANTIGENS are foreign proteins that induce specific antibody responses in animals
and man. Antigens of the Epstein-Barr virus can be detected within infected human lympho-
cytes (white blood cells) by sensitive fluorescent-antibody techniques, as is shown in the fluo-
rescence micrographs on the opposite page. The discovery of virus-associated proteins in two
human tumors has provided strong circumstantial evidence for a link between the Epstein-
Barr virus and cancer in man. The majority of virus-infected lymphocytes do not yield progeny
virus particles but do express a viral antigen in the cell nucleus called the Epstein-Barr nuclear
antigen (EBNA). When fluorescent antibodies combine with this antigen, they cause the cell
nucleus to glow brightly but the cytoplasm to remain dark (top left). Before the cycle of viral
replication begins in a productively infected cell the early antigens appear. The first antigen,
the diffuse component (D), is found in both the nucleus and the cytoplasm (top right). The sec-
ond, the restricted component (R), is confined to a large mass in the cytoplasm (bottom left). Fol-
lowing the replication of the viral DNA the late antigens appear; these antigens are protein
constituents of the virus itself. One of the late antigens is the viral-capsid antigen (VCA), which
is present in both the nucleus and the cytoplasm (bottom right). Each of the three diseases asso-
ciated with the Epstein-Barr virus gives rise to a distinct pattern of antibodies to viral antigens.
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EPSTEIN-BARR VIRUS PARTICLES are enlarged some 96,000 diameters in this electron
micrograph made by M. Anthony Epstein of the University of Bristol Medical School. The cap-
sids, or protein shells, of the virus particles stand out against the darkly stained background.
Some of them have been penetrated by the negative-contrast material, revealing that they
are either empty or contain viral DNA. Unstained virus particles look white. The virus has
been isolated from two human tumors: Burkitt’s lymphoma and nasopharyngeal carcinoma.

Burkitt’s lymphoma cells did not arouse
great interest, however, because at the
time no herpes virus was suspected of
causing cancer in animals. Hence the vi-
rus particles in the tumor cells were as-
sumed to be merely casual passengers.

As Epstein was attempting without
success to enlist the help of British virol-
ogists in identifying the virus, we were

trying to obtain specimens from Bur-
kitt’s lymphoma patients in Africa for
our laboratory at the Children’s Hospi-
tal of Philadelphia. A fortunate series of
events put Epstein in touch with us, and

_within days a set of his cell cultures was

crossing the Atlantic to our laboratory.
Soon after the arrival of the cultures we
were able to demonstrate that the Ep-

ENVELOPE

\\

—MIRAL ANTIGENS CAPSOMERES

NUCLEOID

CAPSID

STRUCTURE of the Epstein-Barr virus is diagrammed. It belongs to the herpes group of vi-
ruses, which store their genetic information in the form of double-strand DNA. The infectious
virus particle consists of three components: a doughnut-shaped central core, or nucleoid, which
contains the viral DNA in condensed form; a capsid, which is icosahedral in shape and made
up of hollow, tubular protein subunits called capsomeres, and a protective envelope derived
from either the nuclear membrane or the outer membrane of the host cell. The envelope incor-
porates a number of viral proteins (antigens) that were manufactured and inserted into the
host-cell membrane before the assembly of complete virus particles began. During infection
the viral envelope fuses with the outer membrane of a susceptible host cell, and the nucleocap-
sid (the capsid and the viral DNA within) enters cell. Viral DNA then either persists in a re-
pressed state or it diverts enzymatic machinery of host to manufacture of new virus particles.
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stein-Barr virus was a new type of her-
pes virus. We came to this conclusion
when we failed to transmit the virus to
various standard cell cultures, chick em-
bryos and experimental animals that
were susceptible to infection by the
three known human herpes viruses.

Convinced that we were dealing with
a previously unknown virus, we began
to investigate the link between the Ep-
stein-Barr virus and Burkitt’s lympho-
ma. Our main approach was to look for
antibodies to the virus in patients’ se-
rum. Once someone has been exposed to
a virus he almost invariably manufac-
tures specific antibodies to it that circu-
late in his bloodstream. The presence of
circulatingantibodies to a given virus in
a patient is therefore a clear sign of past
exposure to that virus.

To determine whether the Epstein-
Barr virus played a role in the genesis of
Burkitt’s lymphoma we sought to an-
swer the following questions: Do all pa-
tients with Burkitt’s lymphoma have an-
tibodies to the Epstein-Barr virus? Are
the antibodies to the virus limited to pa-
tients with the disease or are they also
found in healthy individuals or in pa-
tients with other diseases? If the anti-
bodies are not limited to Burkitt’s lym-
phoma, do patients with the lymphoma
show a significantly higher titer (concen-
tration in the blood serum) or a greater
variety of antibodies to the Epstein-Barr
virus than other people?

To detect the patients’ antibodies to
the Epstein-Barr virus we employed
the sensitive technique known as indi-
rect immunofluorescence. In this tech-
nique cultured cells containing the un-
known virus are fixed on a glass slide.
Serum from a patient suspected of har-
boring antibodies to the virus is then put
on the slide, so that the patient’s anti-
bodies can bind to the viral antigens
(foreign proteins) either inside the cell
or on the cell surface. The cells are now
washed, and a second set of antibodies,
which react specifically with all human
antibodies and are conjugated with the
molecules of a fluorescent dye, are incu-
bated with the cells to which the pa-
tient’s antibodies have already bound.
When the cells are illuminated with ul-
traviolet radiation in a microscope, the
patient’s antibodies are revealed as flu-
orescent areas within the virus-infected
cells. The fluorescence is bright because
several fluorescent antibodies can bind
to one of the patient’s antibodies.

With this simple but elegant assay we
were able to confirm that the Epstein-
Barr virus is indeed a novel virus, be-
cause antibodies to each of the known
human herpes viruses did not react with
the Burkitt’s lymphoma cells. We then
obtained serum from a Nigerian child
with Burkitt’s lymphoma who had been
flown to Bethesda, Md., for treatment at



the Clinical Center of the National In-
stitutes of Health. In the indirect-immu-
nofluorescence test the child’s serum
caused a small proportion of the Bur-
kitt’s lymphoma cells to fluoresce
brightly. When individual fluorescent
cells were examined in the electron mi-
croscope, they showed the presence of
numerous particles of the Epstein-Barr
virus; the nonfluorescent cells contained
no virus particles.

To our surprise antibodies to the Ep-
stein-Barr virus were found not only in
children with Burkitt’s lymphoma but
also in the serum of nearly all healthy
African children tested. Even more un-
expected was the finding that antibodies
to the virus were present in children
from many parts of the world, which
implied that the Epstein-Barr virus has a
worldwide distribution and that almost
no one escapes infection. It soon became
evident that the age at which antibodies
to the virus are acquired depends on the
prevailing living conditions. Under the
conditions of crowding and poor hy-
giene prevalent in the developing coun-
tries practically all children manufac-
ture antibodies to the virus by the age
of three or four. In the more advanced
countries the acquisition of antibodies
to the virus is often delayed until ado-
lescence or adulthood.

Measurement of the antibody titer to
the Epstein-Barr virus in children with
Burkitt’s lymphoma revealed that the
patients on the average had titers from
eight to 10 times higher than those of
healthy children. The patients with the
lymphoma were therefore reacting to
the virus in an abnormal fashion. We
found, however, that patients with some
other diseases also had elevated titers
of antibodies to the Epstein-Barr virus.
Foremost among them were patients
with nasopharyngeal carcinoma, who
had antibody titers that were 10 times
higher than those of healthy individuals
or of patients with other tumors of the
head and neck. The connection between
this carcinoma and the Epstein-Barr
virus was initially made by Lloyd J.
Old and his colleagues at the Memorial
Sloan-Kettering Cancer Center, who ob-
served that serum from patients who
have nasopharyngeal carcinoma forms
precipitates with extracts of cultured
Burkitt’s lymphoma cells. This finding
implied that the Epstein-Barr virus is in-
timately associated with both diseases.

Nasopharyngeal carcinoma is a ma-
lignant tumor that arises in the epithelial
lining of the space behind the nose. It
afflicts mostly adults and occurs at high
frequency (10 per 100,000 people per
year) in southern China and at some-
what lower frequencies in Tunisia and
East Africa. American Eskimos living
in Alaska also suffer from the disease,
which is rare elsewhere in the world.
The tumor usually takes one of two le-
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DISTRIBUTION OF BURKITT’S LYMPHOMA in Africa reveals that clusters of cases
(black dots) are found in areas where malaria is endemic because of climatic factors (light col-
or). Burkitt’s lymphoma is a tumor of the jaw and other tissues in African children that is
closely associated with the Epstein-Barr virus. This evidence suggests that malaria may be a
secondary factor in genesis of the lymphoma. Data are from work of Denis Burkitt and others.

thal courses: it may grow through the
bones of the skull to invade the brain, or
carcinoma cells may spread from the
primary tumor through the lymph ves-
sels, forming metastases in the lymph
nodes of the neck and then in the liver,
the lungs, other organs and the bones.

he ubiquitousness of antibodies to

the Epstein-Barr virus in healthy
populations led us to suspect that the
virus was primarily the cause of a com-
mon, self-limited illness in addition, to
being apparently associated with the
two malignancies. By a remarkable co-
incidence the identity of this disease
emerged through an accidental discov-
ery made in our laboratory. Late in 1967
one of our young technicians developed
classical symptoms of infectious mon-
onucleosis: sore throat, fever and en-
larged lymph nodes in the neck. Before
her illness she had shown no antibodies
to the Epstein-Barr virus, but with the
onset of the disease antibodies appeared
in her serum. This fortuitous event gave
the first clue that the Epstein-Barr virus
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might be the long-sought cause of infec-
tious mononucleosis, which was first de-
scribed by T. P. Sprunt and F. A. Evans
of the Johns Hopkins University School
of Medicine in 1920.

In its classical form infectious mono-
nucleosis causes fever, tonsillitis, swol-
len lymph nodes and an enlarged liver
and spleen. In spite of its name it does
not seem to be highly infectious; no ma-
jor epidemics have been reported. The
majority of the patients are young
adults, and uncomplicated cases run
their course in from one week to four
weeks with complete recovery. Fewer
than 1 percent of the patients have com-
plications (such as encephalitis, pneu-
monia and kidney failure), and fatal cas-
es are very rare. Some clinicians, how-
ever, have described mononucleosis as
a self-limited leukemia. Patients with
the disease show a marked increase in
the number of white blood cells, which
are often morphologically abnormal.
The proliferating white cells include the
B lymphocytes (which originate in the
bone marrow and manufacture antibod-
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ies) and the T lymphocytes (which ma-
ture in the thymus and participate in
cellular immune reactions). In patients
with mononucleosis the abnormal pro-
liferation of lymphocytes soon subsides;
in leukemia the cells continue to multi-
ply out of control.

To confirm a causal relation between
the Epstein-Barr virus and mononucleo-
sis we needed additional samples of se-
rum from patients with the disease. We
remembered that James C. Niederman
and Robert W. McCollum of the Yale
University School of Medicine had been
engaged since 1958 in a prospective
study of mononucleosis in college stu-
dents, collecting serum from hundreds
of students before (at entry into col-
lege), during and after the disease. Their
valuable collections were generously
made available to us for testing. We
found that antibodies to the Epstein-
Barr virus were always absent before
the illness but were present during and
after the illness. These findings led us
to conclude unequivocally that the Ep-
stein-Barr virus is responsible for at
least one disease: infectious mononucle-
osis. Subsequent epidemiological stud-
ies have indicated that people who have
had infectious mononucleosis do not
have a higher probability of contracting
cancer later in life. This finding is con-
sistent with the fact that virtually every-
one becomes infected with the Epstein-
Barr virus, including those who never
develop mononucleosis.

SPONTANEOUS INDUCTION of replication of the Epstein-Barr vi-
rus may take place in the descendants of a single cell from a “pro-
ducer” culture of Burkitt’s lymphoma cells. Many cells containing
the viral genome (the complete set of viral genes) persist indefinitely,
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Much progress has been made in elu-
cidating how the Epstein-Barr virus
causes mononucleosis. It is now known
that the route of infection in nonim-
mune individuals is through the mouth
and the respiratory tract, either by the
use of contaminated eating or drinking
utensils, intimate oral contact (hence
the familiar label ‘“kissing disease’’) or
the inhalation of virus particles. The
initial target cells for the virus are pos-
sibly the epithelial cells of the mouth
and the throat, but the virus sooner or
later infects B lymphocytes, which dis-
seminate it throughout the lymphatic
system. (For some reason the Epstein-
Barr virus is highly selective for B lym-
phocytes and does not infect T lympho-
cytes.) The first signs of illness usually
develop from four to seven weeks after
infection; during the acute phase of the
illness virus particles can be detected in
the saliva of almost all patients.

In the course of its evolution the Ep-
stein-Barr virus has established a nearly
perfect symbiosis with its human host,
ensuring the survival of both. Although
infection with the virus leaves a perma-
nent immunity, the virus persists in a
latent state in the B lymphocytes of the
lymphatic system and is spontaneously
activated in a few cells. Infectious prog-
eny virus particles are therefore released
periodically into the saliva, ensuring the
spread of the virus to nonimmune indi-
viduals.

Under primitive conditions such as

those prevailing in prehistoric times and
in many parts of the world today pri-
mary infections with the Epstein-Barr
virus take place at an early age, when
they do not cause significant illness, per-
haps because of the immaturity of the
target cells or of the immune system.
Under the improved hygienic condi-
tions and living standards of the devel-
oped world primary infections with the
virus are often delayed until late child-
hood and adolescence, when they are
more likely to cause the symptoms of
mononucleosis. For example, in college
populations in the U.S. between 35 and
80 percent of the students at entry have
antibodies to the Epstein-Barr virus, and
about 10 to 15 percent of those without
antibodies become infected every year.
About two-thirds of these belatedly in-
fected individuals experience significant
illness. This explains why mononucleo-
sis is essentially a disease of the eco-
nomically advanced countries.

he Epstein-Barr virus resembles

some of the other herpes viruses in
that it can go “underground,” persisting
in a silent, or repressed, state in dividing
human lymphoid cells without inducing
the manufacture of progeny virus and
the death of the host cell. Cultured hu-
man B lymphocytes that are latently in-
fected with the virus may be classified in
two groups. “Producer” cell lines are
those in which the viral genome (the
complete set of viral genes) may become
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dividing every 18 to 24 hours. In up to 10 percent of the cells, how-
ever, the repressed viral genome is activated, leading to the manu-
facture of virus particles. Liberation of progeny virus is inevitably
accompanied by the death and lysis (dissolution) of the host cells.



activated spontaneously in a small pro-
portion of the cells (up to 10 percent),
giving rise to viral antigens and occa-
sionally to infectious virus particles.
“Nonproducer” cell lines are those in
which the viral genome is never sponta-
neously activated. Even when the viral
genome of a nonproducer cell is experi-
mentally activated, the process is usual-
ly abortive: viral antigens are manufac-
tured but virus particles are not.

The presence of viral genomes in non-
producer cells was first demonstrated in
1970 by Harald zur Hausen and Hein-
rich Schulte-Holthausen of the Uni-
versity of Erlangen. They showed that
strands of viral DNA extracted from in-
fectious virus particles paired up with
complementary strands of DNA ex-
tracted from nonproducer cells. The la-
tently infected cells were found to con-
tain as many as 50 complete copies of
the viral genome.

Alice Adams and Tomas Lindahl in
George Klein’s laboratory at the Karo-
linska Institute in Stockholm discovered
that only part of the viral DNA could be
separated from the host-cell DNA by
spinning it in a centrifuge. The separable
fraction consists of circular plasmids of
viral DN A, which are the same length as
the DNA strands packed into infectious
virus particles. The nonseparable frac-
tion represents copies of the viral DNA
that have been linearly inserted into the
DNA of the host cell, where they are
replicated along with the rest of the host
chromosomes.

In an occasional cell of a producer cell
line the repression of the viral DNA is
reversed, leading to the active manufac-
ture of virus particles and the death of
the cell. The virus particles shed from
these producer cells into the culture me-
dium are of two types: transforming and
lytic. The lytic virus induces the man-
ufacture of progeny virus particles in
newly infected cells. The transforming
virus, which is released by the majority
of producer cells, causes B lymphocytes
to multiply indefinitely when they are
grown in tissue culture. (Uninfected B
lymphocytes are unable to grow and di-
vide in culture and usually die off within
two or three weeks.) If the transforming
virus is inactivated by heating or treat-
ment with antibodies or is removed
from the culture medium by passing it
through an extremely fine filter, the B
lymphocytes will not be transformed.
These experiments have clearly estab-
lished that the transforming agent is the
virus itself.

The Epstein-Barr virus also trans-
forms lymphocytes in the living human
being: B lymphocytes obtained from the
blood and lymph nodes of virus-infect-
ed individuals grow readily in cell cul-
ture but similar cells from uninfected
individuals do not. Giovanni Rocchi
and his colleagues at the University of

Rome have shown that in healthy peo-
ple with latent Epstein-Barr viral infec-
tions one lymphocyte in 10 million is
transformed; in patients with infectious
mononucleosis one lymphocyte in 5,000
is transformed. These results suggest
that the Epstein-Barr virus is potentially
tumor-inducing because it endows B
lymphocytes with the capacity for unre-
strained growth and proliferation, a no-
table property of cancer cells. The trans-
formation of lymphocytes appears to be
induced by copies of the viral DN A that
have been linearly inserted into the host
chromosome. Elliott Kieff of the Uni-
versity of Chicago School of Medicine
is currently analyzing the viral DNA in
detail in an effort to identify the specific
DNA segment that codes for the trans-
forming activity of the virus.

Ithough most of the viral DNA in
nonproducer cells is repressed, as is
indicated by the absence of viral replica-
tion, a small fraction of the viral DN A is
expressed in the form of new proteins,
both within the nucleus of the cell and at
the cell membrane. These proteins are
not structural proteins of the transform-
ing virus but are coded by it. Since
the virus-associated proteins differ from
the normal cell proteins, they induce
the manufacture of antibodies. One of
these antigens is the Epstein-Barr nucle-
ar antigen (EBNA), which is situated
in the nucleus of the cell in association
with chromatin: the material that incor-
porates the DNA. It was discovered
by Beverly Reedman and Klein, who
showed further that EBNA is expressed
by all cells carrying the viral genome,
including the cells of Burkitt’s lym-
phoma and nasopharyngeal carcinoma.
In nonproducer cells the presence of
EBNA in the nucleus is the only indi-
cation that the cells have been trans-
formed by the Epstein-Barr virus.

By manipulating the growth condi-
tion of latently infected lymphocytes in
cell culture, or by treating them with
certain drugs, nonproducer cells can be
induced to enter the lytic cycle, which
culminates in the death and lysis (disso-
lution) of the cell. The lytic cycle in-
volves the manufacture of several addi-
tional antigens and, if it progresses far
enough, the liberation of progeny virus
particles. Soon after the induction of the
lytic cycle and before any replication of
viral DNA can be detected, three virus-
specific antigens appear in the cells.
These antigens are termed the early anti-
gen complex. The first antigen, the dif-
fuse component (D), appears initially in
the cell nucleus and spreads throughout
the cytoplasm. The second antigen, the
restricted component (R), is localized in
a large mass in the cytoplasm adjacent
to the cell nucleus. The third antigen,
the early membrane antigen, is inserted
into the membrane of the host cell. In
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DNA MOLECULE carrying the genetic in-
formation of the Epstein-Barr virus is pres-
ent in multiple copies in both latently and pro-
ductively infected human lymphocytes. Most
of the DNA molecules are in a circular form,
as is shown here, and replicate independently
of the host-cell chromosomes. The rest of the
viral-DNA molecules are linearly integrated
into the DNA of the host cell and are copied
along with it. The DNA inside the virus par-
ticle is in linear form. Micrograph was made
by Gunnar Bjursell of University of Aarhus.
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many cells the infectious process stops
at this stage.

In other cells, however, the lytic cycle
continues with the replication of the vi-
ral DNA. Following this step the late
viral antigens appear: proteins that are
structural components of the capsid, or
protein shell, of the virus particle. The
late antigens include the viral-capsid an-
tigen (VCA) and the late membrane an-
tigens, which are inserted into the cell
membrane. Progeny virus particles are
assembled in the cell nucleus, after
which some of them pass into the cyto-
plasm of the cell and are extruded
through the cell membrane. In the proc-
ess the viral capsids are coated with a
protective envelope derived from the

membranes of the host cell. The libera-
tion of the progeny virus particles—in-
deed, the mere synthesis of the early an-
tigens—Ileads inevitably to the death of
the cell.

he sequence of events following in-

fection with the Epstein-Barr virus
in man is much less clear, because the
incubation period between exposure
and the appearance of clinical symp-
toms of mononucleosis is between 30
and 50 days. One way of following the
course of the infection is to monitor the
patient’s immune response. In primary
viral infection the first antibody to ap-
pear after infection is immunoglobulin
M (IgM), which is specific for VCA.
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SEQUENCE OF EVENTS during infectious mononucleosis in man is summarized in this flow
chart. Many B lymphocytes become lytically infected by the Epstein-Barr virus as the infec-
tion spreads; they manufacture viral antigens and virus particles before their inevitable death
and lysis. The viral antigens induce an early antibody response. The progeny virus particles are
mostly of the transforming type; B lymphocytes infected by them remain alive and divide in-
definitely. The transformed cells harbor copies of the viral DNA and express both the Epstein-
Barr nuclear antigen and an antigen on the cell surface that becomes the target of activated T
lymphocytes. The ensuing destruction of transformed B lymphocytes by the T lymphocytes
leads to some of the clinical signs of mononucleosis; it also releases enough EBNA to induce a
late antibody response to this antigen. The transformed cells are never completely eliminated.

Some of the survivors are spont: sly ind

d to facture virus particles. Others are

continually weeded out, liberating antigens and inducing an equilibrium level of antibody.
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During the four-to-seven-week incuba-
tion period the production of IgM stops
and is replaced by the production of im-
munoglobulin G (IgG). By the time the
patient seeks medical attention the IgM
and IgG antibodies to VCA have usual-
ly reached their peak levels.

More than 80 percent of patients with
mononucleosis also develop transient
IgG antibodies to the D component of
the early antigen complex by the time of
the onset of illness. In contrast, antibod-
ies to EBNA develop late in the course
of the disease and then persist for life.

Patients with infectious mononucleo-
sis also develop heterophil antibodies,
so named because they are able to cross-
react with unrelated antigens from dif-
ferent animal species. For example, hu-
man heterophil antibodies will aggluti-
nate (clump) red blood cells from sheep
or horses. Heterophil antibodies were
discovered in 1932 by John R. Paul and
W. W. Bunnell of the Yale School of
Medicine and were found to be highly
specific for mononucleosis. Detection of
these antibodies in the patient’s serum is
still the diagnostic method of choice for
mononucleosis because of the simplic-
ity of the assay. As far as can be de-
termined, however, the antigen respon-
sible for the heterophil antibody is not
directly related to the Epstein-Barr vi-
rus, and not every patient develops these
antibodies.

As we have indicated, children in de-
veloping countries are exposed to the
Epstein-Barr virus very early in life. Re-
cent studies of infants in Ghana, con-
ducted by us in collaboration with Rob-
ert J. Biggar of the National Institutes of
Health, have shown that maternal anti-
bodies to the virus pass through the pla-
centa from the mother to the fetus and
protect the newborn infant from infec-
tion for up to six months after birth.
Within the next 12 months, however, 80
percent of the infants studied developed
their own antibodies to the virus without
manifesting any clinical signs of illness.
The antibody response of infants to the
Epstein-Barr virus is comparable to the
responses seen in adult cases of mono-
nucleosis, with two striking exceptions:
heterophil antibodies are either absent
or reach only barely significant levels,
and transient IgG antibodies to the early
antigen complex are directed against the
R component rather than the D compo-
nent. (Antibodies to the R component
are seen characteristically in patients
with Burkitt’s lymphoma.) The signifi-
cance of the different antibody profiles
of infants and adults with Epstein-Barr
viral infections is not understood.

hereas the evidence linking the
Epstein-Barr virus to mononucle-
osis is unequivocal, the involvement of
the virus in the two cancers is less clear-
cut. So far the case for a causal rela-
tion between the Epstein-Barr virus and



Burkitt’s lymphoma rests on the follow-
ing evidence: (1) the detection of viral
DNA or viral antigens in the tumor, (2)
the transformation of cultured B lym-
phocytes by the virus, (3) the induction
of lymphomas by the virus in nonhu-
man primates, (4) the demonstration of
higher antibody titers to the virus in
lymphoma patients compared with the
titers in a control population and (5) the
correlation between antibody patterns
and the prognosis of the tumor. All five
of these criteria have provided consider-
able support for a causal relation be-
tween the Epstein-Barr virus and Bur-
kitt’s lymphoma, although important
questions remain to be answered.

The DNA of the Epstein-Barr virus
has been found in the great majority (98
percent) of biopsies from Burkitt’s lym-
phomas in Africa but not in any other
type of lymphoma. Each tumor cell con-
tains multiple copies of the viral ge-
nome. Lytically infected cells that make
the early antigens, VCA or progeny vi-
rus particles are not observed in fresh
tumor biopsies but appear in one or two
days when the cells are placed in culture.
It is likely that lytically infected cells
arise in small numbers within the tumor
but are rapidly destroyed by the immu-
nological defenses of the patient as soon
as they express the early membrane an-
tigen on the cell surface. Indeed, as early
as 1966 Klein and his colleagues had
detected an antigen on the surface of
Burkitt’slymphoma cells and found that
it was often coated with the patient’s
own antibodies. The Epstein-Barr virus
is therefore intimately associated with
the Burkitt’s lymphoma cells.

Cultures of B lymphocytes trans-
formed by the Epstein-Barr virus differ,
however, in important respects from
cultures of Burkitt’s lymphoma cells,
which are also derived from B lympho-
cytes. Whereas the virus-transformed
lymphocyte cultures arise from a num-
ber of different cells, the Burkitt’s lym-
phoma cultures are monoclonal: each
tumor arises from a single malignantly
transformed cell. In addition the great
majority of Burkitt’s lymphoma cells
show a chromosomal abnormality that
is not seen in transformed lympho-
cytes or in the lymphocytes of patients
with mononucleosis. This abnormality,
which was first observed by G. Mano-
lov, Y. Manolova and their colleagues
in A. Levan’slaboratory at the Universi-
ty of Lund, involves the translocation of
a small segment from one of the No. 8
chromosomes to the long arm of one of
the No. 14 chromosomes, and of a small
piece from the No. 14 chromosome to
the No. 8 chromosome. Similar but not
identical abnormalities of chromosome
No. 14 have been detected in other lym-
phomas.

The origin and function of the chro-
mosomal aberration in Burkitt’s lym-
phoma is not known, but it appears to
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PATTERNS OF ANTIBODIES manufactured in response to the Epstein-Barr virus differ
significantly in the various diseases associated with the virus. Characteristic patterns have been
identified for silent primary infections in infants less than two years old, for infectious mono-
nucleosis in young adults, for Burkitt’s lymph and for pharyngeal carci Patients
may manufacture antibodies of three different immunoglobulin classes (IgM, IgA and IgG),
which are directed against these virus-associated antigens: the Epstein-Barr nuclear antigen,
the viral-capsid antigen and the diffuse and limited components of the early antigen com-
plex. Antibodies to the heterophil antigen are present only in patients with mononucleosis.
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confer a biological advantage on the af-
fected cells. Whatever causes the aber-
ration might be an important predispos-
ing factor or cofactor in the genesis of
Burkitt’s lymphoma, since lymphocytes
derived from patients with mononucleo-
sis do not have the abnormal chromo-
somes. Here again, however, the situa-
tion is not clear-cut: the translocations
are observed in most but not all Bur-
kitt’s lymphomas associated with the
Epstein-Barr virus, and they are found
also in Burkitt’s lymphoma cells not as-
sociated with the virus. It seems likely
that the transformation of lymphocytes
by the Epstein-Barr virus is only a first
step in the process of malignant trans-
formation and that other events are re-
quired to make the cells fully malignant.

Experiments on subhuman primates
have supported the association of
the Epstein-Barr virus with Burkitt’s
lymphoma. Thomas Shope, D. C. De-
Chairo and I. George Miller of the Yale
School of Medicine injected transform-
ing virus into marmosets and other New
World monkeys and observed a variety
of responses. Some of the animals man-
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LYTIC CYCLE of replication of the Epstein-Barr virus can be in-
duced in a cultured Burkitt’s lymphoma cell by superinfection with
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EPSTEIN-BARR NUCLEAR ANTIGEN (EBNA)

ufactured antibodies to the virus with-
out manifesting clinical illness, others
showed a transient proliferation of lym-
phocytes and the rest developed fatal
lymphomas in from six to 14 weeks.
The lymphoma cells expressed EBNA,
and the animals manufactured antibod-
ies to VCA and the early antigen com-
plex. The lymphomas induced in mon-
keys by the Epstein-Barr virus do not,
however, conform in every respect to
Burkitt’s lymphomas in man. They are
diffuse rather than solid and develop in
weeks rather than the years that often
elapse between primary viral infection
in African children and the appearance
of Burkitt’s lymphoma. These experi-
ments have nonetheless clearly demon-
strated that the Epstein-Barr virus can
induce malignant lymphomas.

Patients with Burkitt’s lymphoma
generally have high antibody titers to
VCA and the R component of the early
antigen complex; antibodies to the D
component may develop in the final
stage of the disease. Long-term follow-
up studies of individual patients have
revealed that those patients who re-
spond initially to therapy but who main-

DEREPRESSION OF VIRAL DNA BY DRUGS

UNCOATING OF VIRUS
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tain high or increasing antibody titers to
VCA and the R antigen generally face
repeated and ultimately fatal recurren-
ces of the tumor, even after apparently
disease-free periods of from three to six
years. In contrast, patients who show a
steady decline in antibody titers to the R
antigen after surgery or chemotherapy
have a good chance of long-term surviv-
al without evidence of disease. Antibod-
ies to the Epstein-Barr virus are there-
fore good indicators of the prognosis in
Burkitt’s lymphoma.

Although practically all African chil-
dren have been silently infected with the
Epstein-Barr virus by the age of three,
the peak incidence of Burkitt’s lympho-
ma falls between the ages of six and
eight. To investigate this puzzling dis-
crepancy a prospective study of the lym-
phoma was organized in 1972 under the
auspices of the International Agency for
Research on Cancer in the West Nile
District of Uganda, a region where the
disease is endemic. Blood samples were
taken from more than 45,000 children
aged from one to eight, and the serums
were stored for future reference. Be-
tween 1972 and 1977, 14 of these chil-

SYNTHESIS OF EARLY ANTIGENS

the virus or by derepression of the resident viral genome with anti-
metabolite drugs. Once the synthesis of the early antigen complex



dren developed Burkitt’s lymphoma.
The presickness serums of the children
were then tested for antibodies to the
Epstein-Barr virus and compared with
the serums from age- and sex-matched
healthy children from neighboring fam-
ilies and numerous other controls.

It was found that the sick children had
acquired antibodies to the virus from
seven to 54 months before the tumor
was detected and that their antibody ti-
ter to VCA exceeded the titer of nearly
all the healthy control children. It was
therefore not surprising that the appear-
ance of the tumor was not accompanied
by a significant rise in VCA antibodies
over the presickness levels. Ten of the 14
patients, however, acquired new anti-
bodies to the R antigen. These results
ruled out the possibility that Burkitt’s
lymphoma is a rapid consequence of a
rare, delayed primary infection with the
Epstein-Barr virus in African children.
We concluded that a heavy, persistent
viral carrier state, evident from high an-
tibody levels, predisposes children to
Burkitt’s lymphoma but that additional
factors are required for the develop-
ment of the tumor.

REPLICATION OF VIRAL DNA
SYNTHESIS OF LATE ANTIGENS

begins, the production of all cellular proteins stops and the cell will
inevitably die, even though infectious process may be arrested at vari-

Malaria, which is highly endemic in
regions where Burkitt’s lymphoma is
prevalent, could be one such factor.
Heavy infection with malaria parasites
might predispose a child to Burkitt’s
lymphoma because malaria is known
to suppress the immune system and to
enhance the proliferation of lympho-
cytes. An epidemiological study of the
effect of malaria-control programs on
the incidence of Burkitt’s lymphoma is
now in progress and should shed some
light on the apparent link between the
two diseases. Another important factor
in the genesis of the lymphoma might be
the age at which primary infections with
the Epstein-Barr virus occur. Infections
early in infancy might transform imma-
ture B lymphocytes, enabling them to
persist in the body and eventually give
rise to lymphoma cells. Further study of
these early infections might therefore
prove rewarding.

Ithough Burkitt’s lymphoma is en-
demicinseveralregions of both East

and West Africa, it also arises sporadi-
cally in other parts of the world, includ-
ing the U.S. About 80 percent of the
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American cases, however, are not asso-
ciated with the Epstein-Barr virus: no
viral- DN A-positive or EBNA-positive
cells are detected in the tumors, and the
patients have antibody profiles compa-
rable to those of normal children. The
remaining 20 percent of the American
cases of Burkitt’s lymphoma are asso-
ciated with the Epstein-Barr virus and
are indistinguishable from their African
counterparts, except that in the U.S.
the age range of the patients is shifted
toward adolescence and young adult-
hood. Recently a cluster of four young
adults with virus-associated Burkitt’s
lymphoma was observed in rural Penn-
sylvania in one year. The patients lived
within 30 miles of one another, and two
of them, who were related by marriage,
had shared the same household for sev-
eral years.

The cases of Burkitt’s lymphoma that
are not associated with the Epstein-Barr
virus (not only the 80 percent of Ameri-
can cases but also about 2 percent of the
African ones) clearly present a dilem-
ma: either the lymphoma associated
with the virus is a disease different from
the lymphoma that is not associated

CELL LYSIS

ous stages (indicated by broken lines). Most cells express early anti-
gens, fewer express late antigens and very few liberate virus particles.
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with the virus (although the tumors are
morphologically indistinguishable) or
Burkitt’s lymphoma has at least two
causes, one of them being the Epstein-
Barr virus. Whatever the answer, the
secondary factor thought to be essential
for the development of the tumor can-
not be malaria in the American cases of
virus-associated Burkitt’s lymphoma.
No other secondary factors have been
implicated, however, nor has a different
virus been found in Burkitt’s lympho-
mas that are not associated with the Ep-
stein-Barr virus.

he case for an association between

the Epstein-Barr virus and nasopha-
ryngeal carcinoma is based on the same
criteria as those for an association be-
tween the virus and Burkitt’s lympho-
ma. All biopsies of the carcinoma ob-
tained anywhere in the world have so far
revealed the presence of the viral DNA,
which is lacking in all other carcinomas
of the head and the neck.

A number of experiments have dem-
onstrated that the viral DNA is in the
carcinoma cells and not in the lympho-
cytes that infiltrate the tumor. For ex-
ample, imprints of biopsy fragments on
glass slides deposit carcinoma cells,
which can then be shown to contain
EBNA. Lytically infected cells have not
been detected in the tumors, presumably
because such cells are rapidly destroyed
by the patient’s immune defenses. When
the carcinoma cells are placed in cul-
ture, however, the latent viral genome
can be activated with drugs, giving rise
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PRIMARY INFECTIONS with the Epstein-Barr virus in African
children develop soon after the decline of maternal antibodies to the
virus, which were transmitted to the fetus across the placenta. In this
graph the time of primary viral infections is shown in relation to the
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to the manufacture of the D antigen,
VCA and even infectious progeny virus
particles that are capable of transform-
ing B lymphocytes in culture. Neverthe-
less, no cultured normal epithelial cells
have been transformed by the Epstein-
Barr virus, nor have carcinomas been
induced by injecting the virus into non-
human primates. Presumably the reason
for these failures is that inappropriate
routes were used for administering the
virus or that unknown cofactors are re-
quired.

Patients with nasopharyngeal carci-
noma exhibit a characteristic antibody
response to the Epstein-Barr virus. Un-
like patients with Burkitt’s lymphoma,
they manufacture a high titer of anti-
body to the D component of the early
antigen complex but not to the R com-
ponent. Another unique feature of the
carcinoma is the production of antibod-
ies of the immunoglobulin class A (IgA).
Antibodies of this type to VCA and the
D antigen are frequently present at high
levels.

In collaborative studies with John C.
Ho of Queen Elizabeth Hospital in
Hong Kong we have demonstrated that
both IgG and IgA antibody titers to
VCA and the D antigen in patients with
nasopharyngeal carcinoma rise as the
tumor increases in size and then decline
after successful treatment. In some of
the patients there was an initial decline
in the titers over a period of from two to
four years, after which the trend re-
versed and the titers rose again. These
patients had a subsequent recurrence of

the tumor or suffered metastases. Moni-
toring antibody titers to the Epstein-
Barr virus in patients with nasopharyn-
geal carcinoma therefore provides a
way of assessing the effectiveness of
therapy and of predicting imminent tu-
mor recurrences.

hese observations suggest that the
Epstein-Barr virus plays a causal
role in nasopharyngeal carcinoma, but
as with Burkitt’s lymphoma a number
of puzzling questions remain. Although
primary infections with the Epstein-
Barr virus also occur early in life in re-
gions where the carcinoma is endemic,
the tumor develops in China only in
adults, with a peak incidence at about
40 years of age. In Tunisia the age dis-
tribution is bimodal, with about 20 per-
cent of the cases developing before the
age of 20. The long interval between
the primary viral infection and the de-
velopment of the tumor again suggests
the participation of cofactors. Among
the Chinese a genetic predisposition for
the tumor seems evident from the occur-
rence of multiple cases in some families
through three or four generations. Chi-
nese patients with the carcinoma also
show a certain histocompatibility anti-
gen (HLA) at a high frequency, but this
antigen is not observed in the Tunisian
patients. Another contributing factor
may be the ingestion or inhalation of
carcinogenic substances such as nitrosa-
mines, which are present in smoked fish
and the smoke of wood fires and incense.
In summary, the Epstein-Barr virus is
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decline of maternal antibodies and the age of onset of 512 cases of
Burkitt’s lymphoma. Note that the peak incidence of the tumor is
reached several years after the primary viral infection, suggesting
that the genesis of the tumor involves factors in addition to the virus.



one of the most widely disseminated hu-
man viruses. It is definitely the cause of
infectious mononucleosis, and all the
available evidence points to its involve-
ment in the genesis of Burkitt’s lym-
phoma and nasopharyngeal carcinoma.
Both of these tumors arise from the un-
controlled division of a single malig-
nantly transformed cell, meaning that
the Epstein-Barr viral genome must
have been present in that first cell. It
seems improbable that the true cause of
the tumors, whatever it is, would for no
specific reason always single out cells
carrying the viral genome. Such cells,
after all, represent only a minute frac-
tion of the total B-lymphocyte popula-
tion from which Burkitt’s lymphoma
arises. A similar consideration might
hold for the precursors of the carcino-
ma cells. It is therefore unlikely that the
Epstein-Barr virus is merely a harm-
less passenger in these tumors. If it is not
the primary factor, it is at least a prim-
ing one.

It seems clear that several events are
required to make the virus-transformed
cells fully malignant. These events
could be the action of carcinogens of a
chemical, physical or biological nature.
Severe malnutrition, the concurrent ac-
tion of a disease such as malaria, a de-
cline in the immunological defenses of
the host or an imbalance in any one of a
large number of body functions may be
further contributing factors.

Avaccine against the Epstein-Barr vi-
rus, in addition to being desirable
for the prevention of mononucleosis,
could provide further support for a
causal role of the virus in Burkitt’s lym-
phoma and nasopharyngeal carcinoma
if it would prevent their occurrence in
areas where those cancers are endem-
ic. The development of such a vaccine,
however, is beset with obstacles that are
possibly insurmountable. For one thing,
the virus cannot as yet be produced in
large quantities and can so far be ob-
tained only from cells tainted with ma-
lignant traits. Moreover, Kkilled-virus
vaccines made from herpes viruses have
generally proved to be unsatisfactory
or to provide only transient protection.
Live-virus vaccines would be possible if
the virus could be attenuated (weak-
ened), but such attenuation might in-
crease its cancer-causing potential in un-
predictable ways.

There is a further problem. In regions
where Burkitt’s lymphoma or nasopha-
ryngeal carcinoma are endemic the vac-
cine would have to be administered dur-
ing the short and uncertain period after
the maternal antibodies to the Epstein-
Barr virus (which are transmitted to the
fetus across the placenta) have disap-
peared from the infant’s blood and be-
fore the infant becomes naturally in-
fected. The maternal antibodies would
prevent the vaccine from inducing the

PRESENCE OF A VIRAL ANTIGEN associated with the Epstein-Barr virus in a biopsy

specimen of pharyngeal carci

supports the link between the virus and the genesis of

this cancer in man. Imprints were made of the biopsy specimen on glass slides. The imprints
were stained by fluorescent antibodies to the Epstein-Barr nuclear antigen (fop) and serum
lacking antibodies to the antigen (botfom). The nuclei of the carcinoma cells glow brilliantly in
the presence of the antibody but are dark in its absence. Technique was developed by authors
in collaboration with Dolly Huang and John C. Ho of Queen Elizabeth Hospital in Hong Kong.

manufacture of new antibodies by the
infant’s own immune system, and natu-
ral infection with the virus may occur
soon after the maternal antibodies have
disappeared. This time element presents
a logistical problem that would be dif-
ficult to solve under the field condi-
tions prevailing in the Burkitt’s lympho-
ma belt of Africa. Nevertheless, efforts
should be made to overcome these tech-
nical obstacles, if for no reason other
than the prevention of infectious mono-
nucleosis.

This account serves to illustrate the
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difficulties inherent in providing a final
proof for the involvement of viruses in
the causation of human cancers. In spite
of the fact that all the indirect criteria
for linking a virus to a human cancer
have been satisfied for the Epstein-Barr
virus, uncertainty remains about the ex-
actrole of the virus in the two malignan-
cies. Indeed, a final proof to everyone’s
satisfaction may never be attained. For
those willing to accept the indirect evi-
dence, however, the Epstein-Barr virus
is the foremost candidate for being the
first known human cancer virus.
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The Central Parsec of the Galaxy

Infrared and radio observations indicate that the center of our

galaxy harbors an ultracompact object, possibly a massive black

hole, embedded in a dense, swirling mass of stars, gas and dust

young physicist employed by the

Bell Telephone Laboratories in
New Jersey, built the first radio tele-
scope to assist him in identifying sources
of interference that could hamper trans-
atlantic radio-telephone communica-
tion. One major source of static Jansky
discovered was a ‘“steady hiss,” as he
described it, that came from the sky and
was strongest in a direction far to the
south of his instrument. Over the course
of time he observed that the source of
this interference followed the motion of
the fixed stars and hence originated out-
side the solar system. The direction of
peak intensity, toward the constellation
Sagittarius, coincided well with what
was already considered by astronomers
to be the location of the center of our
galaxy.

Jansky’s observations were not only
the first radio-astronomical observa-
tions but also the first detection at any
wavelength of the nucleus of the galaxy,
which is shrouded by clouds of interstel-
lar dust. Later, with the benefit of the
advances in electronics during World
War II, radio astronomy earned recog-
nition as a full-fledged scientific enter-
prise. In the 1960’s and 1970’s infrared
technology, which had lagged behind its
radio counterpart, began to provide sen-
sitive detectors and spectrometers that
could be used in conjunction with large
optical telescopes. Because of their abil-
ity to “penetrate” the intervening clouds
of dust, radio and infrared astronomy
have contributed most of the knowledge
that has been gained about the central
region of the galaxy. In the past few
years continued advances in both fields
have enabled astronomers to begin to
explore in detail the innermost and very
densest region.

Galactic nuclei are dense in mass
solely as a consequence of gravitation.
The galaxies in the universe are thought
to have formed from density nonuni-
formities in the gas ejected by the “big
bang” in which the universe was created.
In time the nonuniformities contract-
ed gravitationally to form galaxies, and
within them smaller clouds collapsed

In the early 1930’s Karl Jansky, a
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by gravitation to form stars and other
objects. All the objects in a galaxy are
also subject to a net gravitational pull
toward its nucleus. Although the rota-
tion of the galaxy slows the infall of
matter, and momentary outbursts (for
example supernovas) may eject matter
from the center, frictional forces inevi-
tably cause the center to acquire a mass
density much higher than that of the
outer regions of the galaxy. The ultralu-
minous objects known as quasars, which
can be observed at vast distances, may
be an extreme result of the process. The
center of even a normal-looking spiral
galaxy such as our own, however, might
be expected to harbor almost the en-
tire galactic astronomical zoo: main-
sequence stars, red giants, white dwarfs,
gaseous nebulas, dust clouds, neutron
stars and perhaps even a black hole—all
packed together in a tight swarm.

Galactic nuclei are the probable
source of the enormous expulsions of
material that have been observed in
some distant galaxies. It appears that the
energy necessary for such expulsions
can have come only from dense galactic
nuclei. Our galaxy also shows evidence
of past explosive events, albeit relatively
mild ones, in the large clouds of gas ob-
served by radio astronomers to be mov-
ing outward from the nucleus.

Perhaps the most exciting discoveries
currently being made about the nu-
cleus of our galaxy concern its central
parsec, a volume only 3.26 light-years in
diameter. At the distance of the center
one parsec subtends an angle of 20 sec-
onds of arc, which is equal to the angle
subtended on the earth by a medium-
size crater on the moon. Within that vol-
ume, which would fit comfortably be-
tween the sun and its nearest stellar
neighbor, there are millions of stars and
a variety of other objects whose nature
astronomers are just beginning to un-
derstand. There is also evidence that an
amount of material a few million times
more massive than the sun is concentrat-
ed at the very heart of the central parsec,
perhaps in the form of a black hole.
Although the black hole cannot be ob-
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served directly, its existence is suggested
by the behavior of the surrounding ma-
terial.

I have chosen the unit of a parsec for
this account not because it has any in-
herent virtue over some other unit, such
as the light-year, but simply because the
parsec is the astronomer’s habitual unit
of distance. One parsec is the distance
from the earth to an object whose posi-
tion as observed from the earth seems to
shift back and forth from its average
position by an angle of one arc-second
(173,600 degree) as a result of the paral-
lax as the earth travels around the sun.
The distance to the center of the galaxy
is about 10,000 parsecs, or about 20
times greater than the distance to the
well-known Great Nebula in Orion. On
the other hand, the center of the galaxy
is about 70 times closer to the solar sys-
tem than the nucleus of any other galaxy
is. Therefore one should be able to per-
ceive the details of the nucleus of our
galaxy 70 times more clearly than those
of the nucleus of any other galaxy. One
problem, of course, is that when a tele-
scope is pointed toward the center of our
galaxy, it does not distinguish among
objects lying in the foreground, in the
nucleus or in the background. There are
various stratagems, however, for mak-
ing such distinctions and for deciding
which features are actually at the galac-
tic center.

The largest telescopes and the most
sensitive photographic emulsions are
able to record only the merest trace of
visible light emitted from the millions of
stars packed within the nucleus of our
galaxy. Because of intervening clouds of
dust only one photon of visible light in
about 1011 photons survives the journey
of 30,000 years from the galactic center
to the earth. Even the rare surviving
photons are swamped by the exposure-
limiting background radiation consist-
ing of visible photons scattered in the
earth’s atmosphere. In the infrared re-
gion of the spectrum, however, a much
larger fraction of the photons complete
their long journey. In the radio region
photons from the galactic nucleus are
only rarely scattered and absorbed. At



CENTER OF THE GALAXY lies hidden in the southern Milky Way
in the direction of the constellation Sagittarius. The distance from the
solar system to the center of the galaxy is about 10,000 parsecs, or
slightly more than 30,000 light-years. The light from the millions of

INFRARED VIEW OF THE GALACTIC CENTER was made at
a wavelength of 2.2 microns (four times the wavelength of green light)
by Eric E. Becklin and Gerry Neugebauer of the California Institute
of Technology and the Hale Observatories. Their observing instru-
ment was the one-meter telescope at the Las Campaiias Observatory
in Chile. In this computer-generated color-coded picture the intensity

stars in the nucleus of the galaxy is completely obscured by interstel-
lar dust. Infrared and radio emission from the galactic nucleus, how-
ever, is detectable. The rectangle, which is about twice the diameter of
the full moon, outlines area that is shown in the infrared map below.

of the radiation increases from blue to red. The cross marks the center
of the galaxy. It can be seen that the infrared radiation tends to con-
centrate along the galactic equator, indicated by the thin white line.
At 2.2 microns cool red stars are the principal source of radiation de-
tected from the galactic center. Individual bright spots represent red-
giant stars in the foreground. Patchiness is caused by interstellar dust.
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the other end of the spectrum, in the X-
ray region, photons also travel unim-
peded, but they do not survive passage
through the earth’s atmosphere and
therefore can be recorded only by in-
struments carried to high altitude. Our
atmosphere, however, is transparent at
most radio and some infrared wave-
lengths. As a result most of what has
been learned of the central region of the
galaxy has been provided by radio tele-
scopes and by sensitive infrared detec-
tors placed at the foci of reflecting tele-
scopes.

If our galaxy were free of dust, one
could use a large optical telescope to
record the entire central parsec of the
galaxy on a single photographic plate
with a resolution of about a second of
arc. With a telescope in an artificial sat-
ellite the resolution could be improved

by a factor of 10 or 20. That improve-
ment might be just sufficient to resolve
some 100,000 stellar objects within a di-
ameter of 20 arc-seconds, correspond-
ing to the central parsec of the galaxy. If
the central parsec actually contains a
few million stellar objects, as now seems
probable, they would merge into bright
clumps, and perhaps into a single bril-
liant mass, even if they were photo-
graphed from an artificial satellite at
high resolution.

One can obtain an impression of what
a dust-free view of the galactic nucleus
might look like from photographs taken
of the nucleus of the Great Nebula in
Andromeda, the nearest spiral galaxy
similar to our own. Because of the way
the two galaxies are oriented in space
the nucleus of the Andromeda galaxy
can be photographed along a line of
sight that is largely free of dust, which is
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RADIO MAP OF THE GALACTIC CENTER was made at a wavelength of 3.75 centimeters
by Dennis Downes and Arthur E. Maxwell of Harvard University and M. L. Meeks of the Mas-
sachusetts Institute of Technology with the 36.6-meter radio telescope at Westford, Mass. The
principal source of the radio emission is ionized gas. The rectangle encloses the region repre-
sented in the picture made at infrared wavelengths on the preceding page. Ionized gas and stars
are concentrated along galactic equator. They are brightest at the radio source Sagittarius 4.
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concentrated in the central planes of the
two systems.

The fact that the center of our galaxy
is invisible at visible wavelengths has
undoubtedly been a stimulus to efforts
to observe it at other wavelengths.
In order to obtain a “picture” at infra-
red and radio wavelengths it is neces-
sary to scan successive strips of the sky
(by moving the telescope, for example)
while recording point by point the num-
ber of photons striking the detector. In
this way one can build up a television-
like image with a resolution that is sim-
ply the area of the sky the detector sees
at any instant. The limit to the resolu-
tion is established by the effective aper-
ture of the telescope: the higher the ratio
of aperture to wavelength, the higher
the maximum achievable resolution. In
most cases data acquired in this way
are converted into contour maps on
which the lines connect points of equal
brightness in the same way that lines on
a topographic map connect points of
equal elevation. Recently with comput-
er assistance it has become fairly easy to
convert such data into color-coded two-
dimensional pictures.

Before proceeding to the central par-
sec of the galaxy I shall describe briefly
what has been learned from radio and
infrared studies of the extended nuclear
region in which it lies. Radio contour
maps of the region have been made at
many wavelengths. All the maps reveal
a distribution of radiation that is elon-
gated along the galactic equator. The
position of the strongest peak, known to
radio astronomers as Sagittarius A, is
also common to all the maps, and it has
long been suspected of coinciding with
the galactic center. Sagittarius 4 must
have contributed to the steady hiss de-
tected by Jansky, although his instru-
ment lacked the resolution to distin-
guish it from other peaks nearby.

The sources of emission that appear
on radio maps of the galactic center
are the clouds of hot interstellar gas
known as H 11 regions. These regions,
which are common in our galaxy, con-
sist of ionized atoms, that is, atoms that
have been stripped of one or more of
their electrons. The atoms, mostly those
of hydrogen, are ionized by the ultravio-
let radiation from nearby stars (or oth-
er sources) that are much hotter than
the sun. The positively charged atomic
fragments and the negatively charged
free electrons in an H 11 region emit
radio waves over a broad range of
wavelengths when they are accelerated,
for example during near-collisions with
other charged particles. In contrast, elec-
trically neutral gas, such as the H 1 re-
gions (which consist largely of hydro-
gen in atomic form) or molecular clouds
(which consist largely of hydrogen in
molecular form), emits little radio ener-
gy except at a few discrete wavelengths.

A different picture of the extended nu-
clear region emerges from observations
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RADIA TION SOURCES in the galactic nucleus include stars, heated
dust and the clouds of ionized gas known as H 11 regions. The term
H 11 describes hydrogen atoms that have been dissociated into pro-
tons and electrons by the ultraviolet radiation from nearby hot stars.
The electrons and protons emit radiation over a broad band of wave-

made in the infrared at a wavelength of
2.2 microns, roughly four times longer
than the visible wavelengths. Whereas
the radio emission comes from hot in-
terstellar gas, the 2.2-micron radiation
is predominantly starlight. Most of the
2.2-micron radiation comes from red gi-
ants, which are large, luminous, highly
evolved stars with surface temperatures
as low as 2,000 degrees Kelvin, com-
pared with 6,000 degrees K. for the sun.
Although at most only a few percent of
the stars in the galactic center are like-
ly to be red giants, these objects should
be fairly evenly distributed among the
younger and brighter stars, and there-
fore in principle they should provide a
good indication of the distribution of all
stars in their neighborhood.

A color-coded picture of the extended
central region of the galaxy at 2.2 mi-
crons appears at the bottom of page 61.
Some of the patchy appearance of the
picture is accounted for by variations
in the amount of interstellar dust be-
tween the solar system and different por-
tions of the galactic center. The bright-
est pointlike objects in the picture are
probably red giants and are undoubted-
ly foreground objects. This inference is
supported by their fairly uniform distri-
bution across the picture.

Even with the foregoing exceptions it
is clear that the 2.2-micron emission,
like the radio emission, is concentrated
along the galactic equator. The direc-
tion of maximum brightness at 2.2 mi-
crons coincides with a bright radio peak
within Sagittarius 4 known as Sagit-
tarius 4 West. Maps at longer infrared
wavelengths, those emitted by the in-
terstellar dust itself, also have their
brightest peaks near Sagittarius 4 West.
Hence the concentrations of stars, hot
gas and cooler dust are all highest in the
same direction. There can be little doubt
that in this direction lies the actual cen-
ter of the galaxy.

WAVELENGTH (MICROMETERS)

From the 22-micron observations,
which were made by Eric E. Becklin and
Gerry Neugebauer of the California In-
stitute of Technology and the Hale Ob-
servatories, one can estimate the mass of
stars at the center of the galaxy. Becklin
and Neugebauer found that the strength
and distribution of the 2.2-micron emis-
sion from the center of the Andromeda
galaxy, designated M31, is comparable
to the emission from the center of our
galaxy. Since the nucleus of M31 can be
clearly photographed at visible wave-
lengths, one can estimate with fair accu-
racy the number of stars that must be
represented. By assuming that the ratio
between infrared radiation and visible
radiation is the same for the center of
our galaxy as for M31, Robert H. San-
ders and Thomas Lowinger of Colum-
bia University and J. H. Oort of the Uni-
versity of Leiden calculated the distri-
bution of stellar mass in the center of
our galaxy. They estimate that a sphere
with a diameter of one parsec centered
on the bright central peak of the 2.2-
micron emission contains a mass in stars
equivalent to about two million suns.

he most densely packed globular
cluster of stars outside the galactic
nucleus has about 10,000 stars within its
central parsec. Within one parsec of the
sun there are no other stars. Assuming
that each star in the central parsec is
similar to our sun, the above estimate
that the average distance between stars
in the central parsec is about one light-
week, or roughly 100 times the distance
from the sun to the planet Pluto. If the
earth were within the central parsec, the
millions of nearby stars would bathe the
planet with an amount of light equal to
that of several hundred full moons.
Whether life could exist within the radi-
ation-filled central parsec is another
question.
In observing a region as small and
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lengths (the continuum radiation) as they are accelerated by electri-
cal forces, primarily those they exert on one another. The curve shows
how much continuum radiation survives passage through the inter-
stellar dust to reach instruments on the earth. Before radio and infra-
red astronomy the galactic nucleus was inaccessible to observation.

as distant as the central parsec of the
galaxy it is desirable to work with instru-
ments that have the highest possible an-
gular resolution. The largest radio tele-
scopes operating at short wavelengths
are limited to a resolution of about one
minute of arc, a resolution low enough
to blur completely any spatial structure
in the central parsec. By using two or
more radio telescopes separated by a
large distance and employing the tech-
nique of interferometry, however, the
resolution can be increased substantial-
ly. Unfortunately the southerly location
of the galactic center has made it almost
inaccessible to interferometry with the
large radio telescopes that until recently
existed only at high northern latitudes.
The situation will improve quite soon,
however, with the completion next year
of the Very Large Array radio facility
near Socorro, N.M. This instrument will
finally make it possible to explore the
central parsec with an angular resolu-
tion comparable to that now attainable
at infrared wavelengths.

The high resolution made possible at
radio wavelengths by interferometry
has already been applied in a limited
way to the study of Sagittarius 4 West.
In 1974 Bruce Balick, then of the Lick
Observatory, and Robert L. Brown of
the National Radio Astronomy Obser-
vatory in Green Bank, W.Va, discov-
ered by radio interferometry that Sagit-
tarius 4 West has near its center a radio-
emitting object that is both exceedingly
small and exceedingly bright. This com-
pact radio source has since been shown
to have a central core whose diameter is
no larger than .001 arc-second, or barely
10 times the distance from the earth to
the sun (assuming that the object is in-
deed at the center of the galaxy).

Although the compact radio object
bears some resemblance to certain kinds
of radio-emitting stars, it also meets
some of the qualifications for the way

63



NUCLEUS OF A NEARBY SPIRAL GALAXY, the Great Nebula in Andromeda, also
known as Messier 31 (M31), can be photographed at visible wavelengths even though it is 70
times farther away than the nucleus of our own galaxy because there is little intervening dust
to block the passage of light. In M31, as in our spiral system, dust is concentrated along the
plane of the galactic disk. The two galaxies are oriented in space in such a way that the nucleus
of M31 is seen unobstructed. In the photograph at the top, which shows the entire galaxy, the
central region is heavily overexposed. The region within the rectangle is shown in the photo-
graph at the bottom left, a one-minute exposure with the 200-inch Hale telescope on Palomar
Mountain. Although most of the stars that nearly fill the area within the rectangle in the top
picture are now invisible, the myriads of stars tightly packed within the central 100 parsecs are
still overexposed. The photograph at the bottom right shows the central 20 parsecs of the nucle-
us, the area enclosed within the rectangle of the second picture. The fuzzy region in the middle
of the third picture, roughly five parsecs across, represents the light from millions of stars. The
white dots elsewhere are not stars but grains of photographic emulsion, which are much en-
larged. The photograph was made with a 20-centimeter balloon-borne telescope by E. S. Light,
R. E. Danielson and Martin Schwarzschild of Princeton University. Infrared observations sug-
gest that stars in the nucleus of M31 and in the nucleus of our galaxy are similarly distributed.
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matter should appear as it is drawn into
a black hole. It is thought that a black
hole may be created when a massive star
that has exhausted its nuclear fuel can
no longer generate the internal pressure
needed to counterbalance the inward
pull of gravity. Under such circum-
stances the interior of the star will col-
lapse until it 1s so small and dense that
known physical laws cannot describe it.
The gravitational force near such a col-
lapsed object is so great that there is a
region surrounding it from which essen-
tially nothing, not even light, can escape;
the region is a black hole.

Material in the strong gravitational
field just outside a black hole will be
accelerated to high velocities and heated
by collisions to very high temperatures.
As a result a black hole should be sur-
rounded by a small but intense disklike
source of radio radiation, looking rather
like the compact radio source. At the
galactic center, where gas and dust are
abundant, one would expect a black
hole to swallow up matter at a compara-
tively high rate, growing rapidly in mass
and in gravitational influence. The pos-
sibility that Sagittarius 4 West harbors a
massive black hole at the center of the
galaxy has undoubtedly entered the
thoughts of many astronomers. I shall
examine recent evidence for this possi-
bility as we proceed.

he detailed examination of the cen-

tral few parsecs of the galaxy has
been much easier at infrared wave-
lengths than in the radio region. The
study has been carried out at several in-
frared wavelengths over the past half-
dozen years, principally by G. H. Rieke
and Frank J. Low of the University of
Arizona and by Becklin and Neuge-
bauer. At each wavelength they have
found a bright concentration of objects
within the diameter of one parsec coin-
cident with Sagittarius 4 West. At differ-
ent wavelengths, however, the relative
luminosity and distribution of the ob-
jects are strikingly different.

The observations at 2.2 microns and
10 microns perhaps best demonstrate
the differences [see illustration on opposite
page]. At each wavelength many distinct
objects can be observed, but only six of
them show up at both wavelengths. In
other words, objects prominent at one
wavelength are not prominent at the
other. For example, the object known as
IRS 1 (infrared source 1), which is the
brightest object at 10 microns, is only
moderately bright at 2.2 microns. IRS 7,
by far the brightest object at 2.2 mi-
crons, is barely detectable at 10 microns.
It would therefore seem that the objects
being observed at different wavelengths
belong to different classes.

What kinds of object are they? All are
brighter in the infrared than the great
majority of stars would appear to be at a
distance of 10,000 parsecs. Since, as 1
have mentioned, red giants are particu-
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RIGHT ASCENSION (1950)

INFRARED MAPS of the galactic center plotted at two different
wavelengths, 2.2 microns (/efr) and 10.6 microns (right), bring out dif-
ferent features. The circle on each map represents what is thought to
be the central parsec of the galaxy. Only six of the most prominent in-
frared sources appear on both maps: 1, §, 7, 8, 9 and 10. Some of the
sources that are bright at 2.2 microns are almost certainly red giants,
stars that are both cool and extremely luminous. IRS (for infrared
source) 7, IRS 11 and IRS 12 are red giants, Except for IRS 3 and

larly bright at 2.2 microns, it is natural
to ask whether any of the bright 2.2-mi-
cron sources at the galactic center are
red giants. There is a way to answer the
question. In the atmospheres of the cool-
est stars molecules are able to form.
One species that forms in abundance is
carbon monoxide, which absorbs radia-
tion beginning at 2.3 microns and ex-
tending to longer wavelengths. The ab-
sorption occurs most strongly in lumi-
nous red giants. In 1975 observations
made by groups at the University of Ari-
zona and at Cal Tech revealed absorp-
tion dips at 2.3 microns in the spectrum
of three of the galactic-center sources
(IRS 7,IRS 11 and IRS 12), showing that
each source consists of at least one lumi-
nous red giant. On the other hand, one of
the sources that is bright at 2.2 microns,
IRS 16, shows little or no carbon mon-
oxide absorption. The identification of
IRS 16 is still open to question. Its posi-
tion seems to coincide with the compact
radio source in Sagittarius 4 West, so
that it is of particular interest.

A second object that does not show
carbon monoxide absorption, IRS 1, be-
longs to the class of objects that are
much brighter at 10 microns than at 2.2.

Very little of the 10-micron emission
from objects of this class can be direct
stellar radiation because even the cool-
est stars are much fainter at 10 mi-
crons than at 2.2. Infrared astronomers
have now found many sources scattered
around the galaxy that are unusually
bright at 10 microns. In almost every
case the source of the radiation has been
identified as warm dust. The dust parti-
cles absorb visible and ultraviolet radia-
tion from nearby stars or other lumi-
nous objects and reradiate the absorbed
energy at infrared wavelengths. Some-
thing similar probably happens in the
galactic nucleus, and one can assume
that the peaks in the map at 10 microns
represent dust clouds in or near the cen-
tral parsec.

The interstellar gas in our galaxy is
about 100 times more abundant by mass
than the interstellar dust, and its pres-
ence is always implied by the presence
of dust. It therefore seems reasonable
that the radio-emitting gas of Sagittar-
ius 4 West is gas associated with dust
clouds and that it is heated by the same
source or sources warming them. If this
is the case, one would expect high-reso-
lution radio maps of Sagittarius 4 West

© 1979 SCIENTIFIC AMERICAN, INC

RIGHT ASCENSION (1950)

IRS 7 most of the sources on the 10.6-micron map are thought to be
warm dust clouds associated with H 11 regions. The cross on both
maps coincides with the bright radio-emitting object within Sagittari-
us A West, which conceivably surrounds a black hole. The 2.2-micron
map was made by Becklin and Neugebauer with the 200-inch tele-
scope. The 10.6-micron map is a composite of several maps obtained
with various telescopes by G. H. Rieke of the University of Arizona
and C. M. Telesco and D. A. Harper of the University of Chicago.

to reveal structure similar to that seen in
the maps at 10 microns. There were in-
dications in 1974 from radio-interfer-
ometry studies that Sagittarius 4 West is
indeed a collection of more compact
clouds of ionized gas. At the time, how-
ever, it was difficult to determine wheth-
er or not any of the emission peaks in the
infrared and radio maps were spatially
associated.

he story up to this point approxi-

mately covers the state of knowl-
edge about the galactic nucleus in 1975.
It was known that within the central par-
sec there was a massive concentration of
stars whose visible light is hidden by
dust. Within the central few parsecs
there had been found infrared-emitting
sources of several types. Of the sources
that were bright at 2.2 microns some
had been shown to be cool and luminous
red giants; most of the other sources
might also harbor cool stars but they
had not yet been identified. The majori-
ty of the objects that were bright at 10
microns resembled compact H 11 re-
gions, but although it was known that
ionized gas was present at the galactic
center, it was not yet known whether the
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gas was physically associated with any
of these infrared sources. An intriguing
source of radio emission, which might
be a supermassive object at the very cen-
ter of the galaxy, had been found to co-
incide with a peculiar bright source that
emits strongly at 2.2 microns. Finally,
nothing whatever was known about the
motions of all these objects; the mate-
rial in the central parsec might be col-
lapsing, expanding, rotating or moving
randomly.

The stars, gas and dust at the galactic
center emit radiation whose variation in
intensity with respect to wavelength is
fairly smooth; the radiation is therefore
called continuum radiation. Another
potentially rich source of information is
line radiation: the radiation emitted and
absorbed at specific and characteristic
frequencies by atoms and molecules.
The spectrum of an astronomical object
usually consists of both a smooth con-
tinuum and lines. Each line is associated
with a specific energy level of an atom or
a molecule and has an intensity, a cen-
tral wavelength and a width.

The intensity of the line is a measure
of the temperature and the abundance
of the emitting substance. If the source
is moving toward the observer, the line

is shifted to a shorter wavelength; if the
source is receding, the line is shifted to a
longer wavelength. Such Doppler shifts
inform the astronomer about radial ve-
locity: the velocity of a source along the
line of sight. Velocities toward the ob-
server (“blue shifts”) are termed nega-
tive; those away from the observer (“red
shifts”) are termed positive. When the
source atoms or molecules are moving
at varied speeds, the shifts vary. The line
is “smeared out” and is said to have a
width. Therefore the width of a line can
reveal the range of radial velocities in
the source.

In 1973 David Aitken, Barbara Jones
and James Penman of University Col-
lege London succeeded in detecting for
the first time an infrared emission line
originating from the galactic center. The
line’s wavelength near 12.8 microns
identified its source as being singly ion-
ized neon, or Ne II: neon missing one
of its 10 electrons. The same neon line
had earlier been found to be one of
the brightest infrared emission lines in
several ionized regions elsewhere in the
galaxy. These regions also reveal them-
selves by continuum radiation in the ra-
dio region of the spectrum.

Using the known intensity of radio ra-
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INFRARED SPECTRA OF FIVE SOURCES close to the galactic center show that three,
IRS 7,IRS 11 and IRS 12, carry the “signature” of red giants: a drop in intensity at wavelengths
longer than 2.3 microns. Such stars have an atmosphere rich in carbon monoxide, which strong-
ly absorbs radiation at 2.3 microns and beyond. IRS 1, an H 11 region, and IRS 16, in Sagittarius
A West, do not exhibit such absorption. The spectra were obtained with the 200-inch telescope
by Becklin, Neugebauer, Steven V. W, Beckwith, Keith Matthews and C. G, Wynn-Williams.

66

© 1979 SCIENTIFIC AMERICAN, INC

diation from Sagittarius 4 West and as-
suming that the abundance of neon in
the ionized gas of Sagittarius 4 West is
normal, Aitken, Jones and Penman cal-
culated the expected intensity of the
neon line. The observed intensity of the
line was slightly greater than their pre-
dicted intensity, which implied that the
gas at the galactic center is richer in
neon than gas observed elsewhere. The
prediction was close enough, however,
to imply that the same ionized gas pro-
duces both the infrared neon line and
the radio continuum emission. Hence
the London work showed that the 12.8-
micron line of Ne 11, representing only a
tiny fraction (approximately .01 per-
cent) of the ionized gas, could serve as a
tracer in studying the motion and distri-
bution of the ionized gas of Sagittarius A4
West, which was putatively at the very
center of the galaxy.

he London group worked with an

infrared instrument that admitted a
circular beam whose diameter corre-
sponded roughly to one parsec at the
galactic center. The resolution of their
spectrometer was too low to determine
the width of the neon line or whether it
exhibited a Doppler shift. In the depart-
ment of physics at the University of Cal-
ifornia at Berkeley, where I was then a
graduate student, a succession of stu-
dents working with Charles H. Townes
had been developing infrared spectrom-
eters capable of high spectral resolution.
In 1975 Eric Wollman, John Lacy and I,
together with Townes and David Rank
of the University of California at Santa
Cruz, measured the shape of the Ne 11
line with the 1.5-meter telescope of the
Cerro Tololo Inter-American Obser-
vatory in Chile (where Sagittarius pass-
es directly overhead). What we found
made it clear that Sagittarius 4 West is
not a typical galactic H 11 region. The
neon line had a width of severalhundred
kilometers per second, whereas for an H
1t region velocities in the range of 30
kilometers per second are normal.

At about the same time radio observa-
tions of emission lines generated by the
recombination of hydrogen nuclei and
electrons made by Thomas Pauls, Peter
G. Mezger and Edward Churchwell of
the Max Planck Institute for Radio As-
tronomy in Bonn also showed that the
ionized gas in Sagittarius 4 West was in
rapid motion. Whether the motion was
organized or turbulent and how the
neon and other ionized gas was distrib-
uted within the central parsec had not
yet been determined.

The answers to these and other ques-
tions called for observations of the 12.8-
micron line on a finer spatial scale. At
the Lick Observatory in 1975 and 1976
we observed several positions within the
central parsec and found that both the
line strength and the radial velocity var-
ied with position. In 1977 Lacy complet-
ed a new and more sensitive spectrome-



ter that made it possible to observe the
Ne 1 line in even greater detail. In 1977
and 1978 Lacy, Townes, Fred Baas (vis-
iting from Leiden) and I, working with
this instrument at the new 2.5-meter Du
Pont telescope at the Las Campaiias Ob-
servatory in Chile, got complete cover-
age of the Ne n line over the central
parsec and beyond it. Working with ap-
erture diameters corresponding to as lit-
tle as .2 parsec at the galactic center, we
obtained spectra on a rectangular grid
of positions and made contour maps of
the line intensity at several different ve-
locities.

Our data show that there is great di-
versity in both the intensity of the neon
line and the velocity of the neon ob-
served in the direction of the central par-
sec. In a few directions the intensity of
the line exhibits peaks at more than one
velocity. Sagittarius 4 West clearly can-
not be considered a uniform region of
ionized gas but rather must be com-
posed of a number of independent
smaller sources moving with respect to
one another. As I have mentioned, much
of the infrared continuum radiation at
2.2 and 10 microns also comes from
groups of small sources. It was impor-
tant to determine whether the distribu-
tion of ionized neon was related to either
the 2.2- or the 10-micron maps.

In order to investigate this question
we noted the positions of maximum in-
tensity of the Ne 11 line at specific veloc-
ities. When we plotted the positions
of the velocity components on the in-
frared-continuum maps, we found that
the maximum intensities coincided with
many of the sources that were bright at
10 microns. For example, IRS 1 is at the
same position as a peak in the neon line
at zero velocity. Near IRS 2 there is little
zero-velocity ionized neon, but there is
a sharp peak in the ionized neon ap-
proaching the observer at about 280 kil-
ometers per second, a velocity not seen
elsewhere in the central parsec. At least
five other infrared sources, IRS 4, IRS
5, IRS 6, IRS 9 and IRS 10, coincide
with localized velocity components of
the Ne 11 line.

The spatial coincidences of hot ion-
ized gas and warm dust are convincing
evidence that most of the bright sources
on the 10-micron continuum map are
compact H 11 regions within Sagittarius
A West. From the intensity of the neon
line we can estimate that the ionized ma-
terial in each of these regions amounts
roughly to one solar mass. The mass of
the associated dust, which is responsible
for the 10-micron continuum emission,
is much less than that. The diameter of a
compact H 11 region is typically a quar-
ter of a parsec. Since there are about two
million stars in the central parsec, it is
likely that each compact H 11 region har-
bors as many as 100,000 stars.

Only two of the sources on the 10-mi-
cron map are definitely not H 11 regions.
One of them, IRS 7, is already known to
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EMISSION OF SINGLY IONIZED NEON, Ne 11, present in gas clouds in the central parsec
of the galaxy, was studied by the author and his colleagues with an infrared spectrometer at-
tached to the 1.5-meter telescope at the Cerro Tololo Inter-American Observatory in Chile.
Examination of the Ne 11 emission line near 12.8 microns reveals that the line has been substan-
tially broadened by motion of the gas clouds in which the neon is a minor constituent. Motion
toward the observer (designated as negative) shifts the line to a higher frequency, or shorter
wavelength, whereas motion away from the observer (designated as positive) has the opposite
effect. The observed velocities of ionized neon range from roughly —200 to + 200 kilometers
per second along the line of sight, providing evidence of strong gravitational forces near the
center of the galaxy. The intensity of continuum radiation near 12.8 microns from the warm
dust in the nucleus is given by the level of the radiation on each side of the broadened neon line.

be a red giant. The other, IRS 3, is more
mysterious. IRS 3 cannot be a red giant
because it is not bright at the shorter
infrared wavelengths. Nor canitbean H
11 region because there is a distinct drop
in the intensity of the Ne 11 line in the
vicinity of the source. This suggests that
IRS 3 obscures part of the ionized gas.
Perhaps IRS 3 is a cool and opaque
cloud of dust and gas, either recently
ejected by a star or collapsing gravita-
tionally to become a star, in front of the
central parsec.

Each of the compact H 11 regions in the

central parsec is moving at a veloci-
ty whose radial component is given by
the Doppler shift of its associated neon
line. Most of the H 11 regions are well
separated in space or in velocity and
therefore must be independent objects.
Nevertheless, study of all the neon spec-
tra indicates that there is a collective
motion of the central parsec. This is seen
most easily by noting that a line running
roughly north-south through the middle
of the region separates the ionized neon
that is predominantly approaching from
the ionized neon that is predominantly
receding. The simplest interpretation of
this division of velocities is rotation; the
dividing line would then correspond to
the axis of rotation.

Although evidence for rotation has
been found so far only in the ionized gas,
it seems reasonable that the rest of the
material in the central parsec (including
the stars) is moving in much the same
way as the ionized gas. On the basis of
the Doppler shifts of the neon line ob-
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served a few tenths of a parsec from the
apparent axis one can estimate that the
time required for gas, dust and stars in-
side the central parsec to make one trip
around the galactic center is roughly
10,000 years. (The sun takes about 200
million years.) The orientation of the
axis is peculiar: it is almost perpendicu-
lar to the axis of rotation of the main
galactic disk. This suggests that the nu-
clear region is a separate structure, dis-
tinct from its surroundings. It is not yet
known how far out from the center the
peculiar axis of rotation extends.

The motions of the ionized gas in the
central parsec, whether or not they are
part of a collective rotation, are influ-
enced by the gravitational force of the
mass within the same volume and can be
utilized to calculate that mass. Since the
rest of the galaxy is distributed more or
less symmetrically around the center,
with most of its mass a great distance
from the center, it exerts almost no net
gravitational force on the central parsec.
The total mass of the central parsec, as
estimated from the neon-line velocities,
is between five and eight million times
the mass of the sun. Of that total it ap-
pears from study of the 2.2-micron ob-
servations that only two million solar
masses are in the form of stars of all
types. The total mass of dust and gas
within the region is in comparison negli-
gible: probably no more than about 10
solar masses.

It is therefore fascinating to speculate
whether the difference of from three
million to six million solar masses be-
tween the apparent stellar mass and the
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total mass is significant. Does it repre-
sent missing mass still to be accounted
for? Or are the estimates inaccurate?
One observation may be pertinent. Mea-
surements of the infrared neon line and
of the radio lines generated by the re-
combination of hydrogen nuclei and
electrons show that within the central
few parsecs the gas velocities tend to
increase toward the center. It has been
pointed out by Luis Rodriguez and Eric
J. Chaisson of the Center for Astrophys-
ics of the Harvard College Observatory
and the Smithsonian Astrophysical Ob-
servatory, and by others as well, that
such an increase could not be due to the
gravitational force of the central stellar
cluster unless the cluster had an unusu-
ally dense core or possibly included a
compact, massive and presumably non-
stellar central object.

In considering theoretical models to
account for the observations of the
central parsec let us assume (at least ini-
tially) that the nucleus is not being ob-
served at a particular epoch. The obser-
vations have shown that the central par-
sec contains an extremely dense cluster
of stars, together with a sizable amount
of dust and ionized gas, which are dis-
tributed nonuniformly and are in rapid
motion. A satisfactory model should be
able to explain not only the presence of
such features but also their continued
presence.

Because of the gravitational attrac-
tion toward the center of the galaxy it is
not surprising to find the center populat-
ed by a dense cluster of stars. Occasional
newcomers to the cluster are probably
ordinary stars that had previously cir-
cled the galactic nucleus at some greater
distance and that have lost angular mo-
mentum, perhaps as a result of near-
collisions with other stars. Conversely,
through the same process stars within
the nucleus may occasionally acquire
enough velocity to escape from it.
Hence the stellar population of the cen-
tral parsec probably remains close to a
steady state or at most changes very
slowly.

In contrast, dense concentrations of
dust and ionized gas are normally short-
lived. In the outer parts of the galaxy
there are two classes of such objects: the
H niregions found in the vicinity of new-
ly formed hot, luminous stars, and the
planetary nebulas, which are also H 11
regions but whose ionization is due to
certain old stars that are usually hotter
but less luminous. In fact, ultraviolet
radiation from roughly 100 stars of
the type that ionize planetary nebulas
would be needed to account for the
amount of ionized gas observed in the
central parsec, but as we have seen only
about 10 ionized clouds are observed
there. An identification of the clouds
as planetary nebulas can be questioned
for this reason. On the other hand,
only about 10 highly luminous, newly
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formed stars of the type that ionize nor-
mal H 11 regions would be needed to do
the job. Other typical sources of dust
and gas, such as the “wind” of particles
emitted by stars or the infall of matter
from surrounding regions, would not
give rise to the highly nonuniform distri-
bution of interstellar material inferred
from the infrared-continuum and neon-
line observations.

In a region as densely populated with
stars as the central parsec is, however,
an additional mechanism for producing
dense clouds must be considered: stellar
collisions. A disruptive collision, one in
which two stars actually make contact,
will tear material out of one or both of
them, creating a turbulent and initially
dense cloud that disperses into the more
rarefied surroundings. Calculations by
Townes, Lacy and David Hollenbach
indicate that within the central parsec
collisions in which at least one par-
ticipant is a red giant are an impor-
tant source of interstellar material. The
clouds that would be created by such
collisions have sizes, velocities, internal
motions and lifetimes that are consistent
with the properties of the clouds actual-
ly observed. Moreover, the estimated
collision rate may be adequate to yield
clouds in the appropriate number.

The next question is: What is the
source of the ionizing radiation needed
to convert the clouds in the central par-
sec into H 11 regions? I have mentioned
hot, luminous stars and planetary nebu-
las as possible ionizing agents. Hot, lu-
minous stars remain that way for only a
few million years, and so they cannot
have traveled far from where they are
now observed, which is in the galactic
nucleus itself. Star formation, however,
is thought to be a delicately balanced
process involving the contraction of
large clouds of gas and dust over a peri-
od of roughly a million years. In the tur-
bulent environment of the galactic nu-
cleus, where orbital periods may be as
short as 10,000 years, it may not be pos-
sible for large volumes of gas and dust
to contract into stars before they are
thoroughly disrupted.

The most important constraint on the
type of ionization source in the central
parsec appears to be the uniformly low
level of ionization in the region. Typical
H 11 regions elsewhere in the galaxy usu-
ally contain, in addition to singly ion-
ized neon, atomic species that are multi-
ply ionized, that is, lacking two or more
electrons. In order to create the more
highly ionized states very energetic ul-
traviolet photons from extremely hot
stars are needed.

In the course of our observations of
Ne 11 we also searched intensively within
the central parsec for spectral lines of
doubly ionized argon (Ar 1) and triply
ionized sulfur (S 1v) at their known in-
frared wavelengths. These lines are of-
ten quite strong in H 1 regions outside
the galactic nucleus. The results at vari-
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ous positions in the central parsec were
negative, with the exception of a very
weak Ar 111 line detected in the direction
of IRS 1. Recently a strong infrared line
of Ar 11 (singly ionized argon) from the
central parsec was detected by Steven P.
Willner, Ray Russell and Richard Puet-
ter of the University of California at San
Diego, Thomas Soifer of Cal Tech and
Paul Harvey of the University of Ari-
zona. Their result implies a moderate
overabundance of argon in the central
parsec and, when it is combined with
our result, makes it clear that in the cen-
tral parsec the ionization state is unusu-
ally low.

he central stars of planetary nebulas,

which are usually very hot, would
seem to be ruled out as the source of
ionizing radiation because most of them
give rise to high ionization states. The
situation is also peculiar, however, if
several hot, luminous, recently formed
stars are the principal source. Unless the
most massive and hottest stars are some-
how inhibited from forming at the ga-
lactic center, or unless those that formed
most recently have cooled significantly,
one would expect the ionizing stars to
exhibit a wide range of temperatures.
Such a temperature range would lead to
variations in the ionization state of the
gas throughout the central parsec. The
absence of Ar m1 and S 1v throughout the
entire central parsec seems to imply ei-
ther that all the ionizing stars are nearly
identical or that there is one extremely
luminous but relatively low-tempera-
ture ionizing source in the central par-
sec. An object of the latter type could
not be an ordinary star.

Such considerations lead to a rather
exotic model of the central parsec: a
model dominated by a massive black
hole at the center. Material being swal-
lowed up by a black hole is thought to be
first stored outside it in a rotating disk,
which under the right conditions is ex-
pected to radiate strongly in the ultra-
violet. The uniformity of the ionization
state of the central parsec might be ex-
plained by the presence of such an ob-
ject. A natural candidate for the black
hole is the compact radio object, with a
diameter of less than .001 arc-second, in
Sagittarius 4 West.

The expected properties of massive
black holes have been calculated by
many theoretical astrophysicists. The
spectrum and the intensity of the ioniz-
ing radiation from the disk depend only
on the mass and the accretion rate of
the black hole. Townes, Lacy and Hol-
lenbach have shown that quantitative
agreement with the observed luminosity
and ionization state of the H 11 region in
the central parsec of the galaxy would
be provided by a black hole that had a
mass of a few million suns and accreted
matter at the moderate rate of about
10-5 solar mass per year. The necessary
mass of accreting material could be sup-
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RIGHT ASCENSION (1950)

DETAILED STUDY OF THE NEON LINE illustrates the com-
plexity of motion within the central parsec of the galaxy. The grid of
spectra is arranged according to position in the sky and includes slight-
ly more than the central parsec. In the lower right-hand corner a cir-
cle gives the beam size of the spectrometer; a scale gives the velocity
of gas motion in kilometers per second. For each spectrum the posi-
tion of origin coincides with zero line-of-sight velocity, with zero in-
tensity of emission and with the position to which the telescope was

pointed. Several of the localized velocity components of the neon line
coincide with sources that are bright at 10 microns (IRS 1, IRS 2, IRS
6, IRS 9 and IRS 10), indicating that the ionized gas is physically as-
sociated with warm dust clouds. The sloping broken line separates re-
gions of ionized neon that are predominantly approaching (right) and
receding (/ef?). Such a well-defined separation suggests that material
in the central parsec is rotating in the sense that is given by the arrow.
The region within the rectangle reappears in the illustration below.
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RIGHT ASCENSION (1950)

INTENSITY OF THE NEON LINE in the southeastern part of the
central parsec demonstrates the association of the ionized neon with
two specific sources, IRS 4 and IRS 9, whose continuum radiation
originates in warm dust clouds. The contour lines show the intensi-
ty of neon with velocities of about +125 kilometers per second. The

peaks coincide with the two infrared sources. Spectra made at the
positions of the sources show that IRS 4 is actually receding at 110
kilometers per second and IRS 9 at 140 kilometers per second. Ob-
servations for illustrations on this page were made by the author and
his colleagues with 2.5-meter telescope at Las Campaiias Observatory.
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plied many times over by infall, stellar
winds, planetary nebulas and the debris
of stellar collisions within the central
parsec. Even allowing for some of the
material’s being blown away by the in-
tense radiation pressure from the ac-
cretion disk, from perhaps two million
stars and from other luminous objects
in the central parsec, there would seem
to be ample material to feed the black
hole at the required rate.

It is perhaps significant that the in-
tensity of infrared radiation emitted by
the peculiar object IRS 16, in which the
compact radio source appears to be lo-
cated, is roughly the same as the intensi-
ty that would be emitted in the vicinity
of a black hole accreting matter at the
above rate. Finally, the existence of a
black hole with a mass of a few million
suns is consistent with the difference be-
tween the estimated total mass in the
central parsec and the mass of the stars
in the same volume. A black hole of that
mass fits easily into a volume the size of
the compact radio source.

The evidence for the presence of a
massive black hole appears reasonable,
but it is indirect. More direct tests might
come from future radio and infrared ob-
servations of the small region around
the compact radio sources. For exam-
ple, the intense gravitational field in the

vicinity of such a massive black hole
should give spectral lines originating in
the source a Doppler width of 1,000 kil-
ometers per second or more. When our
infrared spectrometer with a beam di-
ameter of .2 parsec was centered on the
compact radio source, a possible loca-
tion of the black hole, the neon line did
not appear to be that wide. A weak and
broad component that could not have
been detected by our instrument may
nonetheless have been present. Signifi-
cant changes in the accretion rate of the
black hole, which may occur on a time
scale of only a few years, should eventu-
ally give rise to observable changes in
the ionization state of the central parsec.
Hence continued monitoring of all the
infrared emission lines is important.

One might well ask again: Are we re-
ally observing the central parsec of
the galaxy? In my view the answer is a
strong yes. First of all, we are certainly
pointing our telescopes in the direction
of the central parsec; that is indicated by
all the infrared and radio observations,
perhaps most clearly by the 2.2-micron
observations of the stellar distribu-
tion. Second, the rich array of infrared
sources observed in this direction has
few if any counterparts elsewhere in the
galaxy. The high positive and negative

velocities obtained from the neon line
are unique, and the enormous mass
densities implied by the 2.2-micron and
neon-line measurements have not been
found elsewhere.

It is possible that the central parsec is
the source of phenomena that are ob-
served far beyond the galactic nucleus.
Sudden large increases in the accretion
rate of the proposed black hole, super-
novas or bursts of star formation near
the galactic center may be the cause of
the outward-moving molecular clouds
that have been observed by radio as-
tronomers. Such outbursts would eject
material from the galactic nucleus in
the form of high-velocity clouds. The
material eventually would collide with
and accelerate the observed molecular
clouds, which in turn could be the debris
of earlier explosions.

Although the nucleus of our own gal-
axy is a powerful energy source, it is
quite weak compared with many other
galactic nuclei. Perhaps that is one rea-
son we are here and able to study the
galactic nucleus. At present it may be
going through a quiet phase between
more explosive epochs. The continued
study of the galactic nucleus will lead to
a better understanding of it and perhaps
also of physical events in the nuclei of
more active galaxies.

SCHEMATIC VIEW OF GALACTIC CORE, roughly three parsecs
across, postulates the existence of a massive black hole (shown much
larger than scale) at the very center. The luminous color patches rep-
resent clouds of interstellar gas and dust, which are created at the
rate of one every 1,000 years or so by stellar collisions within the
dense central cluster of stars. Some of the gas and dust, gravitational-
ly pulled toward the black hole, forms a hot, rotating accretion disk
before it is swallowed and disappears. Intense ultraviolet radiation
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from the accretion disk ionizes the gas in the surrounding clouds,
which then emit the infrared lines and the radio continuum radiation
that have been detected from the direction of the central parsec. Dust
in the clouds is also heated by radiation from the accretion disk and
nearby stars and emits infrared continuum radiation. Much of the
short-wavelength infrared radiation is emitted by a few red giants
(colored dots) within the dense central star cluster. The white dots in
the drawing are normal stars, of which there are about two million.
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The new hypersensitization

Despite all that has been learned
in recent decades by radio
astronomy and x-ray astronomy
from above the atmosphere,
nobody is advocating that the
optics of the great telescopes in
the world’s observatories be
salvaged to make beer bottles.

Time on those magnificent
instruments gets ever harder to
earn.

At the Royal Photographic
Society’s tercentenary celebration
of the Greenwich Observatory,
R. L. Jenkins (left below) of the
Kodak Research Laboratories in
Harrow, England, brought glad
tidings of more time to parcel
out to the deserving.

Latter-day three-hour
exposures put a pinch on
telescope time that was never felt
when photons from afar had
merely to land on the Astronomer
Royal’s personal retina.

Jenkins’ research partner G. C.
Farnell shows below that bathing
a plate in silver ions just before
exposure greatly cuts the time
needed to pick up all that’s going
to be picked up before sky light
takes over and obscures the view.
The speed enhancement is
greatest for the plates we make for
infrared astronomy.

Though the treatment must be
done very carefully for good
results, a dip before exposure into
nothing more advanced
technologically than .001N
aqueous silver nitrate solution
markedly increases speed,
particularly towards long

exposure times. In other words,
low-intensity reciprocity failure
is greatly reduced.

There is no reason why plates
couldn’t have been preexposure
dipped into AgNO; before
Rosemary Jenkins and Geoff
Farnell were born. Astronomers
are doing it now. Hindsight! It’s
so clear and penetrating!

If thisis important to you and
news to you, and you have to
know more, write Kodak, Dept.
55-W, Rochester, N.Y. 14650,
ask for Publication P7-670.

Kodak

WODAX SPECTROSCLOME PLATE TYPE [
EXPOSURE TIME: 5 aiin,

- 2NO TREATMENT BEFORE EXP
e AGND, BATHE BEFORE EXP

DEVELOPMENT: Gmin B-13 o 20°c,

© Eastman Kodak Company, 1979
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SCIENCE AND THE CITIZEN

Creationism Evolves

he creationist assault against the

concept of evolution through nat-

ural selection, and indeed against
the fact of evolution, is being pressed on
a wide front and with increasing vigor.
The mode of attack has changed. Now
the effort is neither to ban the teaching
of evolution nor to require the teaching
of creation according to Genesis; both
approaches have run into trouble with
the U.S. Constitution. The effort instead
is to obtain state legislation or adminis-
trative regulations requiring that cour-
ses and textbooks dealing with the ori-
gin and development of life and of man
present creationism as a “scientific” al-
ternative to evolution. Creationism de-
nies the geological evidence for a world
billions of years old, the fossil evidence
for the gradual appearance of new spe-
cies and the biological evidence for the
evolution of man from lower primates.
The current creationist effort is exempli-
fied by recent events in lowa and Cali-
fornia.

State legislation actually forbidding
the teaching of evolution in public
schools was finally invalidated on Con-
stitutional grounds only in 1968, when
an Arkansas “monkey law” was de-
clared unconstitutional by the U.S. Su-
preme Court. (The 1925 conviction of
John T. Scopes in Tennessee’s famous
trial had been reversed on technical
grounds; the Tennessee law was not re-
pealed until 1967.) Ironically, it was at
just about the same time that creation-
ist sentiment was building up anew, for
various reasons including the growth
of fundamentalist Christian sects, con-
cerns about the erosion of established
social values and doubts about the vir-
tues of science and technology (see “The
Science-Textbook Controversies,” by
Dorothy Nelkin; SCIENTIFIC AMERICAN,
April, 1976).

A new drive against evolution was
launched, led not by theologians but
by creationist engineers and scientists,
members of the Creation Research Soci-
ety, whose proclaimed goal was “the re-
alignment of science based on theistic
creation concepts” and who were “com-
mitted to full belief in the Biblical rec-
ord of creation and early history.” Their
first success was the inclusion of lan-
guage in the “science framework,” or
guidelines, published by the California
State Board of Education in 1970, to the
effect that “several theories,” including
‘“creation in scientific terms,” are neces-
sary to explain the origin of life. There
was strong opposition to this “equal
time” concept by science teachers, and
the language was eliminated in favor of
Darwinian concepts in a revision of the
framework in 1974 and when a new
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framework was promulgated in 1978.
Now the creationists have filed for an
injunction against the Board of Edu-
cation, seeking withdrawal of the 1978
framework on the ground that it does
not contain the creationist language and
therefore violates the rights of creation-
ist students and their families.

The plaintiffs are individual creation-
ists and the Creation-Science Research
Center, a foundation based in San Diego
that handles lobbying and similar pub-
lic-affairs activities. The headquarters
of the creationist movement appears to
be the Institute for Creation Research,
a division of Christian Heritage Col-
lege in San Diego. The college, which
was established in 1970 under the spon-
sorship of the Scott Memorial Baptist
Church, teaches its students “the foun-
dational importance of special creation
in every subject.” The college, the insti-
tute and the creationist movement as a
whole do not seem to be formally sup-
ported by any major religious organiza-
tion; many fundamentalist Protestant
groups that might be expected to sup-
port a literal interpretation of Scrip-
ture tend to shy away from activities
that seem to threaten the separation of
church and state. The institute nonethe-
less seems able to mobilize creationists
to lobby for legislation and to influence
state and local boards of education,
many of which have adopted policies
at least allowing individual schools or
teachers to select creationist instruction-
al materials.

After the creationists’ initial Califor-
nia success they opened drives in several
states to get the equal-time principle
mandated by law. In 1973 legislation
was approved in Tennessee requiring
that any public-school textbook discuss-
ing an opinion or a concept about the
“origin or creation of man” must label
it “a theory,” not “scientific fact,” and
must give equal attention to “other the-
ories, including, but not limited to, the
Genesis account in the Bible.” The Bible
was declared to be a “reference work”
rather than a textbook to exempt it from
the “theory” disclaimer, and *‘all occult
or satanical beliefs of human origin”
were excluded from the equal-time pro-
vision.

Acting on behalf of the National As-
sociation of Biology Teachers, Freder-
ic S. Le Clercq, a Knoxville attorney,
moved against the law in the Federal
courts, and in 1975 a U.S. Court of Ap-
peals declared the statute ‘“‘unconstitu-
tional on its face.” The court held that
exempting the biblical account from
the disclaimer requirement provided “a
clearly defined preferential position for
the Biblical version of creation as op-
posed to any account of the develop-
ment of man based on scientific research
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and reasoning” in violation of the First
Amendment. Moreover, the exclusion
of “occult” or “satanical” beliefs would
necessarily lead to government ‘“en-
tanglement” with religion: “the God of
some men has frequently been regarded
as the Devil incarnate by men of other
religious persuasions.”

This past winter and spring bills to
require equal time for creationist views
were introduced in several state legisla-
tures, but with a difference: the language
was modified in an apparent attempt to
avoid First Amendment problems. The
major effort was made in lowa, where a
bill introduced into the state senate re-
quired simply that “whenever the origin
of human kind or the origin of the earth
is taught in the educational program of
the public schools of this state, the con-
cept of creation as supported by scientif-
ic evidence shall be included.” Support
for the bill came primarily from crea-
tionist students at lowa State University,
where a number of faculty members, in-
cluding the dean of the College of Engi-
neering, are creationists. The bill was re-
ported out of committee, but when it
was pointed out that enforcing such a
statute would cost money and that the
bill should be referred to the appropria-
tions committee, support waned and the
bill did not come to a vote. It may be
revived next year.

Coal: Prospects and Problems

he amount of coal mined and burned

directly as fuel in the U.S. could
double or even triple by the year 2000
without requiring either major techno-
logical innovations or a substantial re-
laxation of current Federal regulatory
standards, according to a recent report
issued by the Congressional Office of
Technology Assessment. Nevertheless,
the report warns, the ultimate environ-
mental and social costs of such a devel-
opment are uncertain and could turn out
to be prohibitive.

The 411-page OTA report, The Di-
rect Use of Coal: Prospects and Problems
of Production and Combustion, was pre-
pared at the request of the House Com-
mittee on Science and Technology as
one in a series of studies intended to as-
sist Congress in the development of a
national energy policy. In this instance
the OTA staff was given the assignment
of analyzing the benefits and risks of a
projected massive shift to coal and away
from other fuels over the next two dec-
ades.

Although the researchers who worked
on the OTA Coal Project were not able
to identify *“‘any significant violations of
existing environmental standards that
inevitably would result from a substan-
tial rise in coal use,” they point out in
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Responsive Technology_from Perkin-Elmer

Using space technology

to save lives on Earth:

The Perkin-Elmer RMS 1ll

Left on Marsby Vikingland Il in 1976,
Perkin-Elmer gas analyzers sampled
the Martian soil for signs of life. In
Skylab, when the astronauts exer-
cised, the same basic instrument
analyzed their respiratory condition.
Inevery U.S. nuclear submarine,
a similar Perkin-Elmer device stands
watch over the purity of the air
breathed by the crew.

In 1972, Perkin-Elmer put the

technology developed for such space

and defense applications to work in
the health care field with the intro-
duction of our first Medical Gas
Analyzer. Since then, hundreds of

these units have been used for pul-
monary testing, physiological and
anesthesia research, stress testing
and other related applications

The Medical Gas Analyzer, an
exceptionally rugged and main-
tenance-free Perkin-Elmer mass
spectrometer, is the heart of our
new Respiratory Monitoring System
(RMS 111). By measuring and moni-
toring a patient’s inspired and
expired gases, the system provides
the physician with information for
improved respiratory and anesthetic
management.

Up to 16 patients can be sequen-

tially monitored with one RMS Ill. A
unique rotary valve selects the patient
line to be sampled and a small
amount of gas is drawn into the mass
spectrometer and analyzed. Compu-
tation and readout take place at a
central monitor, located atthe nurses’
station, with remote data displays
available for each operating room

or bedside.

RMS Il gives simultaneous
inspired and expired values for up to
six different gases, and compares
them with pre-set levels entered via
the system'’s keyboard. Audio and
visual alarms are activated if any of
these gasesexceedsprescribed limits.

Each patient’s breathing can be
viewed as a moving wave form onthe
monitor screen. Eight- or twenty-four-
hour trends of various physiological
parameters as well as gas concentra-
tions can also be displayed on the
screen for each patient.

In many cases, developing prob-
lems can be anticipated before they
would otherwise be apparent.

Perkin-Elmer’s Series Sixteen:
Newest wave of powerful small
computers for industry

From vans bouncing over desert
tracks to the clanging production
lines of heavy machinery factories,
Perkin-Elmer 16-bit small computers
have proven themselves a rugged,
versatile breed.

Now we've broughtouta newline
of these popular computers, called
the Series Sixteen. With Series Six-
teen and new software —including
FORTRAN —system builders can
combine the most advanced com-
puter control with economy and
ruggedness to handle many jobs in
manufacturing, automation, indus-

trial design and data collection.

Drawing on 12 years' experience
with industrial computers, Perkin-
Elmer designed the new Series
Sixteen for optimum price/perform-
ance, and packaged it for flexibility —
it's a family of processors that an-
swers a wide range of needs. Series
Sixteen incorporates features that
previously were extras, features like
hardware multiply divide, power fail,
single board memory expansion and
expansion power.

Designed to maximize printed
circuit modularity, all units can be
readily customized, or upgraded, or
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interfaced with larger computers.

That Series Sixteen's versatility
and reliability provide an excellent
solution for industrial applications is
shown by some of the jobs earlier
Perkin-Elmer small computers are
doing all over the world.

They travel the wilderness in vans,
collecting and taping seismic data
from geological test blasting over
possible oil formations.

They prepare and distribute the
numerical control tapes which auto-
mate the fabrication of expensive,
high-tolerance machine parts




One of the big U.S. auto makers
uses our small computers
— ' for carburetor testing and
H|| communicating resultstoa 32-
bit computer, whilea European
car manufacturer uses them
A for control of robots in
§A.. assembly-line automation.
S ' /nd Perkin-Elmer
16-bit computers
| monitor the flow of
petroleum through
pipeline networks to and
from tank farms on five
continents.
With hardware proven

for dependability and low cost, the
new Series Sixteen stands out for
state-of-the-art technology as well:
high density LSl circuitry, fast Metal
Oxide Semiconductor memory, dual
bus architecture for high-speed and
low-speed devices, no fewer than
255 vectored interrupts and battery
backup for memory retention during
power failures.

Software includes a comprehen-
sive resource-sharing operating
system, language processors for
CAL Macro, BASIC and, especially,
an enhanced scientific FORTRAN V.

The new Perkin-Elmer LC-75:
Keystone unit in a sophisticated
system for chemical analysis

In determining thechemicals present
in unknown substances, our new
liquid chromatography Methods
Processor routinely performs feats
of guantitative and qualitative analysis
once regarded as impractical, or
| evenimpossible. Use of the system —
| builtaround our powerful new LC-75
spectrophotometric detector with
Autocontrol—is adding rapidly to
basic chemical knowledge. Itis also
satisfying more practical needs in
such applications as analysis of
plastics and food, crime lab work,
pharmaceutical development, dye
and cosmetics manufacture, and
monitoring environmental purity, to
name just a few.

Liquid chromatography separates
the molecular species in any sub-
stance which can be dissolved in an
appropriate solvent. In essence, a
sample is pumped under high pres-

other modules in the Methods Pro-
cessor system (Series 3B pump,
Model 420 Automatic Sampler/
Injector, LC-100 column air-bath
oven, and SIGMA 10 Chromatog-
raphy Data Station) and you get
infinite options for performing
exactly the kind of analysis you need. |

sure, at controlled temperatures,
down a tube filled with small packed
particles (such as silica gel). The
molecules with most bonding affinity
for the packing material are retained
longest in the tube and emerge from it
last. By flushing the packed particles
with increasingly strong solvent and
examining by spectrophotometry the
effluents and the order in which they For more information on these
emerge, achemist canidentifyingre- |  products, please write: Corporate
dients and calculate how much there Communications, Perkin-Elmer
is of each in the sample Corporation, Main Ave., Norwalk,

Obviously, the spectrophotometer | CT 06856. |
is a key elementin the process And :
fittingly, the LC-75 with complete
electronic digital control (Auto-
control) is the most revolutionary
module in the system. It's the first
spectrophotometric detector
designed specifically for LC. It can
shine through a dissolved sample
an analytical wavelength precisely
variable from 190 to 600 nano-
meters. Trace analysis IS excellent—
even with tiny samples. It takes the
operator through even the most
sophisticated chromatographic peak
analysis step by step. And quantita-
tive capability is superior —providing
the widest range of usable sample
concentrations plus reliably repeat-
able results. Autocontrol unlocks
the tremendous spectroscopic power
of the LC-75.

Combine the LC-75 with the four

PERKIN-ELMER

Responsive Technology
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Using non-technical language and
a light touch Roy Hartkopf gives
a basic understanding of
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Here is a clear simply writ-
ten basic guide to logical
thinking, showing how to
spot the fallacies, the pre-
Judices and emotionalism,
the inappropriate analo-
gies, etc., in the other fel-
low's argument and how to
watch for and avoid the ir-
rational in your own judg-
ments. The author makes
plain not only how but also
why people resist facing
the truth. A tool for clear
thinking as well as con-
vincing  others. ORDER
NOW: THE ART OF ARGU-
MENT, By Giles St. Aubyn
$6.95. plus 85¢ handling T ———————————

No Handling Charge on orders of 3 or more books.
10-day Money-Back Guarantee
EMERSON BOOKS, Inc

Dept. 372 E, Reynolds Lane, Buchanan, New York 10511

GODEL,
ESCHER,
BACH:

an Eternal Golden Braid
Douglas R. Hofstadter

A brilliant young scientist here explores
one of the most intriguing paradoxes of
modern thought: that all true statements
are ultimately unprovable. Drawing on
the similarity of patterns found in the
works of Godel, Escher, and Bach, Dr.
Hofstadter offers “daringly original”*
insights into art, philosophy, physics,
artificial intelligence and much more.
“I have never seen anything quite like
this book. It may become something of
a classic.” — Jeremy Bernstein, author
of Experiencing Science.

“Thoroughly enjoyable, remarkably
imaginative, enormously instructive.”
— Emest Nagel, Columbia University
*Publishers Weekly

Illustrated, $18.50 at bookstores, or di-
rect from the publisher
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their report that “some adverse environ-
mental impacts are likely to occur with
increased coal mining and combustion
because of conscious economic trade-
offs, lack of efficient control devices
or insufficient enforcement of existing
standards.” Among the negative effects
for which permanent controls are not
always available they cite the problems
of acid drainage and ground-level sub-
sidence long after the abandonment of
underground coal mines. In addition,
they write, some emissions from coal
burning “may prove to be inadequate-
ly regulated because of scientific uncer-
tainty concerning the cause and signifi-
cance of their effects.” Assuming a high
projected rate of expansion in domestic
coal use, “emissions of sulfur dioxide,
nitrogen dioxide, carbon dioxide...and
fine particulates will all increase signif-
icantly by the end of the century un-
der...present or pending regulations.”

The main concerns arising from such
projected increases in coal-related air
pollution focus on whether or not they
will “cause or aggravate three potential
environmental problems whose magni-
tude and importance cannot yet be eval-
uated adequately.” The three problems
in question are (1) the apparent buildup
of carbon dioxide in the atmosphere re-
sulting in part from fossil-fuel combus-
tion, a trend that may lead in turn to
significant changes in global climate; (2)
the possibly serious public-health conse-
quences of long-term exposure to low
levels of air pollutants; (3) the risk of
further damage to aquatic and terrestri-
al ecosystems caused by “acid rain” re
sulting from increased coal combustion.
Additional evidence tending to confirm
current concerns about these problems
“could force a reappraisal of our envi-
ronmental control strategy or even our
commitment to increased coal develop-
ment.”

Under the heading of occupational
health and safety the OTA report esti-
mates that a tripling of coal production
by the end of the century would result in
approximately 370 fatalities and 42,000
disabling injuries per year among coal
workers (almost three times the current
rates), not counting the “thousands of
workers”'who would be disabled by var-
ious respiratory diseases (known collec-
tively as black-lung disease). Further-
more, the report adds, “important ques-
tions have been raised concerning the
effectiveness of enforcement of the ex-
isting dust standard and the adequacy of
the research on which it is based.”

In short, the OTA concludes, al-
though there are no obvious technologi-
cal, social or environmental obstacles to
prevent the U.S. from relying on coal as
its “most productive energy source well
into the 2 1st century,” the future of di-
rect coal combustion remains “a mix-
ture of promise and risk.” Future legis-
lative activity bearing on coal, the Con-
gressional advisory office predicts, “will
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amateur correspondents Jay Gunter, Joe
Rao and Ben Mayer...

YOU GET NEWS...

in-depth reports on the whole range of
exciting discoveries taking place in such
diverse fields as:

@ black holes @ quasars

@ 'ring” galaxies @ pulsars

@ space exploration @ cosmology
@ spectroscopy @ planetology

@ the search for extraterrestrial intelligence

Monthly departments like Astronomy
Update, which keep you in touch with
the moment-to-moment, fast-breaking
developments in astronomy and the space
sciences...and Event Horizon, which
keeps you current with the activities of
amateur astronomers.

YOU GET FACTS...
you'll read about @ The Solar Connection

Free...

Get your Eclipse/Voyager Special
Issue (a $2.00 value) FREE...simply
enclose payment with your order.

A fabulous volume, overloaded with
color pictures, recording every thrill-
ing aspect of these two historic Super-
Events...pre-totality atmospheric
changes, coronas, prominences, “dia-
mond rings,” Bailly's beads...by such
noted astrophotographers as Robert T.
Little, Dr. Jay Pasachoff, John Sanford,
and Ben Mayer — who covered the
event at 32,000 feet above the earth
in a jet!

In the same volume is complete cover-
age of the Voyager 1 Mission...close-up
photos of Jupiter's surface, moons, and
satellites — all in big, beautiful, brilliant
color with accompanying text by astron-

omy writer, Terence Dickinson.

— the link between sunspot activity and
the Earth's changing climate. @ The Gas
Clouds of Orion — birthplace of stars.

@ The Beta Lyrae Star System —a unique
binary system. @ Telescopes for Amateur
Astronomers — a guide to purchasing
the right scope for your individual re-
quirements. @ The Death of Massive
Stars —a study of stellar evolution. @ The
Vela-X Pulsar — a detailed look at this
supernova remnant. @ Observing Saturr:
Visual Photometry and Colorimetry —
an examination of the variation in inten-
sities of the belts and zones of Saturn...
and much, much more...

YOU GET TIPS ON
ASTROPHOTOGRAPHY...

every month you'll get into such depart-
ments as the Astrophoto Gallery, which
showcases — in brilliant color and black-
and-white — several pages of an individ-
ual amateur’s sky photographs. Prize-
winners like John Sanford, Walter Hamler,
David Healy and Rick Dilsizian...and show-
ings of the work of proficient newcomers.
In conjunction with this is the new
addition, Astrophotographer’s Notebook
— an ongoing series of lessons on film,
lenses, locales, techniques and more, by
veteran astrophotographer John Sanford.

» | :
)

YOU GET UNIQUE DEPARTMENTS...

“Who’s Who" in Astronomy is our monthly
column about the prominent figures in
the astronomical world and an in-depth
examination of the work they are involved
in. Articles on such people as Arno
Penzias and Robert Wilson in Listening
Jor the Echo of the Big Bang...Raymond
Davis who is Puzzling Over Missing
Neutrinos...Beatrice Tinsley and her con-
tribution to cosmology in Brightness
Counts...

Asteroid of the Month is a column
which features a minor planet for each
month of the year, complete with tracking
charts to help you find them.

Lee's Forum is an innovative, inform-
ative question-and-answer page. Associ-
ate Editor and experienced amateur, Lee
Najman, fields questions about all aspects
of observing, and promotes a dialogue —
of a “hands-on” nature — in which ob-
servers relate their problems and share
their successes.

YOU GET TIPS ON OBSERVING...

Deep Sky Vistas is a monthly guide to
the various deep sky phenomena. Ama-
teur and writer, Ron Morales describes in
detail how to hunt for and find galaxies,
open clusters, diffuse and planetary
nebulae, variable stars, and other inter-
esting objects.

Cosmic Frontiers explores the different
attractions in, and aspects of the current
evening sky with details on the back-
grounds of the phenomena being observed.

Skywatch gives you planet informa-
tion for each month, moon data, ac-
counts of variable stars, i.e. which ones
will be visible in that month and their
brightness...what meteor showers will
occur...special events like occultations...

You also get a variety of easy-to-read
charts, maps and timetables to help you
follow the ever-changing spectacle of the
nighttime sky...to let you know what and
when to observe.

From planetary apparitions to periodic
comets...meteor showers to moonrise...
solar eclipses to supermnovas...WE COVER
ITALL!

Be an active observer or an “armchair”
astronomer, but whatever your level of
interest, let STAR& SKY turmn you on to the
Universe!

So don't delay, the sooner you return
your Charter Subscription Order Form, the
faster you enter the dramatic world of
dark skies...

GUARANTEE: If you become dissatisfied
with STAR & SKY, tell us why,and get a
refund on all unmailed issues.
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This 2-letter French word may well be
the most successful (if not the only) 2-letter
marketmg strategy in the annals of advertising.
This simple, yet eloquent “le” has
put Renault’s “Le Car” happily
in the U.S. car-buying public’s
consciousness. It positions; it
defines; and for the media-inundated
consumer, provides an easy,
memorable handle. Usually it takes many more
letters and many more words to do all this.

Happily our little “le” has put across the
fact that we are the car company of France.
You can’t blame us for sighing “Vive le ‘le’!”

RENAULT
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Another 2-letter French word. We believe
this one laconically sums up our business
philosophy vet is as eloquent as our “le” in
indicating how we organise for future growth.

For that simple “et” expresses the agree-
ments we've recently signed with three great

U.S. corporations. That “et” in etfect a
proclaims our growth policy of co- !NDIX cow’ORAﬂgNJ
operation for mutual benefit;
it says that we will work together l m%' ATION ‘
to achieve our independent goals. rwq
Finally, that little “et” says RMACK TRucks *NCJ
we're not a “take-over” company, but rather, a
“work-with” company. And so we sigh “‘Et’. Bien.”

RENAULT

79

© 1979 SCIENTIFIC AMERICAN, INC



WANTED:

New Products
and
Technologies

HEALTH CARE:

] Pharmaceuticals

(] Diagnostics

] Devices

] Other Rx and
non-Rx products

TOILETRIES:

(] Oral hygiene

(] Skin care

] Hair care

(] Other toiletries,
grooming aids

Do you own a product or innovation
that you’d like to sell, license or other-
wise make money on?

Then you should know about this
search we are conducting on behalf of
major marketers in the U.S., Europe
and Japan.

These marketers want new products
in the above categories—plus ways to
improve existing brands. When they get
our search report, entitled the New
Product Source Book, they will note
which products interest them. Then they
will contact you directly to discuss
license or acquisition.

You pay us nothing, now or ever.
Participation by you is entirely free.
Write now for official submission pro-
cedure, plus a statement of our creden-
tials. Send nothing confidential, please.
Wait and read the procedure. (You may
send issued patents, if you wish.) Don’t
miss out—write us now.

PRODUCT RESOURCES
INTERNATIONAL, INC.
Attention: C.A. Stone
90O Park Ave., N.Y.,,N.Y. 10016
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fall into three categories: further ame-
lioration of negative impacts; promo-
tion of coal to reduce the use of other
fuels; and oversight to ensure that exist-
ing legislation is being appropriately im-
plemented.”

The Chemistry of Acupuncture

Aupuncture, the ancient Chinese art
of relieving pain by inserting fine
needles at specific points and depths on
the surface of the body, has attracted
much attention outside China in recent
years. Some non-Chinese physicians
have applied the technique and have
maintained that they get similar results;
others have speculated on how such ef-
fects could be explained, if not by hyp-
notic suggestion, then by known princi-
ples of nerve physiology. Now a Chi-
nese investigator, Chang Hsiang-tung
of the Shanghai Institute of Physiolo-
gy, surveys acupuncture in the light of
the newest findings in the physiology of
pain.

Writing in Chinese Medical Journal,
Chang describes how in China until
quite recently the pain-suppressing ef-
fects of acupuncture were explained
only according to the metaphysical ten-
ets of traditional Chinese medicine. This
view holds that pain and disease result
from a disruption or blocking in the cir-
culation of vital energy through 12 hy-
pothetical meridians (channels) in the
body, each of which is associated with a
particular organ system. By inserting ac-
upuncture needles at certain points in
the meridians (which are not correlated
with specific anatomical structures) the
blocked channels can be cleared and the
healthy state of energy flow restored.

Attempts by both non-Chinese and
Chinese investigators to relate the em-
pirical practice of acupuncture to mod-
ern physiology were initially based on
the observation that many acupuncture
points lie close to clusters of nerve end-
ings, suggesting that the flow of ener-
gy through the hypothetical meridians
might be analogous to the functioning
of the nervous system and the various
chemical systems that mediate its regu-
lation and control. The obvious question
then arose of how needles inserted into
the body at specific points could acti-
vate the nervous system to yield anal-
gesia in distant parts of the body. Also
to be explained was the fact that the
analgesia takes about 20 minutes to de-
velop and persists for some time after
the needles have been withdrawn.

It has long been known that there are
two major classes of nerve fibers that
carry pain information from the periph-
eral pain receptors to the spinal cord:
the low-threshold A-delra fibers, which
give rise to sharp, mild pain, and the
high-threshold C fibers, which give rise
to severe, burning pain. Chang suggests
that mild stimulation of the acupunc-
ture needles (traditionally accomplished
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by twirling the needles) selectively ac-
tivates the low-threshold fibers in the
deep tissues underlying the acupuncture
points. The resulting impulses are trans-
mitted to relays in the spinal cord and
the brain, where they interfere with the
transmission of messages from the high-
threshold fibers, so that severe pain is
kept from reaching conscious aware-
ness. This “gate” hypothesis is support-
ed by a number of experimental find-
ings. For example, if a local anesthetic
is injected into the tissues under an acu-
puncture point, it completely abolishes
both the characteristic mild discomfort
caused by the needle and the remote an-
algesic effect.

The specificity of acupuncture points,
writes Chang, seems to lie in the seg-
mental organization of the spinal cord:
each segment of the cord innervates a
particular region of the trunk and the
limbs. The acupuncture points on the
arms are usually stimulated to relieve
pain in the head and the upper body, and
those on the legs are stimulated to re-
lieve pain in the lower body. This obser-
vation suggests that the low-threshold
pain impulses generated by acupuncture
needling travel to the spinal cord and
block the transmission of severe-pain
messages entering the same segment of
the cord or adjacent segments.

Chang points out that although the
specific nerve-cell interactions that give
rise to acupuncture analgesia are not
well understood, there has been much
interest in the involvement of certain
neurotransmitters: the chemicals that
carry excitatory and inhibitory messag-
es between nerve cells at relay centers
in the spinal cord and the brain. Experi-
ments on monkeys and human beings
have demonstrated that the analgesic
effect of acupuncture can be appreci-
ably reduced by the administration of
the drug naloxone, which blocks the ac-
tion of morphine. This finding has been
interpreted to mean that acupuncture
triggers the release in the central ner-
vous system of morphinelike peptide
molecules: the short chains of amino
acids called enkephalins and the long-
er chains called endorphins. Indeed, en-
kephalinand another peptide, substance
P, have been implicated in pain percep-
tion, substance P with the transmission
of pain-related impulses and enkephalin
with their suppression.

The rapid and transient action of a
neurotransmitter such as enkephalin is
hard to reconcile, however, with the
slow induction and lingering action of
acupuncture. Itis therefore unlikely that
enkephalin alone is responsible for the
analgesic effect. Indeed, B. Sjolund and
his colleagues in Sweden have shown
that during acupuncture there is an in-
crease in the concentration in the spi-
nal fluid of a class of endorphins des-
ignated Fraction I, which are distinct
from enkephalin. The rise in Fraction I
endorphins in the spinal fluid is local-
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lithograph. Signed limited edition of 175. Don Whitlock’s Homestead, original lithograph.

Marcelle Stoianovich’s St- Jean-Cap-Ferrat,

Signed limited edition of 195. original lithograph. Signed limited edition of 225.

In your own home, you can exhibit
original work by artists who are repre-
sented in the world’s great museums and
galleries.

Artists like Calder. Chagall. Dali.
Miro. Picasso.

At the Original Print Collectors
Group, we offer moderately priced lim-
ited edition prints by these and other
well-known artists.

Our offerings include signed origi-
nal etchings, engravings, lithographs,

Lowell Nesbitt’s Four Tulips, original woodcuts, and silkscreen Prints'
serigraph. Signed limited edition of 175. Each print we offer is signed and
numbered by the artist. Custom-framed.
Accompanied by a certificate of authen-
ticity and a full money-back guarantee.

And each print has been chosen not
only for its beauty but for its invest-
ment value.

(Works by the artists we offer tend

to appreciate, sometimes as much as l "'

; 30% in a single year. Perhaps that’s why
The Wall Street Journal, Business
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I Original print collectors group, Ltd. /5
120 East 56th Street, Dept. SA-20, New York, N.Y. 10022
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LATEST NEWSLETTER AND OTHER INFORMATION.
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serigraph. Signed limited edition of 270.

h---

L N _§ & B _§B §B § § §B § B § | limited edition of 150.

79B

© 1979 SCIENTIFIC AMERICAN, INC



HP measurement and computer advances

. » e -
s ALy redaty -

This HP-developed proto-
typical apodizing mask—a
base of ultra-flat glass upon
which a thin film of rhodium
has been electronically depos-
ited—may point the way to
the detection of planets out-
side our solar system by a
large, orbiting telescope.
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There’s more to telescopy than meets the eye.

No one has ever seen the planet of another
star. The small angle of separation and
enormous brightness ratio makes such a
planet virtually disappear in the glare of its
star. In a NASA-sponsored feasibility study,
HP’s Physical Electronics Lab has used its
resident optical expertise to devise solutions
to the problem of detecting planets outside
our solar system.

Do other stars have planetary systems like our own?
The answer would be of great interest to astronomy.
Planetary systems are thought to be generated along
with stars during their contractive phase, and are
therefore possibly quite common. But so far, evi-
dence for their existence is indirect and questionable,
predicted entirely on the slight wobble detected in
the motion of some nearby stars.

Two HP people, Vice-President of R&D Barney
Oliver and physicist Larry Hubby, have been doing
optical and astronomical calculations to determine
whether it would be possible to see planets of other
stars by putting alarge telescope into orbit around the
earth. The actual telescope would presumably be a
self-contained space vehicle, similar to the Large
Space Telescope to be launched by the Space Shuttle
in the early 1980’s.

While an orbiting telescope could indeed give as-

79C

tronomers their first view of the heavens un-
obstructed by the atmospheric scattering that de-
grades the resolving power of earthbound telescopes,
other problems would still exist:

Diffraction of starlight occurs when it strikes the
sharply defined rim of a telescope aperture. This
creates a series of subsidiary “ripples” that extend to
infinity, and which can totally obscure the far fainter
images of a star’s planets, as the ripples from a stone
cast into a pond would obscure our perception

of grains of sand also striking the water’s

undulant surface.

The solution proposed by Oliver and Hubby is
apodization—literally, “cutting off the feet’—a term
coined by P. Jacquinot to signify reducing or
eliminating the ripples that flank strong lines in a
spectrograph. An apodization mask, rather like a
specialized camera filter but which gradually reduces
the light transmission of the aperture from the center
toward the rim, will theoretically reduce diffraction
ripples by softening the hard edge that generates
them. Through extensive analysis (using an HP
desktop computer to perform all calculations)
Oliver and Hubby established the feasibility of such a
mask, as well as its required characteristics.

With an apodized telescope in orbit, astronomers
should be able to examine some 275 stars within the
range of 33 light years, with excellent chances of
detecting large extrasolar planets if any, in fact, exist.
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extend your possibilities.

HP’s first UV-VIS spectrophotometer lights the way to faster,

nondestructive, chemical identification.

Electronics simplifies the optical system, re-
duces its moving parts to one in the new HP
8450, a powerful, computer-controlled,
ultraviolet-through-visible-light spec-
trophotometer that generates full spectrum
and multicomponent analysis in seconds.

Spectrophotometers identify unknown chemical
compounds by measuring their ability to absorb
light. Conventional instruments do this by the time-
consuming method of sending light through a prism
mechanically rotated so that one wavelength at a time
passes through the sample to a detector. The first
spectrophotometer to be offered by HP has a
revolutionary optical system. It passes light first
through the sample and then onto a holographic grat-
ing, which disperses it across two parallel arrays of
light-sensitive diode detectors—one array measuring
visible, the other ultraviolet, light. Resulting spectra

|

HEWLETT p PACKARD

[:-

1505 Page Mill Road, Palo Alto, California 94304

For assistance call: East (301) 258-2000, West (213) 877-1282,
Midwest (312) 255-9800, South (404) 955-1500, Canada (416) 678-9430

are shown one second later on the instrument’s
built-in video display.

The reversed optics technique coupled with the high
speed data handling capability of the HP 8450 enables
chemists to make full-spectrum, multicomponent
analyses of mixtures containing up to seven com-
ponents, at an unprecedented 360 samples per hour!

The built-in, 44k-word microcomputer permits the
user to program operating parameters and measure
virtually any sample with minimal sample prepara-
tion and minimal training. Communication is
through a friendly, interactive keyboard, sealed to
prevent damage from chemical spills.

After an analytical run, the output from the HP 8450
may be directed to an optional plotter, printer/
plotter, or other HP-IB (Hewlett-Packard Interface
Bus) compatible device. For use with other data
systems, RS232C serial output is also included.

Prices start at $20,000*.

'/;/[ail to: Hewlett-Packard, 1505 Page Mill Road, Palo Alto, CA 94304

Please send me further information on

() HP 8450 UV-VIS spectrophotometer

Name

Company

Address

City State Zip
A J

*Domestic US. prices only. 00946
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Only
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o ‘Always

Visible’
LCD Digital
Timekeeping

e Complete
stopwatch functions

¢ 100% solid state
quartz reliability

e =15seconds
per month accuracy

The Casio F-200—SEE IT TO BELIEVE IT

The Casio F-200 is loaded with features. It's a great watch
for anyone, but for $29.95, it's ideal as a second timepiece
and perfect as a gift! The case is made of space age high
impact resistant Polysulfone plastic. It comes in black with
a beautiful gift box and Casio's own 1 year warranty. You
have to see it to believe it. Check these features:

Watch
shown
actual size

e Displays hours, minutes, seconds. AM/PM, month,
date. and day of week. Also has a light for night viewing.

e Electronic stopwatch times in minutes. seconds. and
hundredths of seconds (up to 60 minutes). Separate
‘time out’ feature permits stopping and re-starting of timer.

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

© Water resistant and shock resistant. Includes battery

Why Shop By Mail?

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

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

you are not happy with the performance, features,

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

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

3 (300) 854-3831

DWS marketing international, 17875 Sky Park No., Suite G
Irvine, California 92714 (714) 540-4444
Call our toll free number for quickest service or send your check,
M O or credit card info tous Weaccept Am Ex.. Carte Blanche,
Diner’s Club. and all major credit cards Add $2 50 tor insured post-
age & handling for tirst product & $1 00 for each additional product
Caif addresses add 6% sales tax. < DWS marketing international 1979
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ized mainly at the level of the spinal seg-
ments receiving input from the needled
acupuncture point. It therefore seems
that acupuncture triggers the liberation
in the spinal cord (and possibly in the
brain as well) of long-lasting morphine-
like peptides that suppress the transmis-
sion of pain impulses. These peptides do
not appear to be released into the blood-
stream, however, because elevated lev-
els of endorphins in the blood after acu-
puncture have not been detected.

Chang cites the work of investigators
in China indicating that acupuncture
causes an increase in the amount of the
neurotransmitter serotonin in the brain.
Selective destruction of the serotonin-
containing cells in the brain stem of
experimental animals reduces the an-
algesic effect of acupuncture, whereas
electrical stimulation of these cells en-
hances the effect. How serotonin might
interact with the endorphins, however, is
not yet understood.

Such inquiries into the physiology of
acupuncture, Chang writes, have al-
ready resulted in important modifica-
tions of the technique. Many Chinese
physicians now choose acupuncture
points on the basis of the segmental-
innervation theory rather than the tradi-
tional meridian theory. A large number
of acupuncture points have been shown
to be redundant or superfluous, and they
have been omitted without sacrificing
the analgesic effect. The resulting sim-
plification of the technique has saved
patients unnecessary discomfort from
the repeated insertion of needles. Elec-
trical rather than mechanical stimu-
lation of the needles is also gaining
ground, since it reduces the danger of
contamination of the operation field by
the acupuncturist and minimizes the tis-
sue damage caused by needling. Finally,
drugs that enhance the effectiveness of
acupuncture (including many drugs that
by themselves are not analgesics) are
coming into clinical use. Some Chinese
physicians are also experimenting with
“acupressure,” the application of finger
pressure to acupuncture points, which in
some cases has been shown to be as ef-
fective as needling in relieving pain.

Chang observes that since acupunc-
ture does not entail the hazardous and
unpleasant side effects of anesthetic
agents and opiate drugs its potential val-
ue in analgesia and anesthesia is clear.
He concludes: “This age-old Chinese
healing art is now already placed on a
solid scientific basis and is indeed re-
juvenated and revitalized. There is no
doubt that acupuncture will become a
new addition to the world medical ar-
mamentarium for combating pain.”

Holes in History

Black holes, those putative ghosts of
collapsed massive stars from which
no matter, light or signal of any kind can
escape, would seem to be a brainchild
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of modern cosmology. The fact is that
the concept goes back to the 1770’s,
writes Simon Schaffer of the University
of Cambridge in a recent issue of Jour-
nal of the History of Astronomy.

John Michell, an 18th-century astron-
omer who was the rector of Thornhill
in Yorkshire, discussed the attraction of
light by gravity in a 1784 issue of Phil-
osophical Transactions of the Royal Soci-
ety of London. In an article titled “On
the Means of discovering the Distance,
Magnitude, &c. of the Fixed Stars, in
consequence of the Diminution of the
velocity of their Light, in case such a
Diminution should be found to take
place in any of them, and such Data
should be procured from Observations,
as would be farther necessary for that
Purpose,” Michell argued that if light is
subject to gravity, the velocity of the
light emitted by a star would be dimin-
ished because of the star’s gravitational
pull. Hence the mass of a star could be
determined by measuring the retarda-
tion of the starlight. Michell calculated
that the escape velocity from the sun is
497 times smaller than the speed of
light. The escape velocity is proportion-
al to the radius, and so he maintained
that any star with the sun’s density but
with a radius 497 times larger would
trap all the light it emitted.

In 1796 the French mathematician
and physicist Pierre Simon de Laplace
argued in the same vein, although ap-
parently he was not aware of Michell’s
work. In his Exposition du systéeme du
monde Laplace concluded that any star
with the density of the sun and a radi-
us 250 times larger should be invisible
because the escape velocity at its sur-
face would be greater than the speed
of light. Michell’s and Laplace’s discus-
sions of black holes were of course based
on Newtonian mechanics, whereas cur-
rent discussion is based on the gener-
al theory of relativity, the special theo-
ry of relativity and quantum mechanics.
Therein lies a crucial difference between
the two discussions: Michell and La-
place merely conjectured, without ob-
servational or theoretical support, that
light might have particle properties and
so might be influenced by gravity. To-
day it is known with certainty that this
is the case. The laws of modern physics
demand that light have particle prop-
erties, and experiments have revealed
what they are. It is also known today
that the operative mechanism in a black
hole would not be the retardation of the
velocity of light but the containment of
the particles of light, or photons, by the
curvature of space-time.

Piltdown Won’t Down

It has been 26 years since Piltdown
man, at that time one of the main
fossils bearing on human evolution, was
shown to be a fraud. In 1953 scholars
at the British Museum (Natural Histo-



meVesba P200E.

Anyone who appreciates “the sweet
life” will likewise appreciate La dolce \Vespa,
“the sweet Vespa Scooter”

Vespa Scooters have welded, uni-
tized bodies for safety and comfort. The unique
design lets you ride inside with your feet on the
floor. And direct drive to the rear wheel means
there’s no chain to stretch or break.

You'll find a Vespa Scooter is clean,
quiet, incredibly powerful and easy to handle.
And you can expect between 70 and 140 mpg.
So you'll save plenty of gas and money.

Today's Vespa Scooter is the result of
30 years of engineering refinement. Our top
models offer sophistications like electronic
ignition, automatic oil injection and exclusive
dampened hydraulic front suspension. With
a hidden spare
wheel included as

give your life a littl

standard equipment. And the Vespa P200E,
largest of three models, will take you anywhere.
Even on the freeway.

\espa products are made in Italy by
Piaggio. Over the years, they've sold over
6,000,000 Scooters and 2,000,000 Mopeds.
Which adds up to billions of dependable miles
around the world. That's why both Vespa
Scooters and Mopeds come with a 12-month
warranty, with no limit on mileage.

Why not add La dolce Vespa to
your life. You'll find your nearest Vespa dealer in
the Yellow Pages. Or write to the address below.

Mileage is based on CUNA Standards.
Yours may vary. Check Vespa limited warranty with

your Vespa dealer. Wear helmet and eye protection.
® Check local laws. Vespa of America Corporation,

Piaggio Group,
355 Valley Drive,
Brisbane, CA 94005.

vespa
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©1979 Vespa of America Corporation



An example of permutational artin
which the photographer “enters” the
environment at a chosen point and
follows a geometric path around that
point, stopping to record the scene
with an SX-70 camera en route. The
resulting sixteen prints are scrutinized
on the spot and later recombined to
form the finished work

2 1

) '».p\

At SumaaX 450 amch S50 gm., Wik

1979 Polaroid Corporation
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: ARE THERE NO BOUNDS
¥ TOTHE CREATIVE POTENTIAL

| OF INSTANT PHOTOCRAPHY?

T

You are looking ar a totally new art form
Concepr and execution: Douglas Holleley
Essential prerequisite: The SX-70 Systemn

_—i

To Douglas Holleley, “the SX-70
System is the daguerreotype of
the twentieth century.” Which is
to say it's a pioneering medium
The totally automated camera is
instantly responsive to ones cre-
ative impulse. The SLR viewing
optics preview each picture with
absolute precision. And the film
embodies a palette of colors that
are rich, brilliant and stable
Taken together, these attributes
provide an ideal tool for spon-
taneous and experimental pho-
tography. But it's the immediacy
of the System, the instant color
print and the subject viewed
simultaneously, that really awak-

= P

==

ens the dormant creative urge to
see “what-would-happen-if
Every time we think we know all
the “ifs." somebody comes along
and surprises us. If you go out
with an SX-70 Land camera,
some packs of film, and a wide-
open mind, our next surprise
might come from you

POLAROID CORPORATION

© 1979 SCIENTIFIC AMERICAN, INC
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Today’s Bunker Ramo
IS giving your broker

a lot of the information
he’s giving you.

On the floor of the New York Stock
Exchange and in brokerage houses
coast to coast, many thousands of
people are looking to Bunker Ramo
for the very latest information every
trading day.

What they’re looking at is Bunker
Ramo’s Market Decision System 7
—the nationwide network of
terminals, computers and over
100,000 miles of high-speed data
circuits that provides the securities
industry with accurate up-to-the-
second data on stocks, bonds,
options and commodities.

In addition to such current data as
open, high, low, net change, and
volume, Market Decision System 7
also displays statistical data and
market trends. Among many other
features, it can supply a standard

stock watch on up to 72 issues per
terminal, a limit watch on up to 12
issues per terminal, ticker displays,
statistical data bases, and Dow
Jones News/Recall. For those who
make investment decisions, itis a
vital, intelligent system.

Today, Bunker Ramo is a major
producer of the data terminals and

minicomputers that, together,
comprise the information systems
widely used in banking and
insurance, as well as the securities
industry. In addition, through our
well-known Amphenol® connectors,
we have a leading position

in the aerospace and aircraft
industries, a strong foothold in
telecommunications, and a growing
role in fiber optics.

Most important, we are a company
with a reservoir of high technology, a
solid base of innovative products,
and a strong management team.

Whichis why today’s Bunker
Ramo is a company that’s on the
move. For our latest financial reports,
write Bunker Ramo Corporation,
Dept. FR, 900 Commerce Drive,
Oak Brook, lllinois 60521.

BUNKER
RAMO
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OIzr glass' sealant

New Chemical Sclence
Achlevement...Prevents
and removes oxidation...
Even restores o
luster to used

Revolutionizes car-finish protection and keeps your car
showroom bright for years — You'll never have to put wax on it again!

Available only as a serviceby new car dealers
for $100 to $200. Now do it yourself in less
than an hour for only $29.95! The original
GloSeal* with Polyglass! (Otfered by direct
order only, not available in any store, 16 oz.
bottle, enough for 2-3 average-sized cars.)

The elements vs. your once beautiful car...
You've probably experienced it. Your trea-
sured, shiny new automobile gradually fades
and dulls. Oxidation sets in and the once bril-
liant, glossy finish turns chalky and washed
out. Even hours of waxing and buffing can't
recapture that new car look...Until this new
chemical science discovery...

Never put wax on your car again...GloSeal*
is not anything like a simple wax or polish. It
is actually a miracle polymer glass formula-
tion serving as a powerful sealant and a beau-
tiful exterior finish. When applied to your
car's finish and chrome its Electromolecular
Action literally fusesit to the surface, locking
in a brilliant shine for years. GloSeal* with
Polyglass actually changes the molecular
structure of your car's finish. It penetrates
through the old wax and binds itself with the
surface.

GloSeal* with Polyglass is impenetrable,
non-porous and virtually impervious to dam-
aging air pollutants, car-wash detergents, salt
air and water, hot burning sun, cold winter
winds, grease, wax, acids contained in eggs
and shaving cream, ultraviolet raysand even
fire damage. It also provides a brilliant, rich
shine to your car'’s finish, keeping up the
appearance and the value of your expensive
investment.

Prevents oxidation from starting on new
cars...and actually removes it from used
models! GloSeal* is literally a Glass Shield
that becomes part of your car'’s finish. Your
new car's paint is guar-
anteed not to oxidize...
for up to 3 Years! Then
GloSeal* it again for years
more of protection. On
used cars, GloSeal* will
actually remove the sur-
face oxidation, add gloss,
and stop normal oxidation
for 1 year before you
need to reapply. It is
similar to covering your
car with an impenetrable
coat of polyurethane.

Enamel spray paint can’t
even get through the
clear glass shield . . .

When this new profes- GloSeal* with
sional automotive product Polyglass.
is demonstrated to car Already on
dealers, the “spray paint ~ thousands of
test” is used. GloSeal* is vehicles.

85A

applied to a car’s hood following the instruc-
tions. Then enamel paint is sprayed directly
on it, along with Magic Marker and other
solvents. Then, to the observers' astonishment,
allof theseare wiped offthehood witha mere
cloth. Nothing, not even dirt and dust can
adhere to the surface!

Important:
Many other “polymer” car care products are
ordinary silicone-based formulations, similar
toa synthetic wax, as evidenced by their wax-
like feel. GloSeal* with Polyglassisan entirely
different product. It is far more advanced,
glass-like, slicker, providing a better, “electro-
molecular” adhesion. The result is a richer,
deeper gloss than you have ever seen before,
plus months of extra “Glass enclosed” protection!

No rubbing, labor, or buffing equipment
needed... GloSeal* goes on easily and quickly.
You wipe it on, let dry, and then wipe it off. It
takes only a few minutes — less than an hour.
Between washes just wipe your car with a
damp cloth to reactivate its brilliant dirt and
dust-repelling shine.

The incredible GloSeal* “Brilliance and
Protection Guarantee”.. If after using it, you
are not pleased for any reason, return the
unused portion within 2 weeks of receipt fora
prompt refund of the entire purchase price.
Further, if you apply and maintain according
to the instructions and GloSeal* does not
protect your new car for 3 years or your used
car (90 days old or more) for 1 year, we'll
return your small investment on a prorated
basis. (Note: GloSeal* is 100% safe to use — it
can be removed with mineral spirits).

CALL TOLL FREE FOR INSTANT PRO-
CESSING: 1-800-235-6945, or if busy 1-
800-235-6951. Calif. res. please call 805-966-
7187. Or send coupon:

I S S T S S S S S—— — — ——

Promptly ship the following order. If not 100% satistied |
can return the unused portion within 2 weeks fora quick
refund of purchase price (less shipping cost). Check One:

0O PG1 - ship 1 bottle @ $29.95 and $2.00 shipping &
handling.

Save $5.00 per bottle on multiple bottle purchases

0O PGM - ship bottles @ $24.95 ea. and $2.00
shipping & handling ea.
Check or Money Order enclosed (CA res. add 6% sales

tax).
O Charge my credit card number below.
0O BankAmericard/Visa O Master Charge
(interbank No. —
OAmerican Express 0 Diners Club O Carte Blanche

Credit Card No.
Exp. Date
Name
Address
City/State/Zip

Starshine Croup.

924 Anacapa St., Dept. 999, Santa Barbara, CA 93101
*Trademark Starshine Inc, 1979

© 1979 SCIENTIFIC AMERICAN, INC

ry), where “FEoanthropus dawsoni” was
housed, announced that the purported
“dawn man” was a contrived combina-
tion of genuinely prehistoric human cra-
nial fragments and a modern ape’s low-
er jaw with doctored molar teeth. Ever
since then a dual question has gone un-
answered: Who perpetrated the hoax
and why?

In his detailed 1955 account of the
initial acceptance and eventual reex-
amination of Piltdown man, Joseph S.
Weiner, a member of the British Muse-
um’s group of investigators, cited inci-
dents in the career of Charles Dawson,
a solicitor and semiprofessional fossil
hunter, suggesting that Dawson was not
above doctoring the fossils he collected,
forexample chemically staining them to
give them a greater patina of antiquity.
It was Dawson who first turned up the
five human cranial fragments of “Eoan-
thropus” in a Sussex gravel pit and later
unearthed the ape jaw. Chemical analy-
ses in 1953 showed that all these objects
had been artificially stained.

Still, few scholars were willing to
credit Dawson with the sophisticated
knowledge required, for example, to
grind the ape’s molar teeth into an ap-
proximation of a human pattern of wear
before planting the jawbone for later
discovery. Who else, then, was learned
enough and had access to anatomical
material (including not only the ape’s
jaw but also appropriately ancient re-
mains of otheranimals found in associa-
tion with the cranial bones) to stage such
a successful hoax? Notable among those
who were taken in was the keeper of the
geology department of the museum, Sir
Arthur Smith Woodward, who had en-
thusiastically joined Dawson in search-
ing for more remains in the gravels of
Piltdown Common.

Last year a 94-year-old British geolo-
gist, James A. Douglas, dictated a ram-
bling “deathbed statement” to a neigh-
bor on the Isle of Wight. At age 53
Douglas had succeeded to the professor-
ship of geology at Oxford following the
death of William J. Sollas, aged 87; Sol-
las (1849-1936) had been professor for
some 40 years. In his statement Douglas
declared that Sollas had profoundly dis-
liked Smith Woodward (who had dis-
missed a line of fossil research pursued
by Sollas as being trivial) and consid-
ered him to be uninformed in general
and ignorant in particular about fos-
sil man, Sollas’ own specialty. Douglas
suggested that Sollas had supplied Daw-
son with the doctored ape jaw. Sollas
supposedly expected that the deception
would soon be discovered, to Smith
Woodward’sembarrassment. Thensome
40 years passed and both men were dead
before the hoax became known.

When Douglas’ charge was made
public two of the British Museum work-
ers who had exposed the hoax, Weiner
and Kenneth P. Oakley, came to Sollas’
defense. The only concrete item of evi-



dence against Sollas that was cited by
Douglas, coming under the heading of
opportunity, was his possession of a
chemical (potassium bichromate) simi-
lar to the one Weiner and Oakley had de-
tected as being a staining agent. Pointing
out that Dawson was known to be well
supplied with bichromate of his own,
Weiner and Oakley further dismissed
Sollas’ supposed motive for the hoax as
the idiosyncratic view of his accuser. As
the matter now stands, Sollas appearsto
be acquitted of the charge, and both the
motive and the perpetrator of the Pilt-
down hoax remain unknown.

The Day the Earth Screamed

Many people who have mused on
volcanoes have wondered what
would happen if a well were drilled in
exactly the right hot spot. Well, it hap-
pened. Borehole 4 (one of five) was
drilled 1,138 meters to tap a hot-water
aquifer at the Namafjall geothermal
field in Iceland in 1968. From then until
September 8, 1977, the borehole duly
produced steam, as it was meant to do.
At 11:45 p.M. on that day it suddenly
shot a thin column of molten rock 15 to
25 meters into the air. The column gave
off quantities of sparks and cinders. This
phase of the eruption, which was ac-
companied by a steady roar, lasted for
about a minute. For the next 10 to 20
minutes the new volcano was quiescent.
The final phase, which lasted for about a
minute, consisted of a series of shots of
glowing scoria (rough, vesicular lava).
The borehole then returned to the pro-
duction of steam.

The event is described in Nature by
Gudrin Larsen, Karl Gronvold and Si-
gurdur Thorarinsson of the University
of Iceland. They point out that the field
is about nine kilometers south of the
Krafla caldera (volcanic crater) and that
magma is fed continuously into magma
reservoirs below the caldera at a depth
of about three kilometers. The geother-
mal-energy field lies on the Krafla fault
swarm, the scene of periodic rifting
events in which segments of the swarm
from five to 15 kilometers long “are acti-
vated with movements on faults, earth-
quakes and the formation of new steam
fields.” The five boreholes of the geo-
thermal field were deliberately placed
to intersect faults at depths favorable
to tapping these sources of energy.

The authors conclude that the erup-
tion in the borehole “was part of a rift-
ing event that took place during that
day” and that it provides evidence for a
large-scale horizontal movement of ba-
saltic magma from the caldera through
the fault swarm. The magma was appar-
ently injected into the borehole through
a steeply dipping fault that intersects the
hole above the aquifer. The volume of
the eruption is estimated at 26 cubic
meters, the weight at 3,100 kilograms
(three metric tons).

-_—

The wonderful new best-
seller from the author of
The Lives of a Cell

Lewis Thomas

The
Medusa

andthe

More Notes of a Biology
Watcher

“Lewis Thomas is unique among
writers on science. The Medusa
and the Snail follows seamlessly
from his first collection, with no
falling off in the clarity of his
writing and insight on such sub-
jects as cloning, Montaigne, and
the pre-medical curriculum.”
—Harper’s
“If Montaigne had possessed a
deep knowledge of twentieth-
century biology, he would have

been Lewis Thomas.”
—EDWARD O. WILSON

“As bold, bright, salty and pro-
voking, as genial and gently
ironic as any master of the essay
might hope to produce.” —Quest
$8.95

THE VIKING PRESS
625 Madison Ave., New York 10022
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PROFESSIONAL

DISCOUNTS

HEWLETT \ip, PACKARD
HP-10 .. $139.95 HP.97 .. $584.95
HP.19C .. 184.95 HP.31.E .. .49.95
HP-29C .. 156.00 HP-32-E .. .65.95
HP-67 ... 352.95 HP-33-E...8295 |
HP.92 . 399.95 HP.37.E...61.95 |
HP-38-E ... 9895 |
We are HP's authorized franchise dealer

all accessories are professionally discounted

< TEXAS INSTRUMENTS A“DIQ’I,I'
electronic calculators warcnest

TI:25 ... ..., $27.95 -
TI-50 .. 3350 89.!
TI-55 . 43.95 -39.¢
TI57 ... 48.85 48.
TI-58C(NEW). . 109.95 57.
TI59 ... 9.95 Business Analyst Il . 39.95
T1-58/59 Libraries . . 28.95 Speak and Spell . . . 48.95
TI-30-SP..... .. 7.95 Spelling Bee . .....28.95
SR-40 . 21.95 DataMan . . ... ... 18.95
PC-100C 146.95 DataCard . . ... ...24.95
T1-1030 . .....16.95 DataClip . ... . . . 21.95
T1-1750-LCO . .. ... 19.95 Little Professor . 1259
TI-1790 3995 Travel Alarm 27.95
T1-5015 62.95 Chrono Alarm . . .. 89.95

Also Casio, Canon, APF, Sharp, Lexicon (NEW), NSC
Seiko, Citizen, Craig, Sanyo, Norelco-Phillips, Pearicorder

SCM, Olivetti, Record-a-Call, Cude-a-Phone
Apple, Atari, Boris, Chesschallenger Randix
ALL AT GREAT PRICES! Midex

WE WILL BEAT OR MEET ANY COMPETITOR'S PRICE
IF HE HAS MERCHANDISE ON HAND. A// units shipped
in original factory cartons with accessories according
to manufacturers’ specifications. CALL TOLL FREE
(800) 854-0523) (outside CA) or (714)549-7373 (within CA).
BankAmericard, Visa and MasterCharge; money order; pers.
ck. (2 Wks. to clear); COD accepted. Min. $4.95 for shipping
in USA. We ship AIR on request. CA residents add 6% sales
tax. All merchandise subject to availability. Prices good only
with this ad for limited time only. Send mail orders to
DEPT.SAE WRITE OR CALL FOR FREE CATALOG.

3211 South Harbor Blvd., Santa Ana, CA 92704
4 Stores in California — CALL:

\ (714) 5649-7373 (800) 854-0523 )

GUAYABERA SHIRT: For decades the GUAYABERA shirt has been

synonymous with graceful and casual living in Latin America. The elegant design and casually
free tailoring will insure confidence in your dress and appearance turning a simple evening into

an event.

Intricate design — The front and back
of the shirt have 3 pleats. Each pleat is
formed with 6 double stitched folds
with a % inch plain stripe in the
middle for balance. Each sleeve
has a pleat running the length
of the sleeve. The bottoms of
the shirt and sleeves have an inch
and a half border with buttons.

L
4 pockets — are wide
and deep allowing you
to carry otherwise
bulky materials with
ease and grace.
The unflapped
pockets are
double stitched.

Comfortable fit —

the GUAYABERA

is designed to wear
loosely allowing
maximum freedom of
movement. The free
hanging shirt has two side
vents with 3 slits which
may be unbuttoned to
adjust to your particular
build. As the evening
wears on the 65% dacron — 35% cotton

Order TOLL FREE
. (credit cards only)
i, 1-800-824-7888
%, (in Calif.
1-800-852-7777)

il
I l Color/Size

GUAYABERA will keep its shape and fresh

look.
Imported by

ORLEANS COMPANY

and ask for
Operator # 445

Colors: White
and Lt. Blue
Sizes: (neck)

S 14-14%2
M 15-15%
L 16-16%
XL 17
XXL 17%

$22.00

(includes post.)

| Orleans Company P.O. Box 4190 SA-7
5007 River Road New Orleans, Louisiana 70178

| Color/Size

| Name
: Address
| City _
| $22 O Check/MO O VISA O MC O Am. Exp. O CB O DC
I Card #

State  Zip

| Expiration Date

New Orleans, Louisiana. | Signature
L
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Rockwell is more than
the builder of

America’s Space Shuttle.

Much more.

Designed for
35 separate firings.
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Automotive.

One-half of the
highway tandem trac-

] torsin North America are
“ | equipped with Rockwell

=+t axles— and more than

half of the heavy-duty

trucks stop with Rock-

i |
H T

T [T1T
If you think of Rockwell Inter-
national as a company that makes
spaceships, you have good reason. We
are prime contractor to NASA for
Space Shuttle orbiters and their main
engines, and for integration ofthe en-
tire Shuttle system and selected pay-
loads. The Rockwell-built orbiter is the
world’s first reusable spaceship, cap-
able of at least one hundred missions
into space and back. It will launch like
a rocket, haul like a truck, work like a

1978 operating income

land like a glider.
But aerospace is only part of the
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well brakes. We're also
a major supplier of

Rockwell story. Rockwell International
is @ major multi-industry company,
applying advanced technology to a wide
range of products — in aerospace,
automotive, electronics and general in-
dustries. Following are some examples
of our balanced diversification.

Aerospace.

Rockwell aerospace involve-
ment extends well beyond the Al
Space Shuttle. Our rocket
engines have been used
to launch over two-thirds 2
ofall U.S. manned space €
flights and satellites, and
we're building the Navstar
satellites that are bringing totally
new standards of accuracy toworld
navigation.

For general aviation, we build
Sabreliner® business jets, Commander®
690B propjets, and Commander piston-
powered aircraft. And we havea long,
proud history as a designer and builder
of U.S. military aircraft.

© 1979 SCIENTIFIC AMERICAN, INC

drivelines, steel and styled aluminum
wheels, mechanical devices, castings,
stainless steel wheel covers, reinforced
plastic and other components for
trucks, trailers, buses, vans and pas-
senger cars.

Tripmaster
hel ps a truck live longer —
. and a fleet operator manage
his business better.

a [/
In this age of rising costs, Rock-
well is creating products that can help




Rocket engine
power equivalent to
the output of
23 Hoover Danms.

Every day,

cubic feet of gas flow through '
the Rockwell Hypresphere ball |
valves on this production platform
[{/;ofMexico. o

hundredszfmillions of

in the Gu

trucks and cars perform better.
We've developed an electronic
instrumentation system
called Tripmaster™ which
can provide truck fleet op-
erators with data that can
improve vehicle
utilization and

operating efficiency. Some of our com-
ponents that can help cut a trucker’s
fuel consumption and increase
payloads include a new
aluminum front axle
beam, Taper-Leaf®
springs and
Stopmaster® .
brakes. Our “.'[Mi'l'l
weight-saving
products for
cars include re-
inforced plastic
components and
aluminum

wheels. Our

quarter-million-bit
bubble memory device.

Electronics.

We're one of the world’s leading
suppliers of avionics — communica-
tions, navigation and flight control equip-
ment for air transport, general aviation
and government aircraft. We also make
microelectronic systems and devices
and guidance and control systems. And
we manufacture and install telecom-
munications systems for businesses
and governments worldwide.

One of Rockwell’s latest elec-
tronic achievements is the production
of bubble domain memories. We devel-
oped and market a device measuring
about two-fifths of an inch square that
can store up to 256,000 bits of infor-
mation. It has no moving parts and re-
tains its data without use of power.

Mechanical
mass storage
computer mem- =
ories can now
be replaced by
smaller, faster,

more reliable, __—
more energy- anptn
efficient Yal‘ 2
systems.
General Industries.

Most of America’s major daily
newspapers are printed on Rockwell-
Goss presses. We also make textile
equipment, industrial sewing machines,
power tools, water and gas meters and
other products for utilities.

In addition, our extensive tech-
nology is being applied to the
world’s growing need for
alternate sources of ener-
gy. We're involved in
projects for nuclear
energy, coal gas-
ification, flue gas
desulfuriza-
tion, and
solar, wind
and geo-

thermal

power.

We also
Rockwell was manufacture
the first company valves — plug,
in theworld to produce a ipeline ball
256,000-bit memory for pa‘ie slobe '
commercial applications. gate, g ’

angle and

check valves for America'’s

power needs. Our Flow Control
Division is one of the world’s leading
suppliers of high-technology valving
for U.S. and international energy
markets. Rockwell valves are used in
oil and gas production, transmission
and processing; natural gas
distribution pipelines; coal slurry
pipelines; synthetic fuel processing
plants; electric power plants;
shipboard power plants; and in many
other energy-related markets.
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Over 14,300 scientists
and engineers.

Of our 114,000 employees,
one in eight is either a scientist or an
engineer. They constitute about one
percent of America’s total scientific-
engineering community. This
technological base positions us for
leadership in each of our product
areas. It also makes our corporate
slogan,”. ..where science gets down
to business,” a fact.

Business is good.

: Rockwell

= International’s total
sales for 1978 were
over $5.6 billion.
Fiscal 1978 was the
most profitable year
in Rockwell’s history.
Net income, up 23%
over fiscal 1977,
was $176.6 million,
generating a record
$5.02 per share.

For more of the Rockwell
story, please write us:
Rockwell International,
Department 8158,
600 Grant Street,
Pittsburgh, PA 15219.

o\

...where science gets down to business

Rockwell
International
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The Origins of the First
Powered, Man-carrying Airplane

The Wright brothers” “Flyer” of 1903 was not just a lucky

effort by two bicycle mechanics from Dayton but the outcome

of an intensive program of research, engineering and testing

1903, Wilbur and Orville Wright

became the first to pilot a powered
airplane. As is well known, they had de-
signed and built the craft themselves. To
this day, however, the notion persists
that the Wright brothers were essen-
tially bicycle mechanics who more or
less stumbled on their successful design.
Even among aeronautical engineers ig-
norance of what the Wrights accom-
plished is widespread. In tracing the
steps by which the brothers arrived at
their success, and in building a model of
their 1903 “Flyer” for tests in a wind
tunnel, I have come to recognize how
remarkable their achievements in re-
search, engineering and testing were.
Their work deserves to be set in a richer
historical context.

On the day of the first flights the
brothers took turns as pilot. Wilbur was
the pilot on the fourth, last and longest
flight of the day, staying aloft for 59
seconds. Nearly four years passed be-
fore anyone else was able to fly for as
long as a minute, and even then the ma-
chine was not fully controllable. By that
time the Wrights had developed a ma-
neuverable airplane capable of flying
for more than an hour.

As late as 1908, when the Wrights first
flew publicly, no one else yet understood
the need for lateral control, much less
the function of the vertical tail. There-
fore no one else could execute proper
turns. No one else knew how to make
propellers correctly. Above all, no one
else had pursued a comparable pro-
gram: doing the necessary research, con-
structing his own aircraft and doing his
own flying, so that he understood the
entire problem. The Wrights were able
to outstrip all the other people who were
trying to fly because they recognized
the problems that had to be faced and
solved.

The brothers began their work in
1899, when Wilbur was 32 and Orville
was 28. Wilbur, who was the informal
leader in much of the work, realized

In a series of flights on December 17,

86

by F. E. C. Culick

they would have to follow a systematic
program of research and engineering.
He summarized his view in a lecture he
gave in September, 1901, at a meeting of
the Western Society of Engineers: “The
problems of land and water travel were
solved in the 19th century because it was
possible to begin with small achieve-
ments and gradually work up to our
present success. The flying problem was
left over to the 20th century, because in
this case the art must be highly devel-
oped before any flight of any consider-
able duration at all can be obtained.”
Four years later the Wrights would have
a practical airplane.

Their invention of the powered, man-
carrying airplane happened partly as
a natural development from the work
of others. To an extraordinary de-
gree, however, the Wrights’ own contri-
butions were crucial. Their technical
achievements were stunning, particular-
ly when one considers where the effort
to achieve human flight stood in 1899.

Four Pioneers

The people trying to build flying ma-
chines had followed several strategies.
Observations of the flight of birds moti-

vated the efforts, and so it was natural
that the earliest ideas always entailed
the use of flapping wings. Sir George
Cayley (in 1799) was the first to under-
stand that manned flight would be more
easily achieved if the means of generat-
ing lift were separated from the means
of propulsion.

Cayley is recognized as the originator
of the airplane. His designs and conclu-
sions were based on careful observa-
tions and experiments. He conceived the
configuration now viewed as being con-
ventional: a body or fuselage supporting
one main wing, with horizontal and ver-
tical tails positioned aft. He sucessfully
flew gliders, one of them large enough to
carry a boy on at least one occasion.
Cayley himself never flew. Among his
many other notable contributions were
demonstrations that curved surfaces are
better than flat ones for providing lift;
the idea that lateral balance or stability
can be gained by giving the wing a dihe-
dral angle, that is, making it with raised
tips, and the concept of employing a
horizontal tail to achieve longitudinal
stability.

What Cayley began to comprehend
were the intimate connections between
the geometry of an aircraft, the forces

WRIGHTS’ FLYER OF 1903, portrayed at the left in a view from the left side and at the right
in views from above and in front, was the first powered, man-carrying airplane to fly success-
fully. Its most distinctive feature was the forward horizontal control surface. The twin vertical
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acting on it and its stability in flight. An
airplane has a vertical plane of symme-
try passing through its longitudinal axis.
Motions that do not deflect the craft in
directions out of that plane are called
longitudinal motions. The commonest
motion is pitching, in which the nose
moves up or down. Sideslip, roll about
the longitudinal axis and yaw about the
vertical axis are collectively called later-
al motions.

The tendency of any object in steady
motion to return to its initial state fol-
lowing a disturbance is called stability.
There are two kinds of stability, longitu-
dinal and lateral, corresponding to the
two classes of motions of an airplane. In
a modern aircraft longitudinal stability

is provided mainly by the smaller hori-
zontal surface, which is usually placed
at the rear as Cayley advocated. Lateral
stability is the effect of many causes, in-
cluding the dihedral angle of the wings
and the vertical tail. The designs of early
flying machines often included a verti-
cal tail for steering, by analogy with the
rudder of a ship. The true function of
the vertical tail as a contribution to sta-
bility was not apparent until the work of
the Wrights.

The giant of early French aeronautics
was Alphonse Pénaud. He was the first
to use wound strip rubber to power a
propeller-driven model airplane. Inde-
pendently of Cayley he conceived of the
horizontal tail as a means of achieving

longitudinal stability. Moreover, he un-
derstood how the tail worked and gave
the first explanation of its function in
producing stable flight.

Otto Lilienthal, a mechanical engi-
neer working in Germany, made major
contributions that directly influenced
the Wrights. In 1889 he published a
book, The Flight of Birds as the Basis for
the Art of Aviation, that contained the
results of extensive experiments he had
carried out with the help of his brother.
That work provided the first useful data
on the lift and drag of curved airfoils.
Lilienthal also experimented in gliding,
beginning in 1891, and became the first
successful hang-glider pilot. He tried
both monoplane and multiplane gliders
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tail could not be moved except when the pilot warped the wings to
make a turn. Flying prone, he achieved warping by means of wires
attached to a hip cradle. Wing warping, which was an invention of
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the Wrights, fulfilled the function now uniformly done with ailerons.
Wilbur and Orville Wright built the entire airplane, including the gas-
oline engine and propellers, which they had to design from scratch.
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and was killed while testing a mono-
plane.

In the U.S. the most serious student of
aeronautics during this period was Oc-
tave Chanute, an eminent civil enginecr.
With his writings and his own experi-
ments he brought Lilienthal’s work to
the U.S. Because of his age (he was 68 in
1900) he did no flying himself. He had
several protégés who tested his gliders
and their own designs.

Chanute designed a biplane glider
that represents the beginnings of mod-
ern aircraft. (The design has served re-
cently as the basis for several hang glid-
ers.) Chanute adopted Pénaud’s aft tail
for longitudinal stability, and for better
lift he designed a cambered wing section
similar to one tested by Lilienthal. Less
obvious is Chanute’s most important
contribution: his choice of structure for
the biplane. It is the Pratt truss, which
had been patented in 1844 as a design
for railroad bridges. The two wings were
connected by solid vertical struts, which
carried compressive loads. Tensile loads
were transmitted by crossed diagonal
wires joining the struts in both the lat-
eral and the fore-and-aft plane. The re-
sult was a rigid, lightweight structure
that became the basis for all external-
ly braced biplanes.

Lilienthal and Chanute were trying to
solve the problem of longitudinal stabil-

ity. Although they were able to design
their gliders to generate sufficient lift,
they had great difficulty maintaining
balance in flight. They understood that
achieving balance meant making the
center of lift coincide with the center of
gravity. The difficulty arises because the
center of lift moves if the attitude of the
aircraft is disturbed, as by a gust. In a
hang glider the pilot can restore balance
by shifting his position in order to move
his center of gravity and change the atii-
tude of the aircraft. If this mancuver is
accomplished correctly and consistent-
ly, the combination of the glider and the
pilot forms a stable system.

When an aft horizontal tail is properly
installed, it will (as Pénaud understood)
act to restore balance. The reason is that
the effective center of lift of the wing
and tail together remains fixed even if
the attitude of the airplane is disturbed.
The airplane is inherently stable, and the
pilot need not shift his position. A model
airplane is stable for this reason. A full-
size aircraft requires more control, and
so the tail is made movable and the pilot
can change its lift at will. With a mov-
able tail an unstable airplane can be
flown by a sufficiently skillful pilot.

The Wright brothers were introduced
to flying when as young boys they were
given a small toy helicopter similar to
one invented by Pénaud. News of Lili-

enthal’s death in 1896 aroused their in-
terest in the problem of flying. In May,
1899, Wilbur wrote to the secretary of
the Smithsonian Institution asking for a
list of the available literature on flight.
Among the items he decided to buy was
Chanute’s book Progress in Flying Ma-
chines, written in 1894. After studying
the book Wilbur wrote to Chanute, initi-
ating an exchange of letters that contin-
ved for nearly 10 years. For most of that
period Chanute was a source of both
information and encouragement to the
Wrights. The letters and the diaries of
the Wrights constitute a detailed chroni-
cle from which one can reconstruct the
events leading to powered flight.

The Wrights Begin

By the time the brothers began experi-
menting seriously they had acquainted
themselves thoroughly with the aero-
nautical literature. They understood the
prevailing views that longitudinal stabil-
ity required a Pénaud tail, that lateral
stability should be achieved by having
a dihedral angle in the wings and that
steering could be accomplished with a
vertical tail or rudder. Yet they eventu-
ally rejected all three notions, producing
designs that were quite different from
the basic one conceived by Cayley and
generally accepted by their contempo-

EARLY GLIDER was designed by Otto Lilienthal, who is seen here
flying it over a brickyard on the outskirts of Berlin in 1894, Lilien-
thal was the first pilot of what would now be called a hang glider. He
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was killed in 1896 when one of his gliders lost lift and went into a sud-
den dive. The irregular horizontal line passing near the heads of the
spectators in this photograph is a crack in the original glass negative.



raries. Their first powered airplane, the
1903 Flyer, had a forward horizontal
surface, the tips of the wings drooped
with negative dihedral and the vertical
tail moved only when the wings were
flexed to turn the aircraft. The reasons
for the configuration adopted by the
Wright brothers tell the story of their re-
search and engineering.

Probably the single most important
motivation in the Wrights’ program was
that they themselves were resolved to
learn to fly. That determination influ-
enced virtually all their decisions. Since
they were to be pilots, they had to give
careful consideration to stability, con-
trol and safety. They were not inclined
to build a machine, hope it would work
and hire somebody else to do the testing.
Moreover, they were clearly not going
to be satisfied just with gliding straight
ahead.

Lilienthal’s death and a similar acci-
dent in England convinced Wilbur at the
outset that to be safe an airplane should
have the horizontal stabilizing surface
in front of the main wing (a system that
came to be called the canard configura-
tion). No one at the time understood
stalling (the loss of lift), and the Wrights
had no scientific basis for determining
the relative merits of aft and forward
surfaces. While they were experiment-
ing, the theoretical conditions for stabil-
ity were being developed by others, but
not until after 1903 was it widely known
that an airplane can be made longitudi-
nally stable with either an aft or a for-
ward horizontal surface. The forward
surface, which was the most unusual
feature of the early Wright aircraft, had
for the brothers the advantage that the
pilot could see it, thereby gaining a mea-
sure of safety by being able to respond
quickly if something went wrong with it
in flight.

Unlike his predecessors, Wilbur did
not assume that the problem of lateral
stability had been solved by Cayley’s in-
vention of dihedral. “My observations
of the flight of buzzards,” Wilbur wrote
to Chanute, “lead me to believe that
they regain their lateral balance, when
partly overturned by a gust of wind, by
a torsion of the tips of the wings.” Hav-
ing made this fundamental observation,
Wilbur then had to solve the problem of
inventing a comparable method of con-
trol for a man-carrying aircraft.

He eventually realized the idea as
wing warping, which was the prede-
cessor of the ailerons that fulfill the
function in modern aircraft. With wing
warping the Wrights were able not only
to stabilize the airplane in a straight path
but also to turn it. And that is how they
advanced far ahead of their competi-
tors. By employing a movable horizon-
tal surface and wing warping the Wright
brothers fused the tasks of stability and
control, thereby making their most im-
portant contribution to the development
of the modern airplane.
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—3000
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Several months after Wilbur had cor-
responded with the Smithsonian Institu-
tion, he built a biplane kite with a five-
foot wingspan. Kites as they are now
known (particularly box kites) had been
developed quite recently. Wilbur fol-
lowed the latest construction practices,
but the basic structural design of his kite
was the Pratt truss, which he had heard
about from Chanute. He removed the
fore-and-aft bracing wires in order to
have the wings free to slide with respect
to each other, thereby producing the
wing warping. The only rigid parts of
the structure were the connections be-
tween the control surface and the up-
rights to which it was attached. The four
control cords were arranged so that the
operator could exercise both longitudi-
nal and lateral control of the kite, inde-
pendently or simultaneously.

Flight Testing

Wilbur flew this first test vehicle one
afternoon in August, 1899, when Orville
was away on a camping trip. Although
such a kite is somewhat sensitive to fly,
Wilbur succeeded, convincing himself
that his ideas for longitudinal and later-
al control were sound. He found also
that the kite would fly with the horizon-
tal tail either forward or aft. This re-
markable kite was the first flying device
that could be controlled both laterally
and longitudinally.

The design of the 1899 kite was the
basis for a scale-up version that was
small enough to be flown as a kite but
large enough to support a man. It had a
wingspan of 17 feet and a wing chord
(width) of five feet; its weight was 50
pounds empty, 190 pounds with a pilot,
who flew prone. With the pilot aboard
the wing loading was 1.15 pounds per
square foot. (A high-performance sail-
plane today might have a wing loading
of five pounds per square foot.)

Wilbur intended to fly this glider-kite
of 1900 initially from a tower to which it
would be attached by ropes. If steady
winds were available, he and his brother
could gain hours of experience in op-
erating the controls without the risk
of flying free. They estimated that in
five years of work Lilienthal had logged
only about five hours in the air, which
was hardly enough time in which to
learn how to fly.

Chanute suggested a number of places
where the Wrights would be able to find
steady winds at the time of year when
they could experiment. (Because of con-
straints imposed by their bicycle busi-
ness they could leave their home in Day-
ton, Ohio, only between September and
January.) After verifying the probable
wind conditions with the Weather Bu-
reau they decided to go to Kitty Hawk
on the coast of North Carolina. Kitty
Hawk was a small, isolated settlement
that could be reached only by boat after
a day’s train ride from Ohio. The broth-

Y

BIPLANE GLIDER was designed in 1896 by Octave Chanute, a civil engineer who was the
most serious student of aeronautics in the U.S. before the Wrights began their work. They car-
ried on a long correspondence with him, and he was on hand for many of their early flights.
The pilot for this flight in 1897 in Indiana was A. M. Herring, one of Chanute’s associates.

ers not only had to transport their air-
craft and all their equipment from the
mainland but also had to obtain materi-
als for building their tower.

The Wrights spent less than a month
near Kitty Hawk in 1900, experimenting
with their glider between October 5 and
18. Most of the time they operated the
glider as a kite, first from a 10-foot tow-
er but usually from the ground with
hand-held ropes. The total time in free
flight was about two minutes, of which
roughly 10 seconds was spent with a
man on board. Only Wilbur flew. The
controls worked well when the glider
was flown as a kite, but in the brothers’
limited amount of piloted-flight time
they did not master the adaptation of the
controls to direct operation.

It is apparent from the diaries that
the first experiments were often frustrat-
ing. Orville noted: “We tried it with tail
in front, behind, and every other way.
When we got through, Wil was so mixed
up he couldn’t even theorize. It has been
with considerable effort that I have suc-
ceeded in keeping him in the flying busi-
ness at all.” The flights were short and
there were many hard landings. Fortu-
nately the structure was simple and easi-
ly repaired.

With spring scales attached to the re-
straining ropes the brothers made mea-
surements of lift and drag. They deter-
mined the speed of the wind with an
anemometer. These were the first quan-
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titative data for the performance of any
full-scale lifting structure.

Although the Wrights’ flying program
in 1900 was short, it yielded fundamen-
tal results and served to “confirm the
correctness of our original opinions.”
The brothers proved their techniques of
longitudinal and lateral control; they be-
lieved even more strongly that they had
to practice flying, and from their mea-
surements they learned that flying in a
prone position greatly reduced the drag
on the machine.

Results of Testing

Not all their conclusions were so posi-
tive. It was at this time that Wilbur de-
cided not to make the wings with a dihe-
dral angle. Although the configuration
aided stability in still air, the slightly
raised tips of the wings tended to accen-
tuate the effect of gusts from the side.
Since the Wrights had lateral control
through wing warping, they did not need
the stabilizing effect of dihedral.

By far the most disappointing results
of the experiments in 1900 were the val-
ues for lift and drag that the brothers
found. The drag of the structural frame
when no lift was being generated was
much less than they had expected. Yet
for a given angle between the wing and
the wind the total drag was greater and
the lift smaller than they had anticipat-
ed. (The Wrights were working from
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data on a flat plate perpendicular to an
airstream reported by John Smeaton in
1759 and on measurements for cam-
bered airfoils made by Lilienthal.) The
brothers observed in their flight tests
that the glider operated at an angle of
incidence much larger than the one they
had expected. Lift increases with angle
of incidence and must equal the weight
of the glider for steady flight. At a given
angle of attack the Wrights’ wings pro-
duced less lift than the brothers had pre-
dicted on the basis of Lilienthal’s data.

That was a surprising result, but the
Wrights believed their own data and
considered three possible explanations:
(1) the fabric covering was not suffi-
ciently airtight, (2) the camber of their
airfoil (1:22) was too shallow for Li-
lienthal’s data to be applicable or (3)
Lilienthal’s data were wrong. They fa-
vored the second reason and designed
their next glider, which was to be flown
in the fall of 1901, with a more highly
cambered airfoil.

With the interpretation of their results
in 1900 the Wrights stopped depending
on the work of others. From then on
their progress was to be entirely the re-
sult of their own discoveries. They be-
gan work on their 1901 glider during the
winter. To get more lift they increased
the wingspan to 22 feet. With a chord of
seven feet the total covered wing area
was 290 square feet; the stabilizer area

was 18 square feet. This was by far the
largest glider anyone had tried to fly.
The weight of the structure had become
98 pounds and the wing loading, with a
pilot, was .78 pound per square foot.
The only other major changes were the
increase of the camber from 1:22 to
1:12 and modifications of the controls
so that the pilot could more easily op-
erate both the stabilizer and the wing
warping. Although the glider did not
look much different from the 1900 mod-
el, it was in some respects the most
important of the Wrights’ research de-
vices. Indeed, the year 1901 was the
watershed for almost all their later ac-
complishments.

Expanded Testing

Now the test program was expand-
ing. The brothers built a wooden shed at
Kill Devil Hills, four miles from Kitty
Hawk, where large sand dunes afforded
good launching platforms. Because of
business pressures they conducted their
flying experiments earlier than they had
originally planned, from July 10 to Au-
gust 20.

According to their diaries, Wilbur did
all the flying in 1901. On the first day of
testing, July 17, he made 17 glides with-
out having tested the machine as a kite.
These first flights were nearly disastrous,
mainly because of the problem of longi-
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FIRST AIRCRAFT built by the Wright brothers was this biplane kite of 1899, It had a wing-
span of five feet and embodied as its basic structure the Pratt truss, which had been designed for
railroad bridges and adapted for aircraft by Chanute. The kite also embodied Wilbur Wright’s
concept of wing warping. The four cords gave the operator lateral and longitudinal control.
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tudinal control. Wilbur found that full
deflections of the forward horizontal
control (the canard) were often required
and that the flight path of the glider was
severely undulating. Twice the angle of
incidence was so high that the machine
lost forward motion and stalled. Each
time the glider simply mushed slowly
to the ground rather than diving as Lili-
enthal’s had. These two recoveries from
the conditions Wilbur had feared satis-
fied the brothers of the worth of the
canard configuration. From then until
1910 they had no interest in trying the
aft tail.

Wilbur was faced with the problem
of determining why the glider was be-
having so erratically. No noticeable
improvement followed a reduction of
the area of the control surface from 18
square feet to 10. The brothers then flew
the glider as a kite and in one afternoon
found that the center of lift was travel-
ing backward as the angle of attack was
decreased.

It was known at the time that for a flat
plate the center of lift progresses contin-
uously from the center, when the plate is
perpendicular to the airstream, to the
leading edge, when the angle of inci-
dence is zero. In testing a full-scale wing
the Wrights discovered a fundamental
property of airfoils: camber causes the
motion of the center of lift to reverse as
the angle of incidence is changed.

The reversal of the motion of the cen-
ter of pressure with angle of incidence
was the cause of the difficulties Wilbur
had in controlling the glider. The solu-
tion lay in reducing the camber of the
wings. The brothers went back to the
camber of the 1900 glider by installing
king posts on the lower wing and rigging
truss wires to pull the middle sections of
the ribs downward on both wings. The
results were immediate and satisfying.
Wilbur made some 30 glides after the
modification; the longest one lasted 17.5
seconds and the greatest distance was
390 feet.

During the last week of testing Wilbur
made a fundamental observation about
the behavior of an aircraft when it is
turned. He recorded in his diary that the
“upturned wing seems to fall behind,
but at first rises.” On August 22 he wrote
to Chanute: “The last week was without
very great results though we proved that
our machine does not turn (i.e., circle)
toward the lowest wing under all cir-
cumstances, a very unlooked for result
and one which completely upsets our
theories as to the causes which produce
the turning to right or left.”

Turning an airplane is done not by
steering with a rudder but by rolling
about the longitudinal axis. To turn to
the right, for example, the right wing is
lowered and the left one is raised. The
direction of the total lift is thus tilted to
the right of the vertical and part of the
lift acts to accelerate the airplane to the
right. It was the Wrights who discovered



GLIDER-KITE OF 1900 was the first Wright aircraft large enough
to support a man. It was a scale-up version of the 1899 kite, hav-
ing a wingspan of 17 feet and a chord (wing width) of five feet. The
Wrights tested it, mainly as a kite, at Kitty Hawk, N.C., in October of

the correct method of turning, a discov-
ery made possible by their invention of
wing warping for lateral control.

While Wilbur was practicing turns he
discovered what is now called adverse
yaw. Since initially the lift on the raised
wing is greater than that on the lowered
one, so is the drag. The different drag
forces tend to turn the airplane in the
direction opposite to the one intended
when the rolling motion is initiated. Wil-
bur’s observations led to the installation
of the vertical tail on the 1902 glider.

Because Wilbur was simultaneously a
theorist, an inventor, a builder and a test
pilot he had in three weeks of flying been
able to make two crucial discoveries,
one being the influence of camber on the
motion of the center of lift and the other
being adverse yaw. His responses essen-
tially completed the configuration of
the aircraft.

The Wind Tunnel

The experiments of 1901 convinced
the Wrights that Lilienthal’s data for
curved airfoils were wrong. More care-
ful measurements had confirmed the re-
sult found in 1900 that the predicted lift
was too large. Beginning in the fall of
1901 the brothers carried out a lengthy
series of tests in a wind tunnel.

Theirs was not the first wind tunnel or
even the first in the U.S. They probably
got the idea from articles in Aeronautical
Annual, which was published by James

Means in Boston in the years 1895-97.
The contribution of the Wrights was
characteristically to the point. They re-
corded accurate data for many airfoils
and wing shapes. They did not make ab-
solute measurements but rather com-
pared the forces acting on an airfoil with
those acting on a flat plate oriented per-
pendicular to the airstream. As a result
of their tests they had by midwinter all
the data they would need to design their
aircraft for the next decade.

The Wrights also decided on the basis
of their own data that Lilienthal’s mea-
surements were not as inaccurate as
they had initially believed. For their
predictions of lift on their gliders they
had needed a constant (related to the
drag on a flat plate), which had been
inferred from the data published by
Smeaton. By comparing the wind-tun-
nel findings with the measurements of
lift on their gliders the Wrights deter-
mined that the value of the constant was
wrong. The error had caused them to
overestimate the lift by 40 percent.

On August 28, 1902, the Wrights ar-
rived again at Kill Devil Hills with an-
other glider. This model had a span of
32 feet and a chord of five feet, so that its
total area and wing loading were about
the same as those of the 1901 glider.
From the wind-tunnel tests the brothers
had learned that a long, narrow wing,
which has a higher aspect ratio, is more
efficient than one with the same area but
a shorter span. Their choice of cross sec-
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1900. Only Wilbur flew as the pilot, for a total of about 10 seconds.
Although the controls worked well when the Wrights flew the air-
craft as a kite, Wilbur found in his brief attempt at piloting that he
could not master the adaptation of the controls to direct operation.

tion for the airfoil was also based on the
wind-tunnel tests.

The 1902 machine was the first to in-
clude the hip cradle the brothers devised
to enable the pilot in a prone position to
operate the warping wires by shifting his
hips laterally. The deflection of the hori-
zontal surface was changed by operat-
ing a lever with the left hand.

The most obvious and important
change of configuration was the addi-
tion of a double vertical tail. It had a
total area of 12 square feet. This surface
was rigidly mounted in the 1902 glider
and was never intended for steering. The
Wrights had figured out correctly that
the vertical tail was needed to counter-
act the adverse yaw.

Tests of the glider as a kite showed
the brothers they had a better airplane.
They found that with the new wing they
had a much-improved lift-drag ratio
and that the difficulties with longitudi-
nal control were reduced. Moreover, the
fixed vertical tail did act to reduce the
yawing tendency in a turn.

Initial glide tests showed an excessive
response to side gusts, and so the wings
were set with negative dihedral. Further
testing showed that the 1902 glider gave
the pilot even more trouble with later-
al control than the 1901 machine had.
When the glider was hit by a side gust, it
had an uncontrollable tendency to oscil-
late in yaw.

Much more serious problems arose in
several of the turns. Both brothers expe-
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rienced the beginning of a spin in the
direction of a turn. The stall-spin se-
quence in a turn has been estimated to
be the cause of loss of control in 70 per-
cent of all flying accidents. The Wright
brothers were the first to discover it.
They began a turn, say to the right, by
warping the trailing edges down on the
left wings and up on the right. The force
acting on the vertical tail also tended to
turn the airplane to the right, counter-
acting the adverse yaw. If the turn be-
came too steep, the warping had to be
reversed. This maneuver gave rise to ad-
verse yaw acting in the same direction as
the turning effect of the fixed vertical
tail. For a short time the aircraft was
therefore turned even more to the right:
the beginning of a spin. It could also
happen that excessive downward warp-
ing of the wings inside the turn would
cause them to stall and drop. Several
times the brothers found that this series
of events ended when the wing that was
inside on the turn dug into the sand and
the airplane pivoted to a stop.

It was Orville’s idea to correct the be-
havior by replacing the double fixed tail
with a single movable one. Wilbur sug-
gested that its operation should be tied
to the warping wires; it therefore could
not be operated alone. Nevertheless, a
reversal of the warping also reversed the
yawing tendency produced by the mov-
able tail, and the net result was a signifi-
cant reduction in the tendency to spin.

These various adjustments completed
the configuration and the control sys-
tem the brothers employed in the Flyer
of 1903. Not until the end of 1904 did
they disconnect the vertical tail and final-
ly achieve independent control of pitch,
roll and yaw. Virtually all modern air-
craft depend on the same system of
controls.

Providing Power

The prospects for constructing a fly-
ing machine appeared to be much more
favorable after the invention of the in-
ternal-combustion engine late in the
19th century. Several people before
the Wrights had worked on the prob-
lem, and their contemporary Samuel P.
Langley, secretary of the Smithsonian,
had reached the point late in 1903 of
testing a powered, man-carrying air-
plane. In two widely publicized tests, in
which the craft was launched by cata-
pult from a houseboat on the Potomac,
his plane failed to fly and dived into the
river. The progress of the Wrights was
not publicly known, but they were feel-
ing the competition.

Orville and Wilbur had begun work
on their Flyer in the fall of 1902. Their
plan was to install an engine and propel-
lers on an improved version of the 1902
glider. They assumed that they could
adapt an automobile engine and that the

marine technical literature would pro-
vide the basis for designing efficient
propellers.

After trying unsuccessfully to obtain
a suitable engine from manufacturers
they decided to design and build their
own. This was not a particularly diffi-
cult decision for them, because they
had already built a gasoline engine to
power machinery in their bicycle shop.
By March, 1903, they had what they
sought: an adequate engine that devel-
oped 12 horsepower and weighed 15
pounds per horsepower. They had not
tried to create an exceptional engine,
and their result was far inferior to the
engine built for Langley by his engineer-
ing assistant Charles Manly.

Then the brothers were surprised to
find that the available propeller theory
provided only one useful result: for a
given output of power the best efficiency
is obtained by passing the largest possi-
ble amount of air through the propeller.
(This principle accounted for the rather
large diameter of their two propellers:
8.5 feet.) The most significant conse-
quence of their discovery was that they
were forced to work out their own meth-
ods for designing propellers.

No theory existed for the detailed
design of any kind of propeller. The
Wrights employed their knowledge of
airfoils to develop what later became
known as blade-element theory, based
on the idea that a small segment of a
propeller blade is treated as a section of
wing. Since the propeller is rotating and
the airplane is moving, each such little
wing is exposed to a different velocity
and therefore generates different lift and
drag forces. The thrust of the propeller
and the power absorbed by it are found
by summing the lift and drag contribu-
tions from all such blade elements.

The Wrights’ analysis showed them
how to design propellers with an effi-
ciency of 70 percent or better at a time
when the propellers of other investi-
gators had an efficiency of less than
50 percent. With the brothers’ superior
propellers they were able to power the
1903 Flyer with their relatively mod-
est engine. Their work on propeller
design was their greatest analytical ac-
complishment, but for them its only
value lay in the practical consequences.
They never published their ideas and
analyses, and modern propeller theory
is traceable to other sources.

The First Flight

The engine and the propellers were
installed in an aircraft that had the same
configuration as the 1902 glider but
was larger, more rugged and improved
in construction. Anyone examining the
aircraft or the engineering drawings
must be impressed by the Wrights’ mas-
tery of techniques based on wood, wire
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and fabric. The Flyer had a wingspan of
40 feet, a chord of 6.5 feet and a total
area of 510 square feet. The weight with
a pilot was 750 pounds, giving a wing
loading of 1.5 pounds per square foot.

Wilbur and Orville arrived at Kill
Devil Hills on September 25, 1903, this
time for their longest stay, namely three
months. They rebuilt their 1902 build-
ing and constructed a new one (44 by 16
feet) for the Flyer. When the weather
was favorable, they sharpened their fly-
ing skills with the 1902 glider. They
spent the rest of the time assembling the
new airplane and carrying out prelimi-
nary tests of it.

In October the brothers learned of
Langley’s first unsuccessful test. The
news may have been encouraging, but
their own chance of success was margin-
al and they knew it. Their airplane was
25 pounds heavier than they had expect-
ed. The machine had not been assem-
bled before the trip to Kitty Hawk, so
that the engine and the propellers had
not yet been operated on it. In the first
test the engine ran roughly, and then
two propeller-shaft attachments failed.
They were sent to Dayton for repairs on
November 5.

Until the shafts were returned on No-
vember 20 the brothers could do little.
Time was running short, inasmuch as
the Wrights knew Langley was prepar-
ing for another test. Weather conditions
were becoming a problem, with the tem-
perature occasionally dropping below
freezing at night, but by November 23
enough tests had been run to measure
the total thrust: 132 pounds. Because the
brothers had estimated the drag to be 95
pounds they were now confident their
machine would take off and fly.

While the engine was being run to test
instruments on November 28 a propel-
ler shaft cracked. It had to be replaced,
and so Orville returned to Ohio to make
two new shafts of stronger material. On
the train leaving Dayton for the trip
back to Kitty Hawk he read newspaper
accounts reporting that Langley’s flying
machine had been destroyed on launch-
ing the day before, December 8. The
competition was out of the race.

With all repairs finished the Flyer was
prepared for tests on December 14. Wil-
bur won a coin toss and became the pilot
for the first flight. The launching rail was
laid on a slight incline so that gravi-
ty would aid the launching into a weak
breeze. In a slight crosswind the aircraft
took off but soon stalled, striking the
ground 60 feet from the end of the rail
The forward control surfaces and their
supporting structure were damaged but
were easily repaired.

Orville was pilot for the second test,
which took place on December 17. The
wind was steady at 27 miles per hour,
which was a dangerously large fraction
of the Flyer’s cruising speed of from 30
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FORCES ON A GLIDER WING include the weight (W), the lift and the drag. In the proce-
dure employed in about 1900 to design a wing surface the glider was assumed to be flying stead-
ily (here toward the left) at a velocity (V) along a path making the angle 6 below the horizon. A
small portion of the weight (W sin 6) acts to pull the glider forward, just balancing the drag.
The lift was defined as being perpendicular to the flight path, supporting the other component
(W cos 6) of the weight. The lift and the drag are functions of the angle of incidence (a).
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DATA ON LIFT obtained by Lilienthal in 1889 (b/ack) and by the Wrights in 1901 (color) are
compared. The Wrights had to contend with the fact that their first intensive flight tests, which
they made with their 1900 glider, showed that their wings were generating less lift than Li-
lienthal’s data had led them to expect. Their first solution for correcting the situation was to
increase the camber of their wings; they then carried out wind-tunnel tests. They eventually
discovered that their results were quite close to Lilienthal’s when the angle of incidence of
the wing was between five and 10 degrees and that the source of the error lay elsewhere.
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WRIGHTS’ PROPELLER DESIGN, which they worked out them-
selves after finding that the published data on marine propellers of-
fered little useful information, was based on the principle that a small
segment of the blade could be treated as a wing section. The marine

to 35 m.p.h. Wilbur guided the star-
board wing during the launching, with
the rail now positioned on a level stretch
of sand, and Orville took off. His flight
covered 120 feet at an average ground
speed of 7 m.p.h. This successful flight
is the subject of one of aviation’s most
moving and best-known photographs,
which shows the plane flying a few feet
off the ground with Wilbur running
alongside.

Each brother made two flights that
day before the Flyer was blown across
the sand and damaged beyond easy re-
pair. After logging a total of 98 seconds
in the air the first powered, man-carry-
ing airplane never flew again. It is now

on permanent exhibit at the Smithsoni-
an’s Air and Space Museum.

For two more years the Wright broth-
ers worked alone to perfect their new
airplane. Their progress was not gener-
ally known. In the aeronautics commu-
nity only Chanute was not skeptical
of their claim to have the first truly
successful flying machine. In 1906 the
Wrights were granted a U.S. patent for
their system of lateral control, involving
both deflection of the wing surfaces and
movement of the vertical tail.

Only after they had completed satis-
factory licensing agreements in the U.S.
and Europe were the brothers willing to
show their airplane (an improved ver-

data suggested that the most efficiency for a given amount of pow-
er would be obtained by passing the largest possible amount of air
through the propeller. This concept accounted for the rather large di-
ameter (8.5 feet) of the two propellers on the Wrights® Flyer of 1903.

sion of the 1903 Flyer) in public. Wilbur
first flew publicly near Le Mans in
France in August, 1908; a few days later
Orville gave a demonstration at Fort
Myer, Va. The flying skills of the broth-
ers startled the world, and the Wrights
became internationally celebrated.

Their airplanes of 1908 had the same
basic configuration as the 1903 Flyer,
but the design could not survive. Within
less than two years aircraft with aft tails
showed superior performance, and the
Wrights were forced to abandon the ca-
nard. They contributed little thereafter
to the development of aircraft, but their
achievements in the period from 1899 to
1908 remain unparalleled.

FIRST FLIGHT of the 1903 Flyer was photographed at Kill Devil
Hills near Kitty Hawk by John T. Daniels of the Kill Devil Life Sav-
ing Station, who was using the Wrights’ camera. The date was De-
cember 17, 1903. Orville is the pilot and Wilbur is running alongside.
The flight, which was one of four flights made by the Wrights that
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day, covered 120 feet at an average speed of seven miles per hour
over the ground. Wilbur made the last and longest flight of the day,
staying aloft for 59 seconds. After a total flight time of 98 seconds
that day the Flyer was never taken into the air again. It is now on
display at the Air and Space Museum of the Smithsonian Institution.
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Compartments in Animal
Development

Flies, and maybe other animals too, seem to be composed of a number

of compartments: homologous units within which key genes execute

decisions committing several clones of cells to a line of development

by Antonio Garcia-Bellido, Peter A. Lawrence and Gines Morata

he development of an animal is

such a commonplace miracle that

its reliability tends to be taken
for granted. Yet man makes nothing so
complex as an ant or a fruit fly, and if he
did, it would surely be subject to errors
of construction and assembly; it is a long
way from a blueprint to a finished prod-
uct. The blueprint on which accurate an-
imal development depends is encoded
in the DNA of the chromosomes. The
code is essentially an instruction tape
made up of a linear sequence of nucleo-
tides, the subunits of DNA. How is this
information in one dimension translat-
ed into structure in three dimensions?
The search for principles that govern
the process of morphogenesis is one of
the most active areas in developmental
biology today.

In many viruses (for example the to-
bacco-mosaic virus) the process where-
by genetic information is elaborated
into the structure of a virus particle
is now understood. The nucleotide se-
quence of the gene for the protein outer
coat of the virus is translated into a se-
quence of amino acids that itself spec-
ifies the folding, and thus the three-
dimensional shape, of the coat-protein
molecule. That molecule in turn is so
formed that a number of identical mole-
cules can stack together in a specific
way: they have matching surfaces and
“cozy corners” that specify the position
and orientation of other identical mole-
cules as they are added to the growing
virus. The ultimate form of the virus
particle can therefore be traced back
rather directly to its origin in the nucleo-
tide sequence.

The morphogenesis of an animal is
obviously a more complex process. The
egg is subdivided into cells that, al-
though they are initially similar, become
increasingly differentiated as they divide
and proliferate; structures are formed
not so much by the assembly of finished
parts as by the progressive elaboration
of cells and tissues at particular sites.
And yet some common principles may
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operate in the development of viruses
and in the development of animals. In
rather different ways both viruses and
animals appear to be modular in con-
struction. Viruses are built by the as-
sembly of identical subunits, and experi-
ments in our laboratories suggest that
animals may be made up of a number
of different but fundamentally homolo-
gous units, or “compartments,” that are
in effect variations on a basic theme.
Our hypothesis is that different combi-
nations of special genes are active with-
in each compartment and determine its
individual structure.

1l animals are made from two-dimen-
sional sheets of cells, which can be-
come folded and thickened. Fundamen-
tally, therefore, the attempt to under-
stand morphogenesis can be reduced to
a problem in two dimensions: How does
information in the chromosomes con-
trol the organization and structure of
cell layers? Insects are particularly fa-
vorable organisms to study because they
express the problem in its simplest form.
Their cuticle, or outer shell, is secreted
by the epidermis, an intricately convo-
luted layer that is only one cell thick.
Another advantage of insects is that
each cell secretes a particular piece of
the cuticle above it.
In the fruit fly Drosophila melanogaster
a large number of mutations are known
that change the structure or color of the
cuticle in specific ways. For example, on

the wing of normal flies the cells each
secrete a single hair, whereas in flies
with the mutation called multiple wing
hairs each cell secretes a group of hairs.
At the Institute of Genetics of the Span-
ish Research Council in Madrid and the
Medical Research Council Laboratory
of Molecular Biology in Cambridge we
have developed techniques, based on the
innovative work of Curt Stern of the
University of California at Berkeley, for
indelibly marking individual cells in the
developing embryo or larva of flies by
means of these mutations. We breed
strains of flies in which each cell is het-
erozygous for the mutation: it has one
chromosome bearing the mutation and
one bearing the normal gene. Because
the mutation is recessive and is ex-
pressed only when a cell is homozygous
(that is, when both chromosomes of the
pair carry the mutation) these flies have
a normal appearance.

By exposing a fly embryo or larva to
X rays we cause breaks in some chromo-
somes, and occasionally the breaks are
in just the right places so that pieces of
chromosome “cross over” in the process
of cell division and a cell becomes ho-
mozygous for the mutation. As the cell
divides it generates a clone of daughter
cells, all of which have two chromo-
somes bearing the marker mutation and
therefore express the mutant character-
istic. The clone gives rise to a recogniz-
able patch of mutant cuticle on the adult
fly. By irradiating hundreds of embryos

COMPARTMENTS in the development of the fruit fly Drosophila melanogaster are indicated
by means of schematic diagrams of the embryo and the adult fly. The embryo, a peripheral
epithelium of some 5,000 cells descended from a single nucleus in the egg, becomes divided
into segments, each destined to give rise to a segment of the adult. Some of the segments are
now known to divide into anterior (light shades) and posterior (dark shades) subsegments, each
populated by a distinct “polyclone” of cells. The epithelium divides into germ layers: ectoderm,
comprising epidermis and nerve tissue, and mesoderm. Some epidermal cells are selected to
form imaginal disks (colors) of adult polyclones, from which adult parts will develop; the rest
of the epidermal cells form larval parts. (Embryonic segments ¢ and d may not form adult
parts.) The adult segments represent the basic “compartments” in insect development, accord-
ing to the authors’ hypothesis. The anterior and posterior polyclones construct a second-or-
der set of anterior and posterior compartments and may in turn be subdivided, by a series of
decisions made by “key” genes, into polyclones populating still more limited compartments.
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CELL LINEAGE is studied in flies that are heterozygous for a recessive mutation affecting
the cuticle, in this case a mutation that makes clumps of small hairs instead of a single hair.
One chromosome (color) of a homologous pair carries the mutation; the other does not, and
the recessive mutation is not normally expressed. The fly embryo or larva is exposed to X rays.
Irradiation may break chromosomes in such a way that in the course of mitosis, or cell division,
pieces of the chromosomes “cross over” and a cell becomes homozygous for the mutation, that

is, both h logous chr bear the mutation. That cell and its descendants (light color)
produce abnormal hairs. A patch of abnormal hairs on the wing reveals such a mutant clone
and delineates its extent, as is shown in photomicrograph (middle) and enlargement (bottom).
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or larvae we can mark single cells at
random, and by examining the adult
flies we can build up in piecemeal fash-
ion a picture of the lineage of cells in the
course of development.

In thinking about how animals devel-
op one might visualize two contrasting
modes of cell lineage: fixed and indeter-
minate. If cell lineage were fixed, each
cell in the embryo would always devel-
op to form a specific part of the adult,
and every embryo would develop identi-
cally. If cell lineage were indeterminate,
any cell could develop to form any part
of the adult, and cell pedigrees would
vary freely from embryo to embryo.
Analysis of cell lineage in the wing of
Drosophila shows that neither of these
extreme models is correct. When we
plot on a drawing of a wing the extent of
a large number of clones produced by
the method we have described, we find
that the clones overlap. This means that
even though the final structure of each
wing is the same, the cells that produce
it do so in different ways in different
wings; the wing does not develop by a
fixed lineage. The marked clones are dis-
tributed over the wing, showing that
growth takes place everywhere (not as it
does in plants, where cells divide only
within a special zone). And the number
of cells in each clone varies considera-
bly, even in the same wing and with no
relation to position, showing that the
number of cell divisions is not fixed.

Cell lineage is not indeterminate ei-
ther, however. There is a limit to what
different cells can do. In some experi-
ments, designed to test developmental
potential, we induce marked cells in a
background of unmarked cells that di-
vide particularly slowly; when marked
cells are induced in the early embryo,
they have enough time to outgrow the
slowly dividing unmarked cells, and
they could fill the entire wing several
times over. Yet they never do; they
never fill more than half of the wing
(and half of the leg on the same side).
The extraordinary fact is that all these
marked clones respect exactly the same
boundary line, a line that subdivides the
second thoracic segment of the adult,
which includes the wing and the leg, into
two regions. Examination of the maps
of smaller clones made by convention-
al techniques reveals that they respect
the same boundary: although the small
clones may appear in all regions of the
wing, no individual clone ever crosses
the boundary. The large clones simply
delineate the line more graphically.

t must be, therefore, that when the

clones are formed in the early em-
bryo, what will be the second thoracic
segment is already subdivided into two
small groups of cells, one group des-
tined to make the anterior region of the
segment and the other destined to make
the posterior region. We call the regions
compartments. Each compartment is
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CLUES TO GROWTH of the wing and the leg are derived from stud-
ies of clones induced at successive stages of development. If the small
group of cells (dark color) in the embryo that will develop to form a
wing and a leg is irradiated, the induced clones are few (because the
target is small), but they can be large, extending from the wing to the

made by a set of complete clones, which
we call a polyclone, that develops from
a few founder cells. The polyclone has a
precisely defined destiny, but the indi-
vidual cells in the polyclone have ill-
defined roles. As we have indicated, a
rapidly dividing cell can form nearly
all of the compartment while the other
cells in the polyclone form correspond-
ingly less of it.

Evidence is accumulating that other
parts of the fly are also made up of com-
partments. Such compartments have
been identified in all three thoracic seg-
ments and in the head, the abdomen and
the genital organs. Some of the compart-
ments are bounded by discontinuities
in the cuticle, such as the borders of
the various segments that constitute an
adult fly, but this is not always the case.
For example, there are no natural land-
marks that delineate the anterior-poste-
rior boundary in the wing; the boundary
is invisible without the genetic marking
technique. Because it is easier to study
the external surface of the fly, we are
still ignorant about the cell lineage of
the internal organs. We do not know, for
example, whether there are compart-
ments in the gut, the musculature or the
central nervous system.

Cell-marking experiments have estab-
lished two important facts about the
construction of compartments. One is
that polyclones are established progres-
sively. We have mentioned that the sec-

ond thoracic segment arises from anteri-
or and posterior polyclones formed at a
very early stage in the embryo. Soon af-
terward there is a “decision” separating
the polyclones that will form the adult
wing from the ones that will form the
leg. Still later, within the developing
wing, both the anterior and the poste-
rior polyclone become subdivided into
daughter polyclones that will make the
dorsal and ventral parts of the wing. The
full story of this progression is still not
known, but we have worked out one
possible developmental tree, with each
fork representing a decision point at
which a polyclone is subdivided [see rop
illustrarion on page 110).

The other established fact is that the
same decision can be made in different
segments. The anterior-posterior subdi-
vision takes place in all three thoracic
segments and in the head, and there is
some evidence that the dorsal-ventral
decision takes place in at least two tho-
racic segments. Each end point in the
tree can therefore be specified by a bi-
nary code that identifies the decisions
made along the way. Within the sec-
ond thoracic segment, for example, the
code for “anterior leg, dorsal” and the
code for “anterior wing, dorsal” differ
by only one element, that is, by one de-
cision: the decision made when the wing
cells and the leg cells separated.

How are these decisions made and
what is their nature? Very little is known
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CLONES

leg (light color). In the larva the cells that will form each adult part
proliferate within discrete imaginal disks. As the number of cells in
the wing disk increases, irradiation induces clones with higher fre-
quency, but each clone is smaller and populates a more limited re-
gion of the adult because a cell irradiated later has fewer descendants.

about how polyclones become subdivid-
ed. What is clear is that the decision is
geographical, in that a coherent block of
cells in a particular region of, say, the
developing wing becomes allocated to
the dorsal wing polyclone. The founder
cells of the polyclone are not themselves
a clone; that is, there is not a single an-
cestral cell that gives rise to them—and
only to them. Analysis of cell lineage
also tells us that the decision is final (at
least in the normal course of develop-
ment) because all the progeny of each
determined cell contribute only to the
appropriate compartment.

We now turn to the role of genes in
the lineage of compartments. It
has been known for a long time that cer-
tain “homoeotic” mutations in Drosoph-
ila transform an entire region of the fly.
Each of these mutations gives rise to a
specific transformation and has a specif-
ic site in the chromosome, and so a dif-
ferent gene must mutate in each case.
One homoeotic mutation, Antenna-
pedia, changes the antenna into a leg;
ophthalmoptera transforms part of the
eye into wing tissue. A group of closely
linked homoeotic mutations called the
bithorax series has been studied inten-
sively by Edward B. Lewis of the Cal-
ifornia Institute of Technology. Muta-
tions in the bithorax gene transform
the anterior part of the third thoracic
segment into an anterior second thorac-
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CELL LINEAGE in Drosophila is not fixed. Plotting typical wing clones induced in different
flies shows that the clones overlap; descendants of each marked cell make different parts of the
adult in each case (top). The lineage is not completely indeterminate either, however. Even
when marked cells are made to grow relatively fast, they never fill more than about half of
a wing (bottom), either the anterior half (as here) or the posterior half. Examination of small
clones (top) reveals that they respect the same boundary. Development is compartmentalized.

ic segment. The transformation affects
both the dorsal and the ventral part of
the segment, but only as far as a limit-
ing line that coincides precisely with
the boundary between the anterior and
the posterior compartment. Mutations
in the postbithorax gene change the poste-
rior third thoracic segment into a poste-
rior second thoracic segment; again the
limit of the transformation coincides
with the boundary between the anterior
and the posterior compartment. Muta-
tions in the engrailed gene affect the pos-
terior regions of the wing and the leg,
making them similar to the correspond-
ing anterior parts; once again the affect-
ed areas coincide with compartments.
The nature of the bithorax, postbitho-
rax and engrailed mutations suggests a
generalized conclusion: Compartments
are the realm of action of at least some
homoeotic genes. To put it another way,
polyclones are the groups of cells on
which homoeotic genes operate. There
is now evidence that the normal en-
grailed gene may be important wherever
the property “posterior” is required, be-
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cause the mutation (which impairs the
function of the engrailed gene) affects
the posterior parts not only of the wing
but also of all three legs and of the eye-
antenna segment without affecting the
anterior parts.

These observations have led us to the
idea that the tree of binary decisions ac-
tually describes the progressive acqui-
sition of a genetic address for each suc-
cessively smaller compartment. A key
regulatory gene operates in an “on-off ”
mode at each decision point, and the
same gene operates to effect homolo-
gous decisions in different parts. For ex-
ample, positive action by the engrailed
gene would implement the decision to
“be posterior.” This gene would have to
be active in all posterior compartments
and would be switched off in all anterior
compartments; its absence or malfunc-
tion (as in the engrailed mutation) would
explain the transformation of a posteri-
or region into an anterior one.

This hypothesis predicts that each ho-
moeotic mutation should change only
one property, and that is what we ob-
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serve. For example, when engrailed
transforms posterior to anterior, the
dorsal-ventral and thorax-wing deci-
sions remain unaffected. Moreover, one
would expect that homoeotic mutations
should act in combination. When flies
are mutant for both postbithorax and
engrailed, the effects of the mutations
should be additive, and that too is ob-
served.

We believe that the combination of
active homoeotic genes provides a
genetic address that is kept by each indi-
vidual cell as it develops, and that as the
cell divides the same address is passed
on to its offspring. One piece of evidence
for this is that the genetic address can be
changed by removing one of the key
genes. Take engrailed, for example. By
the crossing-over technique described
above we make a clone of cells in the
wing homozygous for the engrailed mu-
tation. In the anterior part of the wing
such an operation has no effect on devel-
opment—because, we believe, the gene
damaged by the engrailed mutation
would in any case be switched off in that
polyclone. In the posterior region, how-
ever, the gene is required (to maintain
the decision to “be posterior”), and its
inactivation in one cell changes the ge-
netic address of that cell and its descen-
dants. The result is that the clone of
cells develops anterior structures. This
experiment shows that what a cell does
depends primarily on its own genetic
address.

The behavior of an engrailed mutant
cell, however, depends not only on its
address but also on its position within
the compartment as a whole. The anteri-
or edge of the wing bears specialized
stubby bristles that are not found on the
posterior edge. When a mutant clone in-
cludes a portion of the posterior edge
of the wing, these stubby bristles are
found along the edge portion made by
the clone, but they are not made by
other cells in the clone (nor, of course,
by neighboring edge cells outside the
clone). This shows that the ultimate pat-
tern depends on the position of cells in
the organ as well as on their genetic ad-
dress. Both the cells that are mutant for
engrailed and the normal posterior cells
surrounding them “know” their position
in the wing compartment, and they re-
spond by interpreting that positional in-
formation differently. It appears that the
positional information is the same in the
anterior compartment of the wing as it is
in the posterior compartment, but the
interpretation differs (as it would when,
if the same grid were placed on maps of
two different cities, a single map refer-
ence might designate very different sites
in the two cities even though the sites
were in the same square on both maps).

The clones of cells that are mutant for
engrailed do not respect the bounda-
ry between anterior and posterior com-



partments (although they do respect
other compartment boundaries). Mu-
tant cells that originate in the posterior
polyclone can invade anterior territory,
something normal posterior cells never
do. We take this to mean that a “label” is
added to posterior cells distinguishing
them from anterior ones, and that mix-
ing of cells with the label and cells with-
out it is minimal. We suggest that the
engrailed gene is ultimately responsible
for labeling posterior cells; cells defec-
tive in that gene lack their posterior la-
bel and can therefore mix with, and infil-
trate among, anterior cells. Every poly-
clone may have a unique combination
of labels and individual mixing proper-
ties. (Experiments by the late Ernst Ha-
dorn and his group at the University of

CLONES

Zurich established that cells from differ-
ent parts of the fly normally sort them-
selves out after having been artificially
mixed.) We suggest that the purpose of
the labels may be twofold: to keep dif-
ferent polyclones from intermixing and
to assist in the matching process where-
by different compartments are fitted to-
gether correctly.

How might the homoeotic key genes
function? So far there are only a few
hints; not even the nature of the gene
products is known. One might have ex-
pected each key gene to regulate its own
unique set of genetic elements. If that
were the case, most of the genes in Dro-
sophila would function in only one com-
partment or subset of compartments.
The fact is that most mutations do not

COMPARTMENTS

IRRADIATION OF EMBRYO

IRRADIATION OF LARVA

IRRADIATION OF LARVA

respect compartment boundaries. The
mutation white, known primarily for its
effect on the Drosophila eye, also has
effects on pigments in the excretory
tubules, the testes and elsewhere; mu-
tations affecting the hairs of the cuti-
cle change the hairs on almost the en-
tire surface of the fly. It is probable,
then, that the key homoeotic genes oper-
ate on the same set of subsidiary struc-
tural genes.

In summary, we have developed a hy-
pothesis that describes the genetic
strategy followed in the building of an
insect. We suggest that each piece of the
insect—a compartment made by a par-
ticular group of cells—is specified by a
genetic address, in effect a binary zip
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POLYCLONES IN WING DISK build compartments in the wing
and the notum, the “fuselage” of the thorax. Irradiation of the em-
bryo (top) induces a large clone (color hatching, leff) that can extend
throughout either the anterior (white) or the posterior (color) compart-
ment (center), but not into both compartments because the cells are
already divided into anterior and posterior polyclones (right). Clones
induced in the larval period (middle) are further confined to either

the dorsal (white) or the ventral (dark gray) region of the anterior or
posterior compartments (center); the wing disk has become divided
into four polyclones (right). At about the same time the clones become
still further confined (bottom) to either notum (white) or wing (black
hatching). The preexisting polyclones have become subdivided again;
each of eight polyclones (right) has a different combination of three
properties: anterior or posterior, dorsal or ventral, wing or notum,
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code representing the decisions of key
regulatory genes. The address derives
from a cell-lineage tree in which at each
fork (where groups of cells rather than
single cells are affected) a switch turns a
gene on in one branch and leaves it off in
the other branch. The state of the switch

is maintained in all daughter cells, so
that the genetic address carried by a par-
ticular cell line becomes longer at each
fork. The final binary code in an adult
cell contains a history of the decisions
made by the cell’s ancestors. This strate-
gy gives rise to differently situated com-

partments that have different genetic
addresses.

The model makes sense because a
small number of genetic control ele-
ments suffice to specify a large number
of different compartments. One can see
how in principle evolution could have

pbx*

pbx

POSTBITHORAX MUTATION (pbx, en*)

HOMOEOTIC MUTATIONS are additive, as is shown by the effects
(here somewhat schematized) of the mutations engrailed (en) and post-
bithorax (pbx) on the second (II) and third (/II) thoracic segments,
Normally (fop left) the second thoracic segment forms a wing with
anterior (color) and posterior (white) compartments and the third tho-
racic segment forms a similarly divided balancing organ, the haltere.

BOTH MUTATIONS (pbx, en)

The mutation engrailed transforms posterior segments into anterior
ones (top right); postbithorax transforms the posterior compartment
of the third segment into that of the second segment, making the hal-
tere a wing (bottom leff). When both are present, postbithorax makes
a haltere-wing; engrailed changes the posterior wing compartment of
the haltere-wing into an anterior wing compartment (bottom right).

EFFECTS of engrailed can be studied in mutant clones made in nor-
mal wings. The cells of these engrailed clones are marked by a sec-
ond mutation that distinguishes mutant cells even where engrailed
has no effect. An engrailed clone (color) in the anterior compartment
develops normally and respects the anteroposterior boundary (lef?).
An engrailed posterior clone, however, displays anterior patterns and
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structures, which are confined to the clone (righ?). The mutant pat-
tern is appropriate to each cell’s position: there are typical anterior
bristles at the posterior edge, and only there. Moreover, the clone does
not respect the compartment boundary line. The mutant cells may
lack a “label,” which is present on normal cells of the posterior poly-
clone, that prevents the intermingling of anterior and posterior cells.
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its effects on reiterated units such as the
identical segments of a primitive insect.
Differences among segments might be
small initially, but as soon as a genetic
element became responsible for an in-
dividual segment, that segment could
evolve independently of other segments.
Whereas the number of segments and
the overall genetic logic would remain
relatively stable during the course of ev-
olution, the morphology of each indi-
vidual segment could change more rap-
idly. Homoeotic mutations in some oth-
er insects support this concept. There
are transformations in mosquitoes and
beetles, for example, the directions of
which have their exact counterparts in
Drosophila, even though the particular
structures involved are quite different.

We should emphasize that even if
these hypotheses are correct, they leave
many questions unanswered. We do not
understand how the underlying arche-
typal pattern of segments is established.
Positional information appears to be
critical for the genetic decisions made
within polyclones and for determining
the pattern, shape and size of individual
compartments. The importance of posi-
tional information in the development
of various animals has been established
[see “Pattern Formation in Biological
Development,” by Lewis Wolpert; Sci-
ENTIFIC AMERICAN, October, 1978], but
the mechanisms that enable cells to be-
have in a way that is appropriate to their
position are still not understood.

Is there evidence for compartments in
the development of animals other than
insects? Certainly there are reiterated el-
ements in a wide range of animals, from
worms to vertebrates. In the case of one
vertebrate, the mouse, enough evidence
has been gathered on cell lineage so that
one may profitably pose the question:
Do mice have compartments? To con-
sider that question one should have in
mind the diagnostic criteria that charac-
terize development by means of com-
partments: (1) Small groups of cells (on
the order of tens of cells) generate large,
defined regions of the adult; (2) the deci-
sion as to which cells constitute a block
of founder cells is geographical, depend-
ing on cell position rather than on cell
ancestry; (3) there is a binary tree of de-
velopmental decisions; (4) different cell-
recognition properties characterize dif-
ferent polyclones; (5) homoeotic muta-
tions can switch the development of a
polyclone and thereby substitute one or-
gan for another.

here is evidence, particularly from

the investigations of Richard L.
Gardner and his colleagues at the Uni-
versity of Oxford, that the first four di-
agnostic criteria are met in the course
of early development in the mouse. The
Oxford group’s methods of labeling
cells are different from ours and involve
more experimental intervention. Essen-

tially their approach is to mix two differ-
ent embryos or to transplant cells from
one embryo into another. Then they
follow the fate of the different cells in
the mosaic embryo, sometimes with the
help of fluorescent antibodies that bind
only to cells from one of the two donors.

In mice (as in other mammals) the fer-
tilized egg cleaves a few times to give
rise to the morula, a ball of about 16 to
32 cells. As the morula develops into a
blastocyst its cells come to form two dis-
tinct polyclones that give rise to two dis-
tinct regions: the cells on the inside con-
stitute the inner cell mass and the rest
of the cells form a peripheral cell lay-
er called the trophoblast. This observa-
tion satisfies the first of the criteria list-
ed above. Much current research is fo-
cused on just when cells become irrevo-
cably committed to forming one or the
other of these two disparate structures.
For us what is significant is that in nor-
mal development two discrete cell types
develop from one type of cell, and that
the decision appears to be geographical,
thereby satisfying the second criterion.
Subsequently the inner cell mass itself
divides to form two polyclones, satisfy-
ing the third criterion. Again the deci-
sion is geographical, because the cells
close to one margin of the inner cell
mass become the primitive endoderm
(which will give rise to specific parts
of the extraembryonic membranes),
whereas the rest of the cells form the
primitive ectoderm (which will give rise
to the fetus and some other parts).

It is possible to transplant single cells
of the inner cell mass from one blasto-
cyst into blastocysts of a different geno-
type (from a rat blastocyst to a mouse
blastocyst, for example) and to follow
their daughter cells. Every transplanted
cell enters one of two mutually exclu-
sive regions, either the parts made by the
primitive endoderm or the parts made
by the primitive ectoderm. This shows
that there are two discrete cell types in
the inner cell mass from which the trans-
planted cell was taken, and only two.
The ability of each donor cell type to
enter the correct part of the host embryo
and to colonize only the tissues that part
normally forms suggests that the two
cell types have different mixing proper-
ties, satisfying the fourth criterion.

In spite of this evidence for the rigid
determination of discrete cell types in
the early development of the mouse,
studies with mouse mosaics having dif-
ferent coat colors and other markers
show that the embryonic cells do un-
dergo considerable mixing before the
mouse is born. The final result is thus
quite different from what happens in the
growth of the Drosophila epidermis, in
which cells constituting a clone usual-
ly remain together. This distinction be-
tween insect development and mamma-
lian development may not, however, be
true in all tissues at all times. In mice the
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HEAD THORAX

ABDOMEN

EMBRYO

EYE-
ANTENNA

PROBOSCIS

mn

DECISIONS

ANTERIOR/POSTERIOR | 0

LARVA/ADULT

VENTRAL/DORSAL
IN SEGMENT

DORSAL/VENTRAL
WITHIN PART

TRUNK/APPENDAGE

BINARY-CODE ADDRESS

SPECIFIES ANTERIOR, DORSAL
COMPARTMENT OF ADULT WING

SUCCESSIVE STEPS of polyclone subdivision appear to constitute
a binary tree of “on” () and “off” (0) decisions by a number of key
regulatory genes. The diagram is speculative and shows the authors’
current view of the tree. Homologous decisions are made in different
segments. The anterior-posterior decision appears to be made in at

SPECIFIES POSTERIOR
LEG COMPARTMENT

least the five segments where it is indicated. Further decisions have
been identified as shown. The mutation engrailed presumably affects
the initial decision for posterior as opposed to anterior; other key
genes are not known. The succession of decisions builds up a binary-
code “genetic address,” which specifies one particular compartment.

clones appear to be more coherent in
the early embryo than they are in the
newborn animal, and in insects there is
much more mixing in the epidermis of
the abdomen and in the excretory tu-
bules than there is in the epidermis of
the head and the thorax. We suspect that

TROPHOBLAST

/ INNER

CELL MASS

2v2 DAYS

32 DAYS

mixing within a polyclone may be unim-
portant, since all the cells of the poly-
clone are genetically equivalent.

In the mouse, as in Drosophila, the
process whereby existing polyclones are
subdivided into daughter polyclones is
still being investigated. So far there is no

POLAR TROPHOBLAST

PRIMITIVE
ECTODERM

MURAL
TROPHOBLAST

PRIMITIVE
ENDODERM

5 DAYS

evidence for homoeotic mutations in
mice. What we do know is that mice and
flies have enough developmental fea-
tures in common to allow us to pose the
question: Do insects, mice and man all
develop according to a similar genetic
strategy, expressed in compartments?

PLACENTA

TROPHOBLAST

AMNION

YOLK SAC

EMBRYO

8 DAYS

MAMMALIAN DEVELOPMENT may involve compartments, The
fertilized egg divides to form a small ball of cells, the morula (/ef?).
At the blastocyst stage (3'/, days) the proliferating cells have formed
two polyclones: the inner cell mass and the trophoblast. After five
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days four polyclones can be distinguished: polar trophoblast, mural
trophoblast, primitive endoderm and primitive ectoderm. These cell
layers form particular structures and probably subdivide into other
polyclones before embryo can be distinguished at about eight days.
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The Bag

Model

of Quark Confinement

Quarks appear to be real, and yet they have not been observed

in isolation. One hypothesis for why they have not been is that

they are confined in bags analogous to the bubbles in a liquid

two broad categories: the leptons

(the electron, the muon, the tau
particle and the neutrinos associated
with each of them), which do not inter-
act strongly and appear to have no con-
stituent parts, and the hadrons (includ-
ing the proton, the neutron and the
pion), which do interact strongly and
show signs of an inner structure. The
force that holds neutrons and protons
together in the atomic nucleus is one
manifestation of the strong interaction
between hadrons. That interaction is
one of the four forces of physics, the
others being the electromagnetic force,
the weak force and gravitation.

More than 200 kinds of hadron have
been identified over the past few dec-
ades. They too have been divided into
two categories, depending on how they
decay. The baryons are particles that de-
cay ultimately into the proton, and the
mesons are particles that decay entirely
into leptons and photons (quanta of
electromagnetic energy) or into proton-
antiproton pairs.

The hadrons all appear to be com-
binations of the constituents named
quarks. The quark model amounts to an
impressive simplification of nature be-
cause at present just five “flavors,” or
kinds, of quark (and in most cases just
three flavors) can account for the prop-
erties of the multitude of hadrons. The
strong interaction binds the quarks to-
gether to form baryons and mesons. On
the quark model baryons are made up of
three quarks, and mesons are made up
of a single quark-antiquark pair. What is
intriguing about quarks, whose flavors
are fancifully labeled ‘“up,” “down,”
“strange,” “charmed” and “bottom,” is
that none has ever been observed in iso-
lation, in spite of many attempts to find
one. To explain this phenomenonIand a
group of co-workers (Allen Chodos,
Robert L. Jaffe, Charles B. Thorn and
Victor F. Weisskopf) at the Massachu-
setts Institute of Technology have devel-
oped a theoretical model in which the

E;ubatomic particles are classified in
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by Kenneth A. Johnson

quarks making up a hadron are impris-
oned in what may be called a bag or
bubble. The model serves to clarify
many aspects of the strong interaction
between quarks.

When Murray Gell-Mann and
George Zweig of the California Institute
of Technology introduced the quark
model in 1963, quarks were not univer-
sally regarded as real entities that might
be found in the laboratory. The possibil-
ity was considered that they might just
be theoretical constructs for bringing
order to the unwieldy collection of had-
rons. The quarks were thought to be pe-
culiar objects because they carry only a
fraction (+2/3 or —1/3) of the electric
charge of the proton, whereas all other
known physical entities carry an inte-
gral multiple of that charge. Moreover,
the quarks seemed to violate the exclu-
sion principle, the quantum-mechanical
equivalent of the intuitive notion that no
two things can be in the same place at
the same time.

In the late 1960’s the status of quarks
as the fundamental constituents of all
hadrons was dramatically confirmed by
a series of experiments done by groups
led by Jerome I. Friedman and Henry
W. Kendall of M.LT. and by Richard
E. Taylor of the Stanford Linear Accel-
erator Center (SLAC). High-energy
electrons were inelastically scattered off

protons, and the scattered distribution
indicated the existence of particles with-
in the protons. These particles behaved
the way quarks were posited to behave
and so they were identified as quarks.
The scattering experiment demonstrat-
ed not only the physical reality of
quarks but also their pointlike nature.
Therefore all the fundamental constitu-
ents of matter, quarks as well as leptons,
seem to act like dimensionless points.

he fact that three quarks make up a
proton accounts for their fractional
charge (the proton being composed of
two “up” quarks, each with a charge of
+2/3, and one “down” quark, with a
charge of —1/3). Moreover, the intro-
duction of the new quantum number,
or physical property, labeled “color”
makes it possible to reconcile the behav-
ior of the quarks with the exclusion prin-
ciple. Yet since no quark has ever been
seen in the free state, quarks are still
peculiar objects. It is relatively easy to
remove an atom from a molecule, an
electron from an atom or a proton from
an atomic nucleus. Only a relatively
small amount of energy is needed to free
any one of these constituent particles.
Huge amounts of energy have not suc-
ceeded in removing even one quark
from one hadron.
At first some physicists believed a

LINES OF ELECTRIC FORCE (top) generated by opposite electric charges are curves in
space indicating the direction of the electric force a positive charge would be subjected to if it
were placed on the curves. The number of lines in a given spatial region indicates the magnitude
of the force; the greater the number of lines, the stronger the force. Electric-field lines fill all
space, but at a distance from the charges the field-line density is low and therefore the force is
too. Lines of “color” force (botfom) link the quark-antiquark pair of a typical hadron: any sub-
atomic particle that is subject to the interaction known as the strong force and that shows signs
of an inner structure. Color is the designation of a property of quarks that has nothing to do
with visual color. Each kind of quark comes in three colors: “red,” “blue” and “yellow.” The
antiquarks have anticolors: “antired,” “antiblue” and “antiyellow.” All hadrons are “white,”
that is, they are colorless averages of the three colors and three anticolors. Two-quark hadrons
consist of a quark of one color, say red (R), and the antiquark of the corresponding anticolor,
say antired (R). In the bag model of hadrons quarks are confined to a bag or bubble within a
hadron, and so the color-field lines are also confined. The fact that the lines are parallel in-
tensifies the force acting between the charges because the lines all pull in the same direction.
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quark would be liberated as soon as
particle accelerators were upgraded to
higher energies. That has not happened,
and quarks are now thought to be per-
manently confined to the interior of had-
rons. In the past decade theorists have
proposed several models of quark con-
finement; the bag model is only one of
them. The bag model is gaining adher-
ents because it may be closely related to
what most theorists consider to be the
best candidate for the theory of strong
interactions, namely quantum chromo-
dynamics, or color dynamics.

I want to introduce the bag model by
invoking an analogy suggested by one of
my graduate students, David Shallo-
way. Imagine a world in which the at-
mosphere consists not of air but of wa-
ter. Energy could be expended to boil
the water, creating bubbles of water va-
por. Inside the bubbles the water-vapor
molecules would behave, to a first ap-
proximation, like the weakly interacting
particles of an ideal gas. In this hypo-
thetical world water vapor could exist
only inside the bubbles. A molecule of
water vapor that returned to a liquid
from a bubble would no longer be wa-
ter vapor; it would cease to exhibit the
properties of a particle of ideal gas.

The concept of hadronic matter in the
bag model is similar. Hadrons are bub-
bles in space that contain quarks. Inside
a bubble the quarks move about freely
and independently, just as the water-va-
por molecules move about inside a bub-
ble. If an attempt is made to remove a
quark from the bubble, the confining
strong interaction between the quarks
takes over. Like the water-vapor mole-
cules, quarks can exist only in the bub-
bles enclosing them. In other words,
hadrons act like ideal quark-vapor bub-
bles embedded in an atmosphere of or-
dinary space where quarks cannot exist.

Just as it takes a certain amount of
latent heat to boil water, so it takes ener-
gy to “boil” a vacuum, that is, to convert
energy into matter. Indeed, particle ac-
celerators can be regarded as vacuum
boilers. A large fraction of the kinetic
energy of the accelerated particles is de-
posited on a small target. Most of the
energy goes into making quarks and
antiquarks that combine to form the
hadrons found in the debris of the reac-

SEPARATION OF CHARGES affects the
force between them. When two opposite elec-
tric charges (fop) are separated, the field lines
bend more. The electric force gets weaker be-
cause only the component of the field lines
that is lying along the direction between the
charges has a net effect on the force. The force
drops off as the square of the separation be-
tween the charges. When two quarks (color
charges) are separated (bottom), the lines do
not bend but continue to pull in the same di-
rection. As a consequence of the fact that the
color-field lines are parallel the color force be-
tween a quark and an antiquark is a constant.
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tion. In the bag model some of the ener-
gy also goes into the vacuum, pushing
aside ordinary space in order to inflate
the bubbles enclosing the quarks. The
amount of energy needed to inflate a
bubble is called the bag constant (B) and
has a value of about 55 million electron
volts per cubic fermi (one fermi being
10-15 meter).

If a particle is confined to a region of
space that extends Ax in any direction,
then according to the uncertainty princi-
ple of quantum physics the particle’s
momentum has a spread of about 7/Ax,
where 7 is Planck’s constant divided by
2m. This means that when quarks are
confined to a bag of finite size, they
move with a momentum on the order of
#i/Ax and hence exert a pressure on the
inside surface of the bag. At some equi-
librium value the pressure of the quarks
on the inside surface balances the con-
fining pressure B that keeps the mat-
ter inside the bag. It is this equilibri-
um value that determines the size of
the hadrons. The pressure of ordinary
space balancing the “uncertainty-princi-
ple pressure” of the quark vapor is some-
what analogous to the pressure of water
balancing the pressure of the water va-
por in a bubble.

It may look as though the problem of
quark confinement has been trivially
solved by simply postulating that the
quarks are imprisoned in bags or bub-
bles. Yet a bag containing only a single
quark would in effect be a quark, albeit a
“fat” one. Such a particle would have
the same charge and other properties of
a single quark, and so the bag model as I
have presented it so far does not account
for the failure to observe an isolated
quark. To account for quark confine-
ment I must introduce the dynamical
property of color. Each flavor of quark
comes in three colors: “red,” “blue” and
“yellow.” The antiquarks have anticol-
ors: “antired,” “antiblue” and ‘“antiyel-
low.” Quark color has nothing whatso-
ever to do with visual color. The word
color is used because the way different
colored quarks combine in quantum
mechanics is reminiscent of the way vi-
sual colors combine. The best way to
think about color (and also about flavor)
is simply to imagine it as an extra varia-
ble associated with quarks. Just as a
quark has a spin angular momentum of
1/27% that can be oriented either up or
down along any spatial axis, so quarks
have flavors and colors that can also
have different discrete values.

All the hadrons are “white,” that is,
they are colorless averages of the three
colors. Roughly speaking, ordinary
baryons consist of a red, a blue and a
yellow quark, since these colors average
to white, and ordinary mesons consist of
a quark of one color and an antiquark of
the corresponding anticolor. One way of
establishing the truth of quark confine-
ment is to show that the property of col-
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or can never be observed, because to
observe a color would be to see a free
quark. It is now believed the strong in-
teraction is based on quark color in
much the same way that the electromag-
netic interaction is based on electric
charge. The other interactions (the elec-
tromagnetic, the weak and the gravita-
tional) are all “color-blind.”

The dynamical effects of quark color
can best be elucidated by analogy to a
much older concept: electric charge. Mi-
chael Faraday introduced the picture of
a charge as a source of lines of electric
force. A line of force is a curve in space
that indicates the direction of the elec-
tric force a positive charge would be
subjected to if it were placed on the
curve. The number of lines in a given
spatial region indicates the magnitude
of the force; the greater the number of
lines, the stronger the force. In Fara-
day’s picture the lines of force begin on
positive charges and end on negative
charges because a positive charge is re-
pelled by its own kind of charge and
attracted by its opposite. The number of
lines beginning or ending on a charge is
a measure of the strength of the charge.
Hence large charges generate strong
electric forces.

uark color can be thought of as a
kind of charge. In electrodynamics
there is only one type of charge (which
can be either positive or negative), but

in chromodynamics there are several
types, corresponding roughly to the al-
lowed color, combinations. The color
force acts not only to move the quarks
but also to change their color, and so the
color field itself must carry color. (An
electric field acts only to move elec-
tric charges, not to change their sign or
magnitude; this phenomenon was given
mathematical generality in a theory of
electrodynamics developed by C. N.
Yang of the State University of New
York at Stony Brook and Robert L.
Mills of Ohio State University.) Quarks
interacting in this way are consistent
with the results of experiments where
high-energy electrons were inelastically
scattered by protons, the same experi-
ments that revealed that protons are
made up of quarks. (This consistency
was pointed out by David J. Gross and
Frank Wilczek of Princeton University
and H. David Politzer of Cal Tech.)
Fortunately it is not necessary to un-
derstand the mechanism of color trans-
mutation in order to appreciate the re-
lation between quark color and quark
confinement.

Let me pursue the analogy between
electric charge and color charge [see il-
lustrations on pages 113 through 115]. It is
helpful to think of a line of force that
begins on one charge and ends on anoth-
er as a kind of rubber band connecting
the charges, because tension along the
line of force is in part responsible for the

attractive force between the charges.
Adjacent lines exert a pressure on each
other, and so the lines do not combine
to form a single straight line linking
the charges. The net force between the
charges is the sum of the forces associat-
ed with each line. As the electric charges
are separated the lines bend more. The
force gets weaker because only the com-
ponent of the field lines that lies along
the direction between the charges has a
net effect. The force drops off as the
square of the separation between the
charges. This inverse-squared relation is
known as Coulomb’s law.

One major difference between an or-
dinary electric field and the color field
as described by the bag model is that
the color lines of force connecting the
quarks do not exist everywhere but are
confined to the bag. At the surface of the
bag where there are no quarks (and
hence no color charges) the lines cannot
begin or end, and since the lines can-
not leave the bag, they must be tangent
to its surface. At the surface the out-
ward pressure of the color-field lines
is not balanced by adjacent lines, since
there are none, but by the confining bag
pressure B. As a result the field lines are
kept parallel to one another.

The fact that the lines are parallel in-
tensifies the force acting between the
charges because the lines all pull in the
same direction. As the quarks (color
charges) are separated the lines do not

FAMILIES OF ELEMENTARY PARTICLES each consist of two
kinds of lepton (a particle that is not subject to the strong force and
that shows no signs of an inner structure) and two “flavors,” or kinds,
of quark, each in three different colors. Like the leptons, the quarks
seem to act like dimensionless points. The charge is measured in units
of the charge of the proton, and the mass is given in terms of its en-
ergy equivalent in billions of electron volts (GeV). Although no quark
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LEPTONS QUARKS
FIRST FAMILY PARTICLE e (ELECTRON) vg (ELECTRON NEUTRINO) u (UP) d (DOWN)
CHARGE -1 0 2/3 -1/3
MASS 5x107° 07 (<.6 x 107) ~ 5x 102 ~1x10-2
POSITED —_ 1929 1963 1963
DISCOVERED 1898 1954 | - _ ’
= — = = —d
SECOND FAMILY PARTICLE w (MU) vy, (MUON NEUTRINO) ¢ (CHARMED) s (STRANGE) :
CHARGE -1 0 2/3 -1/3
MASS A1 07? (<.57 x 10-3) ~17 ~ 3
POSITED —_— 1957 1970 1963
DISCOVERED 1936 1962 1974 1947
THIRD FAMILY PARTICLE  (TAU) v; (TAU NEUTRINO) t (TOP OR TRUTH) b (BOTTOM OR BEAUTY)
CHARGE -1 0 2/3 -1/3
MASS 1.78 07 (<.25) ? ~5
POSITED —_— 1975 1977 —_—
DISCOVERED 1975 ? 19?27 1977
FOURTH FAMILY? | 2 2 2 2
FIFTH FAMILY ? ? ? 2 2
. . ’-7 ] i 2 a ? N ’)_ ?

has been seen in isolation, a discovery date is listed for each flavor
that marks when a two-quark hadron consisting entirely of that fla-
vor was found. The family-classification scheme is based on the fact
that the quarks in a given family interact with each other in the same
way that the quarks in any other family do. The leptons have been as-
signed to the families in order of increasing mass. Three families are
known, and there is no reason blocking the discovery of still others.



bend but continue to pull in the same
direction. The number of lines also re-
mains the same. It is therefore a di-
rect consequence of the fact the lines are
parallel that the color force between
a quark and an antiquark is a constant.
The magnitude of the force is indepen-
dent of the distance between the quarks,
except when they are extremely close
together.

The constant force between opposite-
ly colored quarks is what keeps them
together permanently. The magnitude
of the force, which is the net tension
in the color-field lines connecting the
charges, is about 15 tons. (By way of
contrast, the electric force of the proton
on the electron in a hydrogen atom is
about 10-! ton.) The force of confine-
ment is truly strong. Quarks are con-
fined because the constancy of the force
between a quark and an antiquark
means that an arbitrarily large amount
of energy is required to separate them.
For example, to separate the quark and
the antiquark in a meson by one inch
would require the energy needed to
make 1013 proton-antiproton pairs.

The only composites of quarks that
have a finite mass are those in which the
color-field lines all terminate inside a fi-
nite volume. Since the lines must begin
and end on color charges, such compos-
ites must be colorless combinations of
quarks. In other words, all hadrons are
white, in agreement with observation.
The problem of quark confinement has
been solved by reducing it to color con-
finement. It is a consequence of the bag
model that colors are confined. The way
colors combine accounts for the fact
that the baryon consists of only three
quarks and the meson consists of only a
single quark-antiquark pair. The sim-
plest white composite consists of a
quark and an antiquark of opposite col-
ors. The next-simplest consists of a red,
a blue and a yellow quark. It is impossi-
ble to make a colorless combination of
quarks unless the number of quarks mi-
nus antiquarks is either zero or a multi-
ple of three.

Chromodynamics in conjunction with
the bag model can explain many aspects
of hadron bahavior that once seemed
paradoxical. For example, if a quark
and an antiquark were spun, they would
recede from each other like two skaters
spinning in a circle holding the ends of
an elastic rope, except that with quarks
the rope consists of the color lines
connecting the opposite color charges.
When the system is spun, its angular
momentum increases, the color lines
stretch and energy is pumped into the
color field the lines represent. As a result
the mass of the system increases. The
relation the model predicts between spin
angular momentum and mass has been
verified experimentally for all the had-
rons [see bottom illustration on this page).
The experimental discovery of this rela-

‘ . QUARK |
_ I NAME FLAVORS [ SPINS CHARGE | MASS (GEV)
| t I ud [ b +1 14 l
K us [ +1 .50
pt ud tt +1 76
(%)
b4 .
(e} [ Ss tt 0 1.04
& |
s JIg cc tt | 0 3.10
D cu ot | 0 2.00
ss OR |
S (uL—l da) [ 0 1.00
|
Y bb I ‘ 0 9.46
|
P uud [N +1 .938
» n ddu (N 0 .940
b4
9 A uuu [N +2 1.2
<
[ ¥ uus [N +1 1.4
Q0 sss [ -1 1.65

QUARK CONTENTS of some prominent hadrons are listed here. The known quarks come in
five flavors named “up” (u), “down” (d), “strange” (s), “charmed” (c) and “bottom” (b). The
antiquarks are designated z, d, 5, c and 5. The hadrons have been divided into two classes de-
pending on how they decay. The baryons are hadrons that decay ultimately into a proton; they
are all made up of three quarks. The mesons are hadrons that decay entirely into photons and
leptons or into proton-antiproton pairs; most mesons are made up of a single quark-antiquark
pair. The arrows in the spin column indicate the direction in which the quarks are spinning.

The derivation of the relation be-
tween mass and angular momentum on
the basis of the bag model indicates why
the same relation applies to mesons and
baryons. The relation depends only on
the color charge of the quarks at the
ends of the particle. Since a baryon is

tion was a main motivation for another
model of quark confinement, the string
model, in which two quarks cannot be
separated because they are linked by
a “string.” The bag model provides a
physical explanation of the nature of the
string.

MESONS AND BARYONS have the same relation between angular momentum and mass,
and the bag model is able to explain why that is the case. If the quark and the antiquark in a
meson were spun (/eft), they would recede from each other like two skaters spinning in a circle
holding the ends of an elastic rope, except that with quarks the rope consists of the color-field
lines connecting the opposite color charges. When the system is spun, the angular momentum
increases, the color lines stretch and energy is pumped into the color field the lines represent.
As a result the mass of the system increases. The relation depends only on the difference in col-
or between the quarks at each end of the particle. Since a baryon (right) is white, the two quarks
(yellow and blue) at one end have a net color (antired) that is the opposite of the color (red) of
the quark at the other end. Thus the quarks have the same color as the meson’s antiquark.
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white, the quarks at one of its ends have
a combined color that is the opposite of
the color of the quark at the other end.
In other words, they must have the same
net color as the antiquark in the meson.

The concept of color can also account
for the production of hadrons. An elec-
tron and a positron (a positively charged
electron) can be created as a pair, and so
can a quark and an antiquark. Such a
process requires a “polarizing field” act-
ing to separate the color charges of a
quark-antiquark pair in a meson. A new
pair will appear spontaneously in the
color field of the quark and antiquark
of the meson. The color lines link the
quark of the meson with the newly cre-
ated antiquark and the antiquark of the
meson with the newly created quark.
Both quark-antiquark pairs are color-
less, so that color lines do not join them.
Because a constant force does not act
between the pairs they can separate. In
other words, the strong interaction can
transform one meson into two others,
for example a p meson into two pions.

he concept of color-field lines has

also been successful in describing
the self-annihilation of an electron and a
positron at very high energies. If the par-
ticles carry a sufficiently large energy,
they can generate an electromagnetic
field strong enough to polarize the vacu-

TRANSFORMATION OF A MESON (leff) into two mesons re-
quires a “polarizing field” acting to separate the color charges of the
quark pair in the meson (middle). A new quark-antiquark pair ap-
pears spontaneously in the polarizing field between the quark and
the antiquark of the meson (right). The color lines link the quark
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um and create an oppositely charged
quark-antiquark pair. If the pair consists
of quarks of low mass, they fly apart just
about as fast as the electron and the pos-
itron come together but not necessarily
along the same axis. The quark and the
antiquark are of course connected by
color-field lines. As the quark and the
antiquark rapidly move apart pairs of
colored quarks that form mesons are
created by the strong color field. The
pressure of the color-field lines confines
the diverging quark-antiquark pair to a
tubular region of space about 10-15 me-
ter thick. On the basis of the uncertainty
principle the component of the pair’s
momentum that lies in the direction of
the width of the tube is found to be the
equivalent of only a few hundred mil-
lion electron volts. Since the quark and
the antiquark are rapidly diverging, the
component of momentum along the axis
defined by their motion is much higher.
As a result the emerging hadrons also
move primarily in this direction. Such
hadron “jets” have been seen recently
at SLAC and at other laboratories.
Electricity and magnetism are inter-
related phenomena, as when electric
charges in motion generate magnetic
fields. Since color charge was intro-
duced in analogy to electric charge, per-
haps there is a kind of color magnetism.
Indeed there is, and one of its conse-
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quences was one of the earliest successes
of chromodynamics. This consequence
was discovered independently by How-
ard Georgi, Alvaro De Rijula and Shel-
don L. Glashow of Harvard University
and by a group of us from M.LT. It is a
well-known empirical fact that currents
flowing in the same direction through
two parallel wires generate a magnetic
force that pulls the wires together. By
the same token currents flowing in op-
posite directions generate a magnetic
force that pushes the wires apart.
Since quarks have spin angular mo-
mentum, they act as moving color
charges and hence generate a color mag-
netic field. A spinning quark can be
thought of as a color-current loop in
which a fixed color charge circulates in a
plane at right angles to the direction of
the quark spin. Since the quarks in a
meson are of opposite color, if the spins
are parallel, then the color currents flow
in opposite directions and so the quarks
magnetically repel each other. On the
other hand, if the spins are antiparallel,
then the color currents flow in the same
direction and so the color-magnetic
force pulls the quarks toward each oth-
er. That makes particles whose quark
spins are aligned more massive than
those whose spins are opposed. This
consequence of chromodynamics has
been observed for all the hadrons. For

of the meson with the newly created antiquark and the antiquark of
the meson with the newly created quark. Both quark-antiquark pairs
are colorless, and so color lines do not join them. Because a constant
force does not act between the pairs (as it does between the quark and
the antiquark in each pair), they can separate and form two mesons,



COLOR-MAGNETIC FIELD is generated by a moving quark (cel-
or charge) just as an ordinary magnetic field is generated by moving
electric charges. A quark has spin angular momentum; it is therefore
always spinning and can be treated as a color-current loop in which a
fixed color charge circulates (counterclockwise for spin vp) in a plane
at right angles to the direction of the guark spin (/ef?). Since the quarks

example, the p meson whose quark spins
are parallel is heavier than the 7 meson
whose spins are -antiparallel.

The fact that the atomic nucleus is
made from a collection of neutrons
and protons rather than directly from
quarks is most likely a consequence of
the magnitude of the color-magnetic
forces. The energy of a conglomeration
of up and down quarks is lower when
they first cluster into colorless lumps
(neutrons and protons), which in turn
bind together (albeit relatively more
weakly) to form an atomic nucleus. The
mass density of the quarks in a hadron is
only about twice as great as the mass
density of the nucleons (protons or neu-
trons) in the atomic nucleus. This means
that if nuclear matter could somehow be
squeezed so that the mass density was
increased by at least a factor of two, it
could be energetically favorable for all
the nucleons to lose their individual
identity by merging to form a quark
fluid. The transition from nuclear mat-
ter to quark matter is probably not a
phase transition, such as the change
from a gas to a liquid as the temperature
is lowered, but a more gradual transi-
tion, such as the change from a mon-
atomic gas to a diatomic gas as the tem-
perature is lowered.

It would be extremely difficult to
squeeze nuclear matter in the labora-
tory. It is believed, however, that nucle-
ar matter is compressed by huge gravita-
tional forces in a neutron star, the cold
remnant of the explosion of a superno-
va. If the density of the squeezed neu-
tron matter exceeds the density of the
quarks in the neutron, the neutrons will
merge to form a quark fluid. Hence the
dense central region of a neutron star
might actually consist of quark matter.

This possibility has important conse-
quences for the stability of the neutron
star. The matter of the star is squeezed
by gravitational mass, mostly the mass

Fe, /-""”

— —

of neutrons. Resistance to the squeeze is
provided by the repulsive interaction of
the neutrons and by the kineticenergy of
the cold neutrons. It is thought the kinet-
ic energy of the trapped quarks accounts
for most of the neutron mass, and so the
pressure would increase immensely if
the neutrons merged and liberated the
quarks. This effect would appreciably
increase the allowed mass of a stable
neutron star. Work is under way to dis-
cover the properties of quark matter so
that the allowed mass can be calculated.

Since the color-field model describes
so many features of the properties and
interactions of hadrons, particle physi-
cists have hoped that quark confinement
would be a necessary consequence of
chromodynamics. Is it possible the bag
model of hadrons could follow from
chromodynamics? The answer is yes. To
understand how this might be so consid-
er a possible analogy to superconductiv-
ity: the absence of electric resistance in a
metal at a temperature near absolute
zero. An applied magnetic force cannot
penetrate a superconducting body. The
magnetic field induces electron currents
in a thin layer at the surface of the body;
these currents in turn give rise to a mag-
netic field that is opposed to the applied
field and is just large enough to cancel
the applied field within the body. Under
some conditions, however, the applied
magnetic field can penetrate the body
by creating in it a region of normal con-
ductivity, in which lines of magnetic
flux can be trapped. This phenomenon
is called the Meissner effect.

The Meissner effect may have an ana-
logue in chromodynamics. Perhaps the
vacuum in quantum chromodynamics
expels color-field lines just as a super-
conductor expels magnetic-field lines. In
that case color fields might exist only
where they expended energy to create a
region of “normal vacuum” (analogous
to the region of normal conductivity of
the Meissner effect) in the surrounding
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in a meson are of opposite color, if the spins are parallel, then the color
currents flow in opposite directions and so the quarks magnetically
repel each other (middie). If the spins are antiparallel, then the color
currents flow in the same direction and so the color-magnetic force
pulls the quarks toward each other (right). That makes hadrons whose
spins are aligned more massive than those whose spins are opposed.

vacuum. The color-expelling property
of the surrounding vacuum would serve
the same function as the bag pressure in
the bag model, namely keeping the col-
or-field lines confined to the inside of the
hadrons. Charles G. Gross, Curtis G.
Callan and R. Dashen of Princeton have
made detailed calculations that support
such a dual-vacuum model. Another
model of this kind has been investigated
by Holger B. Nielsen and M. Minomiya
of the Niels Bohr Institute in Denmark.
These models are at the forefront of
continuing work on quark confinement.

uantum chromodynamics and the

bag model have been fairly suc-
cessful in providing a mechanism for
permanently sequestering quarks inside
hadrons and hence for explaining many
aspects of the strong force between
quarks. Whether or not the mechanism
succeeds ultimately depends on how
well it works when it is exploited to
make more refined and detailed calcula-
tions of the properties of hadrons. The
phenomenon of quark confinement is
perhaps the most paradoxical aspect of
the quark model. A definitive explana-
tion of the phenomenon will eliminate
the last major detraction from the many
successes of the quark hypothesis.

It is time to take stock of the picture of
subatomic particles that has emerged
from the quark model. Quarks are con-
sidered to be the elementary constit-
uents of matter since they seem to in-
teract like dimensionless points, but
are they truly elementary? The history
of science provides many examples of
physical entities that were once thought
to be elementary but that later turned
out to be composite. Atoms, atomic
nuclei, protons and neutrons were
all thought to be indivisible at various
times in this century until further experi-
mentation unearthed their constituent
parts. Is it possible that quarks will suf-
fer the same fate? And what about the
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I PARALLEL SPINS ANTIPARALLEL SPINS

. ORBITAL ANGULA.FLI 1 [ QUARK MASS [ OU_ARR MASS
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MASS EFFECTS OF COLOR MAGNETISM are shown here for various hadrons. The table
clearly indicates that other things being equal a particle whose quark spins are parallel is more
massive than one whose spins are antiparallel. The orbital angular momentum is given in units
of Planck’s constant divided by 277. When the quarks rotate, they move away from each other
as a result of the centrifugal force to which they are subjected in the rotating reference frame;
the greater the rotation rate, the larger the separation. The color-magnetic interaction gets
weaker with increasing separation. This means that as orbital angular momentum increases
(and hence as rotation rate increases) the masses in the parallel and antiparallel states converge.

PROPERTIES OF A SUPERCONDUCTOR (a metal at temperatures near absolute zero that
has no resistance to electric current) might serve as an analogue to how quark confinement
could follow from chromodynamics, or color dynamics. An applied magnetic field cannot pen-
etrate a superconducting body (/eff). The magnetic field induces electron currents in a thin lay-
er at the surface of the body; the currents in turn give rise to a magnetic field that is opposite
to the applied field and just large enough to cancel the applied field within the body. The only
way the applied magnetic field can penetrate the body is for it to create a region of normal con-
ductivity, in which lines of magnetic flux could be trapped (righ?). The vacuum in quantum
chromodynamics might expel color-field lines just as a superconductor expels magnetic-field
lines. In that case color fields might exist only where they expended energy to create in the sur-
rounding vacuum a region of “normal vacuum” analogous to the region of normal conductivi-
ty. The color-expelling property of the surrounding vacuum would serve the same function as
the bag in the bag model, namely keeping the color-field lines, and hence the quarks, confined.
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leptons, which also are regarded as be-
ing elementary? Might they too have
constituent parts?

The possibility that quarks or leptons
have a substructure is all but ruled out
by quantum mechanics and the theory
of relativity. Quarks and leptons are
thought to be no larger than 10-17 meter.
For the electron this upper limit in size
comes directly from experiments. On
the basis of the uncertainty principle it is
possible to calculate the momentum of a
hypothetical constituent entity confined
to a region of space 10-17 meter in diam-
eter. The theory of relativity indicates
that the kinetic energy of the constituent
would be greater than its momentum
multiplied by the speed of light. The ki-
netic energy of the constituent confined
to a region 1017 meter in diameter
would increase the mass of the quark or
lepton of which it was a part; the least
energetic constituent would contribute a
mass of at least 20 times the mass of the
proton. Therefore it is extremely im-
probable that the electron, say, has con-
stituents. For that to be the case there
would have to be an accidental and
nearly perfect cancellation of the bind-
ing energy of the constituent particles by
their kinetic energy. In physics such ac-
cidents rarely happen, and so it is most
unlikely that electrons (as well as other
leptons and quarks) are composite in
this sense.

If quarks and leptons are indeed el-
ementary, nature cannot continue to
complicate the picture of matter by
creating new kinds of particles that
are even more fundamental. Instead it
seems to be complicating the picture by
creating new flavors of quarks and new
species of leptons. The known quarks
and leptons can be classified by group-
ing them into families. Each family con-
sists of four particles whose total elec-
tric charge is zero, namely two leptons
(a particle and its associated neutrino)
and two quark flavors (in the three dif-
ferent colors: red, blue and yellow).
Three families have been identified so
far. The first consists of the electron, the
electron neutrino, the “up” quark and
the “down” quark. The second consists
of the muon, the muon neutrino, the
“charmed” quark and the ‘strange”
quark. The third consists of the tau par-
ticle, the tau neutrino, the “bottom”
quark and an undetected but theoreti-
cally expected “top” quark.

The members of the first family play
the largest role in naturally occur-
ring phenomena. The other elementary
particles, born chiefly in particle accel-
erators, have an ephemeral existence
and are responsible only for extremely
subtle effects in ordinary matter. They
decay into members of the first family
by the weak interaction.

This classification scheme is based on
the fact that the four particles in a given
family interact with one another in the



same way that the four particles in any
other family do. For example, within a
family one quark flavor can be trans-
formed into the other by the weak inter-
action. (That happens in ordinary radio-
activity, where an up quark is changed
into a down quark or vice versa.) By the
same token one lepton can be trans-
formed into the other. Quarks can also
interact across family lines, although
this interaction is considerably weaker.
There are no known cases of leptons
crossing family lines, of leptons chang-
ing into quarks or of quarks changing
into leptons.

The members of the first family had
all been identified by the late 1960’s,
when the up and down quarks were
detected within the proton and the
neutron. The particles in the second
family were discovered between 1936
and 1974. The discovery in 1974 of the
charmed quark, the last member of the
second family, lent tremendous support
to the quark model. Four years earlier
the necessary existence of the charmed
quark had been deduced from theoret-
ical considerations by Glashow, John
Iliopoulos and Luciano Maiani. The
quark was subsequently discovered by
Samuel C. C. Ting and his co-workers at
the Brookhaven National Laboratory
and by Burton D. Richter and his co-
workers at SLAC. The third family
came on the scene in 1975 with the dis-
covery of the tau particle. Although it is
not known with certainty that the tau’s
neutrino is distinct from the electron’s
neutrino, most particle physicists be-
lieve it is. Unless the top quark is ex-
tremely massive, it should be discovered
within the next five years.

There is no theoretical reason block-
ing the discovery of still more families
of particles. Some theorists believe in-
sights into this possibility could come
eventually from unified theories of weak
and electromagnetic interactions. In the
late 1960’s one such theory was pro-
posed independently by Steven Wein-
berg of Harvard and by Abdus Salam of
the International Centre for Theoretical
Physics in Trieste. Their proposal suc-
cessfully accounts for many properties
of the weak interaction. In its current
form the proposal is fully compatible
with the family-classification scheme,
but it offers no explanation for the exis-
tence of the families. Although more
far-reaching proposals that incorporate
Weinberg’s and Salam’s theory provide
such an explanation, they lack empirical
support. Moreover, no compelling ex-
planation has been offered for why the
particles in a given family have the mas-
ses they do. Whereas a definitive model
of quark confinement and a confirma-
tion of the elementary nature of quarks
and leptons would close a long chapter
in particle physics, namely the search
for the ultimate constituents of ordi-
nary matter, the possible proliferation
of families is opening another chapter.

“Hey, look everybody,
I found where George keeps the Chivas.”

Chivas Regal ¢ 12 Years Old Worldwide ¢ Blended Scotch Whisky ¢ 86 Proof. General Wine & Spirits Co., N.Y.
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The Animals of the Burgess Shale

The fossils of a rock formation in western Canada are a rich sample

of an animal community in the mid-Cambrian. Some of the animals

are ancestors of those living today; others are unique and bizarre

by Simon Conway Morris and H. B. Whittington

y far the most numerous fossils
B representing the first abundant life

on the earth are the hard parts of
various marine animals without back-
bones: shells and similar fragments of
external skeleton. This makes for a lop-
sided fossil record. For example, of the
30 or so phyla of animals living today
more than half are made up of species
with few hard parts or none. As a result
the descent of these phyla remains large-
ly undocumented by fossil evidence.

Fortunately the situation is not com-
pletely lopsided. A few geological de-
posits have been discovered that as a
result of exceptional circumstances con-
tain exquisitely preserved fossils of ani-
mals that are partly or entirely soft-bod-
ied. Here we shall describe one such
deposit: the Burgess Shale of western
Canada. The great age and the rich vari-
ety of the marine invertebrates in the
Burgess Shale make it perhaps the best-
known of all such deposits. In addition
to describing the Burgess Shale fauna
we shall attempt to reconstruct the kind
of underwater environment these organ-
isms inhabited early in Paleozoic times:
some 530 million years ago.

In the fall of 1909 the Secretary of the
Smithsonian Institution, Charles Doo-
little Walcott, was searching for fossil-
bearing rock formations in British Co-
lumbia. Following a footpath that ran
across the western slope between Wapta
Mountain and Mount Field in the south-
ern part of the province, Walcott literal-
ly stumbled over a block of shale that
had fallen onto the path from the slope
above. Examining the easily split rock,
he was astonished to find the fossil im-
pressions of a number of soft-bodied
organisms preserved in its layers. In a
letter to a colleague in Toronto dated
November 27, 1909, he dryly reported
that he had spent “a few days collecting
...in the vicinity of Field and found
some very interesting things.”

Walcott returned to the spot the fol-
lowing year to search upslope for the
shale stratum that had been the source
of his fallen rock. His search was
successful: he found two fossil-bearing
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shale exposures separated by a vertical
distance of some 70 feet. He did shallow
quarrying in both; the lower exposure
proved to be the richer of the two. He
shipped back to the District of Colum-
bia thousands of fossil specimens that
he removed from what he called his
Phyllopod Bed. (The term, little used by
paleontologists today, refers to certain
fossil arthropods, or joint-legged ani-
mals, that are probably ancestral to liv-
ing crustaceans.)

R Walcott’s own work and decades
of study by others have shown,
the fossils of the Burgess Shale include
a great abundance of marine inverte-
brates: more than 120 species. Some of
them belong to the Phylum Porifera: the
sponges. This phylum of primitive ani-
mals is the only one in the subkingdom
of parazoans, a category higher than the
subkingdom of the one-celled proto-
zoans but lower than the subkingdom of
the many-celled metazoans. Perhaps 10
other species represent metazoan phyla
that were unknown before they were
found in the Burgess Shale; they are not
present elsewhere in the fossil record.
The scores of other species that lack
hard parts can be assigned to one or an-
other phylum of metazoans with living
relatives as follows:

Coelenterates: the phylum that in-
cludes such living marine animals as jel-
lyfishes, sea pens and corals. The Bur-
gess Shale coelenterate species number
perhaps four.

Echinoderms: the phylum that in-
cludes, among others, starfishes, sea cu-
cumbers and crinoids, or sea lilies. At
least four species of Burgess Shale echi-
noderms are recognized.

Mollusks: the phylum that includes,
among others, oysters and clams, squids
and octopuses and the primitive chitons
(of the Class Amphineura). Three Bur-
gess Shale molluscan species are recog-
nized.

Arthropods: the phylum that in-
cludes, among a great many others, lob-
sters, shrimps, crabs and barnacles (all
of the Class Crustacea) and the less fa-
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miliar terrestrial animal Peripatus (a
member of the Class Onychophora).
The Burgess Shale arthropods include
several representatives of the long ex-
tinct trilobite class, a peripatus-like ani-
mal that was aquatic’ rather than ter-
restrial, and about 30 other species of
arthropods.

Priapulids: a minor phylum of un-
segmented marine worms. The living
genus, Priapulus, gives the phylum its
name. Seven species of these now ob-
scure bottom burrowers flourished in
the Burgess Shale muds.

Annelids: the phylum that includes
earthworms, leeches and a less familiar
but very large class of marine worms,
the polychaetes. The annelid phylum is
represented in the Burgess Shale by six
species.

Finally, we find among the Burgess
Shale fauna one of the earliest-known
invertebrate representatives of our own
conspicuous corner of the animal king-
dom: the chordate phylum. Among its
living representatives (other than verte-
brates) are the sea squirts and the pe-
culiar marine animal Amphioxus. The
chordates are represented in the Burgess
Shale by the genus Pikaia and the single
species P. gracilens.

Such aremarkably preserved soft-bod-
ied fauna, representing eight known
and 10 or more previously unknown
phyla that flourished in thc Middle
Cambrian, is by itself of great interest to
students of the fossil record. In addition
to this intrinsic interest, however, the
Burgess Shale invertebrates, with their
specialized adaptations, have an even
wider importance in clarifying the early
evolution of the animal kingdom. The
only earlier-known soft-bodied animals
are representative of late Precambrian
time, 700 to 600 million years ago and
therefore at least 70 million years earlier
than Middle Cambrian times. These are
the Ediacara animals, first discovered
some 30 years ago in the Ediacara Hills
of southern Australia and recognized
since then in a number of other places
throughout the world. The Ediacara



FOUR ANIMALS that lived in the ocean in Middle Cambrian times,
some 530 million years ago, are seen in these fossils. At the top left is
a trilobite, Olenoides, one of the many animals whose anatomy has
been preserved in remarkable detail in the silts that solidified to form
the Burgess Shale of British Columbia. The specimen is 5.5 centime-
ters long. Unlike most arthropods, or joint-legged animals, Olenoides
had unspecialized limbs. At the top right is another Burgess Shale
arthropod, Waptia. When this bottom-feeding animal was extended,

it was four centimeters long. At the bottom left is Opabinia, one of
about 10 animal species found in the shale that belong to previously
unknown phyla. It had five eyes and steered its seven-centimeter
body with a vertical tail fin as it swam close to the sea floor in search
of food. At the bottom right is one of the many unsegmented marine
worms that inhabited the sea floor. It is Selkirkia, one of the priapulid
phylum. With its projecting proboscis it measured five centimeters.
A successful group in the Cambrian, priapulid worms are now rare.
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LOWER QUARRY, named the Phyllopod Bed by Charles Doolittle
Walcott of the Smithsonian Institution, who first sampled the Bur-

a WAPTA MOUNTAIN

LOCALITY OF
BURGESS SHALE
FIELD
o MOUNT DENNIS
.

BURGESS SHALE OUTCROP, marked by the colored X in this
block diagram of the Middle Cambrian seascape, is a small portion
of an extended sea-bottom deposit of silts accumulated at the foot of
a deeply embayed algal reef that rose vertically some 530 feet above
the shallowest silts. The reef did not rise above sea level but was cov-
ered by shallow water. The vertical scale in the block diagram is ex-
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¥ MOUNT FIELD

gess Shale, shows patches of winter snow. The view looks south. This
and a higher shale exposure were requarried for fossils in 1966—67.

SHALLOW WATER

MOUNT ODARAY

aggerated by a factor of five, and the distance (a—¢’) from north to
south along the reef is some nine miles. Later uplift and dissection
gave rise to the peaks of the Rockies along the border of Alberta and
British Columbia, indicated by colored triangles. The reconstruction
of the sea floor and the reef is based on the work of 1. A. Mcllreath
of Petro-Canada, one recent investigator of the unique formation.
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fauna stands in marked contrast to the
Burgess Shale fauna both in the kinds of
animals represented (chiefly coelenter-
ates) and in these earlier animals’ limit-
ed range of specialization.

The event that separates the impover-
ished Ediacara fauna from the Burgess
Shale fauna is an explosive evolution-
ary diversification of multicelled ani-
mals that took place near the beginning
of Cambrian time. The fossils of the Bur-
gess Shale thus give us a unique glimpse
into the results of this sudden metazoan
adaptation relatively soon after it oc-
curred.

In spite of the work done by Walcott
and others significant gaps remain in
what is known about the Burgess Shale
paleoenvironment and how its fauna
was preserved. A fuller appreciation of
these gaps stimulated a reinvestigation
of the site by the Geological Survey of
Canada, beginning more than a decade
ago. The authorities of the Yoho Na-
tional Park in British Columbia and the
Parks Canada administration in Ottawa
granted special permission to collect
material from the shale outcroppings.
Walcott’s quarries were reopened in
1966 and 1967 under the direction of J.
D. Aitken of the Geological Survey of
Canada. Both the new material collect-
ed during these two seasons and a part
of the great Burgess Shale collection
amassed by Walcott some 60 years ear-
lier then came to us at the University of
Cambridge for analysis.

hat kind of environment did the

Burgess Shale fauna inhabit?
Studies done by I. A. Mcllreath of Pet-
ro-Canada and W. H. Fritz of the Geo-
logical Survey of Canada show that the
animals lived on or in a muddy bottom
where sediments had accumulated at the
base of a gigantic reef. This structure,
made up of material secreted by algae,
rose vertically for hundreds of feet from
a deep-water basin that was gradually
being filled with sediments. Scattered
outcrops of the reef front can still be
traced for miles across British Colum-
bia. The bottom waters of the basin
were apparently limited in circulation,
rich in hydrogen sulfide and poor in ox-
ygen. The various invertebrates flour-
ished where the muddy sediments were
banked high enough against the reef to
be clear of the stagnant bottom waters,
about 530 feet below sea level.

The reef-front sediments were not sta-
ble. Studies of the shale by D. J. W. Pi-
per of Dalhousie University show that
periodic slumping resulted in the flow
of mud into the deeper anaerobic waters
of the basin. These flows wiped away all
the surface tracks and subsurface bur-
rows made by the Burgess Shale fauna.
Because the animals trapped in the tor-
rents of mud died during or shortly after
their burial they could not leave new
traces. This means that the way of life of

ALBERTA

BURGESS SHALE FORMATION is situated some 350 miles northeast of Vancouver near
the town of Field, B.C. The fossil-rich formation was found accidentally by Walcott in 1909.

each species must be deduced from a
study of their organs of locomotion and
from comparisons with living inverte-
brates of the same kind.

At the same time the catastrophic bur-
ials, in anaerobic deposits of fine silt
where scavengers could not survive,
greatly favored the preservation of the
animals’ soft parts. As the mud gradual-
ly compacted and became hard rock the
buried carcasses were flattened and the
soft parts were transformed into thin
films of calcium aluminosilicate. In gen-
eral the films are rather dark, but certain
parts of most specimens are preserved
as highly reflective areas.

Paradoxically, although the animals’
soft parts are wonderfully preserved,
signs of rotting after burial can often be
detected. Many specimens are associat-
ed with a black-stained area, a result of
the body contents of the carcass seep-
ing out into the surrounding mud. In ex-
treme cases the fossil of a worm consists
only of a hollow bag of cuticle because
practically all the animal’s internal or-
gans have been destroyed by decay. In
some worms a subtler indication of de-
cay is the pulling away of body-wall
muscles from the cuticle.

Burial in a mud flow has other impor-
tant effects. For one thing, many of the
animals came to be buried at all angles;
the shale bedding has therefore pre-
served them in a variety of orientations
that reveal much more of the animals’
anatomy than simple horizontal burial
does. For another, the fluid sediments
that penetrated between the appendages
of animals such as arthropods and poly-
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chaetes during the turbulent flow of silt
were eventually reduced to thin layers
of shale. Judicious work with a micro-
chisel enables one to remove these fine
layers, thereby revealing further details
of a specimen’s anatomy that would
otherwise remain hidden.

he composition of the Burgess Shale

fauna upsets the conventional no-
tion of what makes up a typical assem-
blage of Cambrian animals. The fossils
found at most Cambrian localities are
the exoskeletons of such arthropods as
trilobites, the shells of various members
of the brachiopod phylum and of such
echinoderms as the extinct plate-shelled
Eucrinoid class. Animals such as these
account for barely 20 percent of the in-
vertebrate genera in the Burgess Shale.
Is it justified, then, to regard the Bur-
gess Shale assemblage as the Cambrian
norm, at least with respect to the fauna
of deeper waters, and to view the oth-
er Cambrian faunas as being skewed
by the selective fossilization of animals
with hard parts?

Since the Burgess Shale represents a
single environment that has been frozen
for a split second of geologic time, no
firm answer can be given to the question.
Several factors nonetheless suggest that
the Burgess Shale fauna was not un-
typical of Middle Cambrian times. The
scattered occurrence of species similar
to those from the Burgess Shale in other
Cambrian rocks hints at the existence in
this period of a widespread soft-bodied
fauna. Furthermore, in some Cambrian
fossil assemblages certain rather pecu-
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liar species were able to flourish because
access by sea to the area of deposition
was limited. The Burgess Shale, on the
other hand, lay at the edge of the open
sea and would have been exposed to
colonization by marine larvae floating
in from other areas. This circumstance
adds weight to the hypothesis that the
Burgess Shale fauna approaches the
Cambrian norm.

In this connection it should be noted
that representatives of certain modern
invertebrates that have almost certain-
ly had a long geological history are ab-
sent from the Burgess Shale. No species
of the platyhelminth phylum, the flat-
worms whose living members include
flukes, tapeworms and planarians, are
present. There are also no species of
another worm phylum, the Nemertea,
which includes the modern proboscis
worm, and none of still another, the si-
punculid phylum. It may be that such
worms are not represented because the
reef-front environment was not suitable
for them.

Most of the species found in the
Burgess Shale can be placed in
the ecological framework of a bot-
tom-dwelling marine community that
thrived on the muddy sea floor between
intervals of slumping. The mud support-
ed an active group of burrowing inverte-
brates, with priapulid worms predomi-
nant. Attached to the sea floor and
growing to various heights were a varie-
ty of sponges representing at least 15
genera; they fed on food particles sus-
pended in the water. Actively patrolling
the sea-floor surface or plowing through
the mud in search of food were many
species of arthropods. Certain brachio-
pods occupied a peculiar niche: they at-
tached themselves to the elongated spic-
ules of one of the sponges, Pirania. For
the brachiopods the advantages are ob-
vious: they lived somewhat above the
turbid waters of the sea floor and could
capture food particles such as the spong-
es fed on at these higher levels.

In addition to this community of fixed
and mobile surface dwellers and bur-
rowers a number of free-swimming spe-
cies inhabited the waters along the reef
front. Of these animals there are only
tantalizing glimpses, in the form of rare
specimens buried by chance in the
slumped sediments. The different mem-
bers of this pelagic fauna probably lived
at different depths; some among them
may have been species swept into the
reef-front area from the open sea.

At most Cambrian fossil localities the
mineralized exoskeletons of trilobites,
the most familiar of all Paleozoic ar-
thropods, are in the majority. In the
Burgess Shale, however, trilobites—with
one exception—are comparatively un-
important. The exception is Olenoides,
which is of great significance because in
several specimens the appendages have
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OLD SLUMP

UNDERWATER SCENE where silts slope down from the face of the great reef and the Bur-
gess Shale fauna lived is shown in an idealized reconstruction. No attempt has been made to
show the animals in numbers proportional to their fossil abundance. The fauna are identified
by number, starting at the bottom left; only about a fifth of the species fossilized in the shale
are shown. Most of the immobile animals of the sea floor are sponges: Pirania (12), seen with
brachiopods attached to its spicules; Eiffelia (22); the gregarious Choia (25); a gracile species
of Vauxia (5), with a more robust species at the top right, and Chancelloria (27). Three other

immobile animals are Mackenzia (21), a coelenterate; Echmatocrinus (16), a primitive crinoid,
seen attached to an empty worm tube, and Dinomischus (17), one of the Burgess Shale species
that represent hitherto unknown invertebrate phyla. The burrow-dwelling animals are Perono-
chaeta (1), a polychaete worm that fed on food particles in the silt; Burgessochaeta (2), a sec-
ond polychaete that captured food with its long tentacles; Ancalagon (4), a priapulid worm pos-
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sibly ancestral to some modern parasites; Ottoia (7), another priapu-
lid, seen at the center feeding on the mollusk Hyolithes (6) and at the
right burrowing; Selkirkia (8), a third priapulid, seen here in a burrow
front end down, and Louisella (9), a fourth priapulid that inhabited
a double-ended burrow and undulated its body to drive oxygenat-
ed water over its gills. Peytoia (10) is a free-swimming coelenterate
shaped like a pineapple ring. The sea-floor-dwelling mollusks in ad-
dition to Hyolithes are Scenella (23), its soft parts hidden under “Chi-
nese hat” shells, and Wiwaxia (24), with its covering scales and defen-
sive spines, seen here plowing a trail through the silt. Among the many
arthropod genera of the sea floor are Yohoia (3), with its distinctive
grasping appendages; Naraoia (13), an atypical trilobite that retained

some larval characteristics; Burgessia (14), with its long tail spine;
Marrella (15), which may have swum just above the sea floor; Cana-
daspis (20), an early crustacean, and Aysheaia (26), a stubby-legged
animal suggestive of the living land dweller Peripatus. Other repre-
sentatives of new phyla seen in addition to Dinomischus are Halluci-
genia (18), one preparing to feed on a dead worm and two others ap-
proaching it, and Opabinia (19), seen here grasping a small worm with
its single bifurcated appendage. Finally, seen swimming alone at the
top left, is Pikaia (28), the sole representative of the chordate phy-
lum in this Middle Cambrian fauna. Pikaia probably used its zigzag
array of muscles to propel itself above the sea floor. The phylum of
chordates includes the subphylum of vertebrates, which evolved later.
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been preserved in detail. Olenoides had a
pair of slender antennae in front and a
pair of cerci, or antennalike structures,
in back. The limbs along the length
of the animal, up to 16 of them, were
all similar in construction. The coxa, a
large unit closest to the body, carried a
battery of ferocious-looking spines. At-
tached to the coxa were two append-
ages; one was a filamentous gill and the
other was a walking leg. Olenoides could
seize and shred soft food, such as small
worms, and pass the fragments along to
its mouth. The forward antennae and
the rear cerci no doubt supplied the ani-
mal with information about both food
and potential predators. The fact that
the primitive limbs of this trilobite are
all similar is in marked contrast to the
arrangement in many fossil and living
arthropods whose limbs are variously
modified and specialized.

About 40 percent of the Burgess Shale
fauna consists of arthropods. Both in
the number of species and the number
of individual specimens the soft-bodied
representatives of the phylum outrank
the hard-shelled trilobites. Many of
these “nontrilobites” have had their ap-
pendages preserved in remarkable de-
tail; some of them must have been effec-
tive predators and scavengers. The most
abundant is Marrella, an arthropod with
a wedge-shaped head that bore two
pairs of long hornlike spines curving to
the rear. Marrella sensed the sea-floor
environment with a pair of antennae and
swept food particles toward its mouth
with adjacent feathery appendages. Its
score or more of side limbs were jointed,
and a filamentous gill branched from
each limb.

The next most abundant of the nontri-
lobites is Canadaspis. All but the hind
part of its body was concealed by a dou-
ble shell. Careful removal of this cover-
ing reveals the underlying appendages,
which are remarkably like those of cer-
tain living crustaceans. Still another ar-
thropod was one of the larger predators
of the sea floor. This is Sidneyia, an ani-
mal whose distinctive limbs recall those
of the living horseshoe crab, Limulus. It
has been possible to identify some of the
gut contents of Sidneyia as being frag-
ments of brachiopod shells, evidence

UNIQUE ANIMALS of the Burgess fauna
include the four seen in the photographs at
the left. At the top is Hallucigenia, shown in
the illustration on the preceding two pages.
Second from the top is Nectocaris, a stream-
lined animal with pi fin rays. At the
bottom left is Amiskwia, a gelatinous worm
withprominentfins. Atthebottomrightis Dino-
mischus, the stalked animal also shown recon-
structed on the preceding two pages. Each of
these species and six or more others repre-
sent hitherto unknown phyla of invertebrates.




that this arthropod was able to crush
hard-bodied prey.

Sidneyia was not the largest of the
Burgess Shale arthropods. The shale
contains the impressions of isolated
large limbs; if they are in proportion,
they may have belonged to an animal as
much as a meter long. The name Anom-
alocaris has been assigned to these fos-
sils, which possibly represent one of the
largest of all Cambrian invertebrates.

The most interesting of all the Burgess
arthropods is Aysheaia, an animal with
a pudgy body and stubby limbs. When
Walcott first published a photograph of
this fossil half a century ago, a number
of zoologists wrote to him to point out
how much this Middle Cambrian inver-
tebrate resembled Periparus, an animal
with eight genera of relatives (compris-
ing two families) in the small class
of onychophores within the arthropod
phylum. Peripatus was a land animal
and Aysheaia was a marine form; never-
theless, Aysheaia surely represents the
kind of ancestor that could have given
rise to such living arthropods as myria-
pods and insects.

Although some of the nontrilobite ar-
thropods in the Burgess shale, such as
Aysheaia, are reminiscent of later forms,
most of them cannot be placed in any
recognized group. They have no obvi-
ous relatives either among the other
Burgess Shale species or among the ar-
thropods of later times. Because they ex-
hibit a surprisingly wide array of ana-
tomical features, indicating a high de-
gree of specialization, they are evidence
of a hitherto unsuspected adaptive radi-
ation of arthropods in Cambrian times.
It appears that the numerous stocks that
arose during this period of rapid evolu-
tion were mostly unsuccessful. It is in-
teresting to note that the animals that
were to become dominant in later geo-
logical history generally have only a mi-
nor position in the various Cambrian
faunas; a hypothetical observer would
have been hard-pressed to predict just
which groups had the flexibility neces-
sary for long-term biological success.

f the Burgess Shale animals other
than arthropods the representa-
tives of six phyla are particularly note-
worthy. Among the echinoderms the
class of holothurians, the group that
includes the sea cucumbers, was once
thought to be widely represented. Now
only one animal, Eldonia, is so classified.
Unlike the great majority of the species
in its class, Eldonia had a jellyfishlike
body and a pair of oral tentacles. These
animals probably swam through the wa-
ter in shoals, using their tentacles to cap-
ture food. Another Burgess Shale echi-
noderm, the sea lily Echmatocrinus, is the
earliest crinoid in the fossil record; as
might be expected, it shows a number of
primitive features.
The species of the coelenterate phy-
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BURGESS SHALE GENERA currently number 119. The percent of the total assigned to var-
ious phyla is indicated in the upper part of this bar chart. Nearly 40 percent of the total are
arthropods; only 14 of the 44 arthropod genera are trilobites. Worms other than priapulids and
annelids (19 genera) and sponges (18 genera) make up another 30 percent of the total; mollusks
are the most poorly represented. In terms of habitat, as the lower set of bars indicates, more
than 40 percent of the Burgess Shale animals wandered the sea floor and more than 30 percent
were rooted in the silt. Most of the burrowing animals also moved freely, although some re-
mained fixed. Burrowers were slightly outnumbered by animals that swam above the sea floor.
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TWO PHYLA OF WORMS in the Burgess Shale fauna are the familiar annelids and the less
common priapulids. A typical Burgess Shale annelid is Canadia, a polychaete worm (fop); its
setae, bundles of fine bristles that were organs of locomotion, are preserved in detail. A typical
priapulid worm (bottom) is Louisella, also reconstructed in illustration on pages 126 and 127.

lum are among the most primitive of the
metazoans. For example, in the late Pre-
cambrian fossil assemblage from the
Ediacara Hills the coelenterates pre-
dominate. In contrast, the several Bur-
gess Shale coelenterates, some resem-
bling jellyfishes and others resembling
sea pens, seem to have played a rather
limited role in the community. On the
other hand, the Burgess Shale sponges,
the most primitive of all the animals

present, were prominent members of the
community. They were abundant and
varied in form; some species grew on the
sea floor in thickets.

The various Burgess Shale “worms”
were mainly assigned by Walcott to the
annelid phylum in general and to the
class of polychaetes in particular. It is
now realized that many of them belong
to other phyla. Nevertheless, it is among
the polychaete worms that some of the

ANCESTRAL ARTHROPOD with a striking resemblance to the living onychophore Peripa-
tus is this remarkably preserved invertebrate, Aysheaia. Cambrian arthropods such as Aysheaia
could have been ancestral to such living members of that phylum as the myriapods and insects.
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most spectacular examples of soft-body
preservation are to be found: the setae,
or bundles of fine bristles, that were
these animals’ organs of locomotion
have been particularly well preserved
as bright, reflective films in the shale.
One of the polychaetes, Canadia, appar-
ently did not live in a burrow but spent
much of its time swimming close to the
sea floor. Another, Burgessochaeta, was
probably a more typical burrower, tak-
ing refuge in the muddy bottom and
searching for food around the burrow
entrance with its long tentacles.

Today the priapulid phylum is of in-
terest only to a handful of specialists.
These worms, however, were an impor-
tant group in Cambrian times, and two
priapulids present in the Burgess Shale
are particularly noteworthy. One of
them, Otrroia, is the most abundant of the
group. It has been preserved in such de-
tail that muscles are clearly visible and
the gut content of some specimens can
be analyzed. Ortoia fed on two kinds of
shellfishes: brachiopods and hyolithids.
The hyolithids, possibly members of the
mollusk phylum, had a conical shell that
was capped by a protective opercu-
lum, or lid, when the animal was fully
withdrawn. The teeth of Orroia were not
strong enough to break open the shell,
and so the hyolithids were swallowed
whole and their soft parts were digest-
ed as the shells passed through the pri-
apulid’s gut unscathed. These shellfish-
es were not Ortoia’s only food. A unique
specimen contains within its gut the
remnants of another worm of the same
species, showing that (as with some liv-
ing priapulid worms) Orroia could be
cannibalistic.

Parasitologists take considerable in-
terest in another Burgess Shale priapu-
lid. It is Ancalagon, which may be ances-
tral to the living group of spiny-headed
worms, the Acanthocephala, that seem
to have been parasites for millions of
years. These parasitic worms have no
gut and absorb nourishment through
their body wall while they are lodged in
the intestine of their host. If evolution is
hypothetically reversed and the worms
are reendowed with the organs neces-
sary for a free-living existence, the re-
constructed animal is remarkably like
Ancalagon.

Two other supposed worms, once
considered to be polychaetes, are Wi-
waxia and Pikaia. The body of Wiwax-
ia was covered with large scales. Long
spines that curved upward and outward
along the animal’s back evidently were
protection against predators. That the
spines actually were protective is indi-
cated by the fact that in some specimens
of Wiwaxia they have been snapped off.
An inhabitant of the sea floor, Wiwaxia
nourished itself by scraping off frag-
ments of food with a rasping organ. The
rasp resembles the radula, or horny



toothed tongue, of certain living mol-
lusks. Is Wiwaxia a primitive mollusk? If
it is, the details of its remarkably pre-
served anatomy will throw new light on
the early evolution of this highly suc-
cessful phylum of invertebrates.

What about Pikaia, formerly consid-
ered a polychaete worm? Some 30 well-
preserved specimens show a prominent
rod along the animal’s back that appears
to be a notochord, the cartilagelike stiff-
ening organ that gives the chordate phy-
lum its name. In addition to this key an-
atomical feature the blocks of muscle
in Pikaia form a zigzag pattern that is
comparable to the musculature of the
primitive living chordate Amphioxus
and of fishes. Although Pikaia differs
from Amphioxus in several important
respects, the conclusion that it is not a
worm but a chordate appears inescap-
able. The superb preservation of this
Middle Cambrian organism makes it a
landmark in the history of the phylum to
which all vertebrates, including man,
belong. There are possible instances
of even earlier chordates from Lower
Cambrian formations in California and
Vermont but none is as rich in detail.

MOLLUSK REPRESENTATIVE, Hyolithes, had a cone-shaped shell that was capped by
a protective lid. One of the burrowing worms, Otfoia, preyed on these mollusks but was not
able to break the shell open. The worm digested Hyolithes’ soft parts and excreted its shell.

Perhaps the most intriguing problem
presented by the Burgess Shale fauna
is the 10 or more invertebrate genera
that so far have defied all efforts to link
them with known phyla. They appear to
be the only known representatives of
phyla whose existence had not even
been suspected. Their origins must lie in
Precambrian obscurity, where the initial
metazoan diversification began. The pe-
culiarity of these novel animals is exem-
plified by the aptly named Hallucigenia.

This animal propelled itself across the
sea floor by means of seven pairs of
sharply pointed stiltlike spines. Seven
tentacles arose from the upper surface
of the animal’s body; at the end of each
tentacle was a pair of strengthened tips.
Did the tentacles gather food? If they
did, did each tentacle act as an individu-
al mouth with a direct connection to the
animal’s alimentary canal? There are
more questions than answers, but a val-
uable clue to the animal’s behavior is
preserved in a specimen from a Harvard
University collection. There one can see
more than 15 individual Hallucigenia as-
sociated with a large worm. There seems
little doubt that, having detected the car-
cass of the worm, these odd animals had
congregated to scavenge it.

Compared with Hallucigenia a second
unique animal, Opabinia, seems almost
orthodox. Its five eyes were arranged
across its head, so that it was probably
able to avoid predators with ease as it
swam close to the sea floor, steering it-
self with a vertical tail fin. Opabinia fed
by Captu.ring prey with a graspingorgan  pROBABLE MOLLUSK, Wiwaxia, with its cover of large scales and array of long protective
that projected forward. spines, was first placed among the polychaete worms of the Burgess Shale. Its rasplike feeding

Alternative approaches to problems organ, similar to a mollusk’s radula, suggests that it belongs to the molluscan phylum instead.

131

© 1979 SCIENTIFIC AMERICAN, INC



Who took

The Crown Jewel of England?
Solve the mystery-
you could win $25,000!

The sleuth who finds the truth may win a $25,000 first prize,
$5,000 second prize, or one of five $1,000 runner-up prizes.

about to be taken.

The Contessa is whis-
pering to the Squire.

The man in the heavy
boots sits holding his
favorite drink -a Beefeater
Gin and Tonic.

The person seated
opposite the Brigadieris
enjoying a Beefeater Gimlet.

The Butler enters with a
Beefeater Gibson for the

person seated to the
\ right of Lady Trumbull.
"8 . The Brigadier mum-
~’bles to himself to buy
a bottle of Beefeater
Gin-The Crown
. Jewel of England - on *
O the way home.
Lady Trambull ~ Suddenly, the
lights go out.

The scene is the drawing room
of a 17th century manor house in
the heart of the Kent countryside.

" o

1Y
]

L& There are five people
' in the manor house.
i Although no one
knows it, The Crown
Jewel of England is

ol F &

The Butler

Who took The Crown Jewel of England?

The Contessa

.

The Gibson Girl swoons
into the waiting arms of the
Martini Man.

Lady Trumbull faints.

No one could hear any
footsteps.

It should be easy to de-
duce who turned out the lights,
dear reader. A

But now, more
importantly, clip
out the coupon and
tell us (for a chance at
$25,000) who takes
The Crown Jewel *
" of England. That

. is afar trickier
problem, and
no one, not even you, is
above suspicion. Good
luck and good hunting!

The Squire

The Brigadier

—
I OFFICIAL RULES: (No purchase required.) 1. Clip out this entire
coupon. On the coupon hand print your name, address and tell us
l who you think took The Crown Jewel of England. Mail in a hand
addressed envelope no larger than 4%" x 9% (#10 envelope) to
| Beefeater Gin “The Crown Jewel of England” Sweepstakes, PO.Box
9241, Blair, Nebraska 68009. 2. IMPORTANT: In order to be eligible
| fora prize, you must hand print on the lower left hand corner of your
| mailing enveloie who you think took The Crown Jewel of England.
3. Entries must be received by August 31,1979. Enter as often as you
| wish, but each entry must be mailed separately. 4. Winners will be
determined in a random drawing from among all correct entries
| received. If fewer than seven (7) correct entries are received, random
| drawings will be held from among all entries received to award
prizes not awarded via correct entry. Random drawings are under the
| supervision of the D.L. Blair Corporation, an independent judging
organization whose decisions are final. 5. This sweepstakes is open
| to residents of the United States of legal drinking age in their state of
residence at time of entry. Employees of Kobrand Corp., its distribu-
| tors, retailers, advertising and promotion agencies and their families
| are not eligible. This sweegs(akes is void in Ohio, Utah and Texas,
and wherever prohibited by law. Limit one prize per family. No
| substitution of prizes is permitted. All Federal, State and local laws
and regulations apply. For a list of prize winners, send a SEPARATE
| self-addressed, stamped envelope to: Beefeater Gin "The Crown
| Jewel of England” Winners' List, PO. Box 6279, Blair. Nebraska
l 68009. 6. All entries must be on Official EmKACoupons, For each
(.

additional coupon you wish send a SEPARATE self-addressed.

BEEFEATER'GIN. The Crown Jewel of England.

©1979 BEEFEATER GIN IMPORTED FROM ENGLAND BY KOBRAND. N.Y. N.Y. 94 PROOF. 100% GRAIN NEUTRAL SPIRITS

SA

stamped envelope to: Beefeater Gin "The Crown Jewel of England’
Coupon Request, PO.Box 7104.Blair, Nebraska 68009. Yourrequest
must be received by July 31,1979.

Clip out this coupon and tell us who you think took The Crown
Jewel of England. Write your answer below and also on the lower
left hand corner of your mailing envelope. Please hand print. (NO
PURCHASE REQUIRED)

Mail to: BEEFEATER GIN "THE CROWN JEWEL OF ENGLAND"
PO.BOX 9241. BLAIR, NEBRASKA 68009

Who took The Crown Jewel of England?

Name

Address

City State Zip

© 1979 SCIENTIFIC AMERICAN, INC



of functional design are evident among
these unusual invertebrates. For exam-
ple, for a worm with a fluid-filled body
cavity one problem is that muscular
contraction in one part of the body will
distort the shape of the rest of the body.
In annelid worms the problem has been
solved by dividing the body cavity into
a series of watertight compartments.
Banffia, a unique Burgess Shale worm,
developed an alternative solution. The
stiffened front half of its body was sepa-
rated from the more saclike back half
by a prominent constriction at the mid-
point. The constriction appears to have
damped the hydrostatic fluctuations set
up by the locomotor muscles of the
animal’s front half, thereby minimiz-
ing the distortion of its unstiffened
back half.

Some representatives of new phyla
have been preserved by the dozen. Oth-
ers, particularly the free-swimming in-
habitants of the higher water levels that
would seldom be trapped by slumping
mud, are quite rare. One such animal
is the worm Amiskwia; judging by its
prominent fins, it was probably quite an
active swimmer. Another animal, Nec-
tocaris, a fast-swimming predator, had
enormous eyes and evidently propelled
its streamlined body by rapid lateral
flicks of its body. Prominent dorsal and
ventral fins, stiffened by numerous fin
rays, helped to keep the animal stable as
it was swimming.

Conodonts, or ‘“‘cone teeth,” are enig-
matic fossils that resemble tiny teeth;
they are found in formations ranging in
age from the latest Precambrian to the
Triassic, a span of almost 400 million
years. Although they look like teeth,
they cannot have acted as such because
they show no signs of wear. What soft-
bodied animal had conodonts and for
what purpose has long been an unan-
swered question. Another rare pelagic
invertebrate preserved in the Burgess
Shale, Odontogriphus, may be that ani-
mal. The tentacular feeding apparatus
of the animal, another unique represen-
tative of a hitherto unknown phylum,
incorporates a set of minute conical ob-
jects that appear to be conodonts. Since
conodonts cannot have acted as teeth,
the hypothesis has been advanced that
they were some kind of support for the
feeding tentacles. Was the feeding appa-
ratus of Odontogriphus and of animals
like it the source of the conodonts so
copiously distributed throughout the
Paleozoic and the earliest Mesozoic fos-
sil record? Possibly so.

s more is learned about the Burgess
Shale fauna the picture of Cambri-

an life will gain a new perspective, par-
ticularly with respect to the explosive
evolution of the metazoans. For exam-
ple, the wide range of arthropods, with
their distinctive and different groupings
of anatomical characteristics, is already

such that a single phylum seems too
small to hold them all. The adaptive ra-
diation of the Cambrian invertebrates
can be seen as the initial response to the
availability of a very wide variety of
marine ecological niches. Hence many
Cambrian animals seem to be pioneer-
ing experiments by various metazoan
groups, destined to be supplanted in due
course by organisms that are better
adapted. The trend after the Cambrian
radiation appears to be the success and
the enrichment in the numbers of spe-
cies of a relatively few groups at the
expense of the extinction of many other
groups.

An additional possibility is suggested
by the Burgess Shale fauna itself. Some
groups of major stature in Cambrian
times, such as the priapulid worms, may
have fared badly against later competi-

tors and only escaped extinction by mi-
grating into marginal niches that were
either unattractive or unavailable to
other metazoans. One such manifesta-
tion of movement into a marginal niche
is the scaling down of body size. This
miniaturization may well be how some
priapulids managed to survive. An alter-
native escape route is to become parasit-
ic; the priapulids that appear to have
given rise to the parasitic spiny-headed
worms could be an example of the alter-
native. In any event the Burgess Shale
fauna affords both a marvelous glimpse
of evolution in action during this brief
interval of Middle Cambrian times and
a stern reminder of how impoverished
and distorted the fossil record is. The
study of these soft-bodied animals illu-
minates many hitherto unsuspected as-
pects of the history of life.

STIFFENING ROD, or notochord, runs partway along the back of the early chordate Pikaia.
The animal’s head, seen in more detail in the illustration below, is at the right. The pattern of
its musculature resembles that of fishes and of the living primitive chordate Amphioxus. A re-
construction of this free-swimming chordate appears in the illustration on pages 126 and 127.

FRONT END of Pikaia is seen enlarged in this photograph, making visible the animal’s pair
of sensory tentacles and behind them a short row of small appendages. Earlier Cambrian for-
mations preserve the remains of possible chordates, but none compare with Pikaia in detail.
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The Visual Perception
of Motion in Depth

It now appears that information concerning motion in depth is

processed in two distinct channels, which converge on a single

motion-in-depth stage of the human visual perception system

by David Regan, Kenneth Beverley and Max Cynader

person negotiating a busy city
street performs an impressive
feat of visual judgment. The to-
tal visual information available to the
human brain is contained in the pair of
two-dimensional images formed when
the lenses of the eyes focus incoming
light on the retinas. On the basis of these
rather blurred two-dimensional images
the pedestrian must judge the position
and direction of oncoming cars and peo-
ple as well as of his own body with
respect to the continuously changing
three-dimensional world around him.
How does the human visual system
process the information in those images,
making possible precise eye-to-limb co-
ordination of the kind that is needed in
such a task as maneuvering through
traffic?

In spite of the impressive advances
that have been made in the study of vi-
sual perception over the past 15 years
there is still only a fragmentary under-
standing of how eye-to-limb or eye-to-
hand coordination in three-dimensional
space is achieved when either the ob-
server or the objects around him are in
motion. Perhaps most perplexing is the
question of how motion in depth, which
obviously cannot be incorporated in a
two-dimensional retinal image, is per-
ceived. There are, however, cues to mo-
tion in depth present in such an image.
For example, an object that is moving
away from the observer appears to get
progressively smaller. J. J. Gibson of
Cornell University has pointed out that
it is these “stimulus correlates” of mo-
tion that serve as the effective stimuli to
the neural organizations in the brain
that mediate motion perception. How,
then, are the stimulus correlates of mo-
tion in depth perceived and interpreted
by the human visual system?

One way to approach the question is
to consider not the everyday demands
placed on the visual system but rather
some of the most challenging tasks pre-
sented to it: tests of eye-to-hand coordi-
nation in which extremely precise judg-
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ments of motion must be made at top
speed and on the basis of few cues. For
example, in the game of cricket the bats-
man must hit a hard ball that is bounced
directly at him with a speed of up to 100
miles per hour. Harriet G. Williams of
the University of Wisconsin has shown
that in baseball a skilled batter can make
more reliable estimates of the ball’s tra-
jectory if he can see the pitcher’s legs
and feet. The cricket batsman undoubt-
edly employs similar cues to make a
swift decision on how to place his feet in
preparation for hitting the ball. In crick-
et, however, there is an added difficulty.
The ball is made with a raised, stitched
seam that can cause it to change direc-
tion when it bounces. Therefore any fi-
nal adjustments in position the batsman
makes must be based on visual judg-
ments made after the ball has left the
ground. Assuming that the ball travels
at 90 miles per hour and bounces 30 feet
from the batsman, he has only about .23
second in which to make those judg-
ments and carry out whatever adjust-
ments are called for. A similarly de-
manding visual task is the everyday
business of an airline pilot, because the
final stages of a routine landing are car-
ried out under visual guidance. In order
to make an exact judgment of his mo-
tion with respect to the landing field the
pilot depends on the flow pattern he sees
as the plane approaches the ground, that
is, the manner in which objects in his
visual field appear to flow radially away
from the landing point.

During the past 10 years we have car-
ried out a series of psychophysical ex-
periments to determine how an individ-
ual’s visual system processes cues to
motion in depth as he engages in these
challenging tasks of eye-to-hand coordi-
nation. Using modern electronic tech-
niques for generating visual stimuli, we
have studied these cues to motion in
depth in combination with (and some-
times in competition against) a variety
of related stimuli. As a result we have
been able to construct a theoretical
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model of the operations of the visual
system that underlie the perception of
motion in depth. Before describing these
experiments and the conclusions we
have drawn from them, however, it is
necessary to briefly discuss a current,
widely accepted view of how the visual
system responds to a stimulus.

he visual pathway of the brain

breaks a retinal image down into a
number of abstract features that are
processed separately by parallel chan-
nels. Although this concept is not new, it
did notelicit much interest until a possi-
ble physiological basis for sensory chan-
nels was revealed by modern techniques
of neurophysiological testing (in partic-
ular the use of microelectrodes to re-
cord the activities of single neurons, or
nerve cells, in the visual cortex of anes-
thetized animals, and more recently the
“2-deoxyglucose” method developed by
Louis Sokoloff and his colleagues at the
National Institute of Mental Health to
identify the neurons activated by a par-
ticular stimulus). The neurophysiologi-
cal experiments disclosed the existence
of classes of neurons that respond best
to specific stimulus features.

It was the discovery of these putative
information filters that gave rise to the
present understanding of how “side-
ways” motion, or movement across the
retina, is perceived. Asearly as 1911 the
psychologist A. Wohlgemuth hypothe-
sized that the visual system incorporat-
ed mechanisms sensitive to motion in a
particular direction. Then in 1962 Da-
vid H. Hubel and Torsten N. Wiesel of
the Harvard Medical School established
that in the visual cortex of cats there
are classes of directionally specific neu-
rons: neurons that fire at a high frequen-
cy when a properly oriented stimulus
moves across the visual field in one di-
rection but fire at a much reduced rate
when the stimulus moves in the opposite
direction. Classes of such directionally
specific neurons have been identified in
several species of animals, and it is now



LANDING AN AIRPLANE is an exacting test of eye-to-hand co-
ordination, requiring that a pilot make swift, precise judgments of
his own motion in depth with respect to a stationary landing field. As
is shown in this sequence of photographs of the screen of a flight sim-
ulator, one of the few cues to direction of motion available to the pilot
is the flow pattern he sees through his cockpit window: the contours
of the visual field appear to flow radially away from a focus that cor-

responds to the touchdown point, so that as objects move toward the
edges of the field they seem to move faster and to get larger and their
texture seems to coarsen. Motion in depth cannot be reproduced in
the two-dimensional retinal images from which the human brain de-
rives all visual information. Hence it is cues such as flow patterns that
serve as the effective stimuli for the neural mechanisms that mediate
the perception of such motion (see bottom illustration on page 143).
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The Pentax MX.

From the people who've made
more major advances in 3Smm SLR’s
than any other company.

At Pentax, major breakthroughs are a matter of routine. In
fact, the actual look of today’s 35mm SLR is the direct result of
Pentax photo-engineering.

Which makes the Pentax MX part of a long tradition of
innovation.

We were first to mass-produce 35mm SLRs combining the
pentaprism and instant-return mirror. We were first to use TTL
(through-the-lens) light metering. We introduced the first
Super-Multi-Coating for 35mm lenses. And we were first to offer
automatic electronic exposure in a 35mm SLR.

So it’s no coincidence that Pentax is first in total sales of
35mm SLRs worldwide.

And it’s no surprise, that in the Pentax MX, we’ve built a
totally reliable system camera with features and capabilities far
beyond its price range.

The MX was built for pros by pros to be the smallest and
lightest total-system 35mm SLR in the world. It’s so light, you

can add either the 2-fps Winder MX or the 5-fps Motor Drive
MX, and the whole system will still weigh less than other SLRs
without a winder or a drive unit.

THE PANORAMIC VIEWFINDER

The image in the viewfinder is so big and bright it snaps
right into focus regardless of lighting conditions. Inside the
finder you'll see aperture setting, shutter speed, and the two
adjacent shutter speeds.

You'll also see our incredible five-dot LED exposure
readout. When the green dot in the center is
lit, you have perfect exposure. When one of
H the two yellow dots is lit, you're a half stop
} under- or over-exposed. And when one of the
two red lights is on, you're a full stop (or more)
over or under. With all that information right in the viewfinder,
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you can work easily without having to move the camera away
from your eye. And the solid-state LEDs are rugged. You can’t;jar
them out of alignment, as you might with many matched needle
systems.

| spool is probably the most efficient loading system you've ever

used.
Also, we make nine interchangeable focusing screens
which can be changed in seconds.

GPDs—A BETTER WAY TO METER LIGHT

The light sensors in the MX are a major technological
breakthrough in themselves, developed by "

Pentax in cooperation with Nippon Electric. &

They're called Gallium Arsenide Phosphide

Photo Diodes, or GPDs. They react 1,000

times faster than CdS cells in low light situa- & ul
tions, and they respond instantly to any radical light change, no |
matter how rapid. And yet, unlike SPD cells, GPDs are virtually

immune to infrared light. In the future, you'll probably see GPDs
in most other SLRs. At Pentax, we use them right now.

~ COMPACT LENSES

A lot of SLRs have been made smaller lately, but
unfortunately, their lenses haven’t. Pentax decided to design 18
ultra-thin, ultra-light M-series lenses for use on the MX. Of
course, our regular Pentax lenses also fit the MX. So there are
over 40 interchangeable Pentax lenses available, from 1,000mm
telephoto to 17mm fisheye. All have the Pentax bayonet mount,
which is becoming the standard of the industry. And all have
Super-Multi-Coating, a process we invented and perfected.

~_ MORE INNOVATIONS
Loading the MX is a real treat. Our "Magic:Needle” takeup
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MOTOR DRIVE MX

When attached to your Pentax MX, the Motor Drive MX
lets you fire off consecutive exposures at up to 5fps. And it’s
available with three different power sources.

DATA BACKS AND 250 EXPOSURE BACK

The back of the MX accepts the Pentax Bulk Film Magazine
and data back. If you have a lot to shoot, the Bulk Film Magazine
holds 250 frames. With the Dial Data MX, your MX becomes
a data camera. On each exposure, your choice of alpha/numeric
data is imprinted automatically. And our Data MX camera comes
complete with a built-int clock, so you can imprint the time,
date and more on each frame.

All in all, the Pentax MX is a formidable camera, the heart
of a superb, sophisticated, professional system. It's the result of
years of meticulous research and exhaustive testing. We wouldn’t
have it any other way. And we don’t think you would either.

For more information, write: Pentax MX, PO. Box 2585,
Littleton, CO 80161

PENTAX

Specificaions snd svailability

1 10 change without notice. © 1979 Pentax Corporsson. All rights reserved
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HITTING A RAPIDLY MOVING BALL in the game of cricket is another difficult test of
eye-to-hand coordination that provides few cues to motion in depth. In cricket the batsman
must determine how to hit a hard ball that is bounced toward him by the bowler. The bowler’s
body position and movement provide some cues to the balPs direction of motion, but when the
ball b , it may change direction sharply. Assuming that the ball bounces 30 feet from the
batsman and travels at 90 miles per hour, the batsman has only .23 second during which to
make final judgment of its motion. During that time his principal cues to balPs direction of mo-
tion in depth are changing size and relative velocities of left and right retinal images of ball.
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widely presumed they are also present in
the human visual system, giving support
to the concept of a visual channel that
is preferentially responsive to sideways
motion.

The reliability of the visual judgments
of motion in depth made by cricket or
baseball players led us to suppose that
information about motion in depth is
handled quite separately from informa-
tion pertaining to sideways motion, that
is, handled in a distinct channel of its
own. The properties of this hypothetical
channel, we realized, would have to ex-
plain how some ballplayers and pilots
can perform reliably even after losing
the vision of one eye. These individuals
evidently obtain motion-in-depth infor-
mation through one eye alone, although
individuals with normal visual equip-
ment undoubtedly obtain a greatdeal of
motion-in-depth information from the
interaction of the two eyes, that is, from
comparison of the images seen by the
left and right eyes.

There appear to be two different, al-
though not unrelated, mechanisms for
the processing of monocular and binoc-
ular cues to motion in depth. Consider
first the monocularly available stimu-
lus correlates of motion. For example,
changing the size of a retinal image can
create a compelling illusion of motion in
depth. (Indeed, this phenomenon is of-
ten exploited in space-adventure films
to create the illusion that stars, planets
and spacecraft are traveling rapidly in
depth.) Moreover, changing image size
is one of the important cues to motion in
depth available to the cricket batsman.
Therefore we began this part of our in-
vestigation by asking whether there was
a channel in the human visual system
that responded preferentially to chang-
ing-size stimuli.

In our first changing-size experiments
we made use of the classic psycho-
physical procedure known as selective
adaptation. In this procedure the visual
sensitivity of subjects to a variety of
stimuli is measured before and after the
subjects are exposed to a strong level of
a particular “adapting” stimulus. If the
adapting stimulus fatigues a particular
channelin the nervous system, after pro-
longed exposure the subjects will have
more difficulty detecting a stimulus
that is processed by this channel. Thus
by testing a number of stimuli against
each adapting stimulus it is possible
in effect to dissect the visual system:
to sort out the neural organizations in-
volved in different perceptual tasks.

In our changing-size experiments sub-
jects were made to adapt to a stimu-
lus square generated on the screen of
a cathode-ray tube. Each side of the
square could be made to oscillate so
that two distinct modes of stimulation
could be presented to the subject: when



the opposite sides of the square were
made to move in opposite directions, the
size of the square oscillated; when the
opposite sides were made to move in
the same direction, the position of the
square oscillated. A subject’s visual sen-
sitivity to either stimulus was measured
as the minimum amplitude of oscillation
he could detect. (In addition the stimu-
lus square could be generated either as
a bright figure on a dark background or
as a dark figure on a bright background,
but that choice turned out to have little
effect on the perception of changing
size: adaptation to bright changing-size
squares affected the subject’s sensitivity
to dark changing-size squares and vice
versa.)

We began by measuring subjects’ vi-
sual sensitivity to both changing image
size and changing image position before
they were adapted to any stimulus. Then
we directed them to gaze at a square
showing a large-amplitude oscillation in
size. When the subjects’ visual sensitivi-
ty was measured again after 20 minutes
of exposure to the changing-size stimu-
lus, we found that their ability to detect
changing size was significantly reduced,
although their ability to detect changing
position was hardly affected. This result
pointed to the existence of a distinct
changing-size channel. It certainly did
notreflect the subjects’ adaptation to the
lighting changes on the screen: when we
had subjects adapt to a flickering light,
we found that the adaptation had little
effect on their ability to detect either
changing size or changing position.

There was still the possibility that
the reduction in subjects’ sensitivity to
changing-size stimuli was simply due
to the fatigue of directionally selective
motion filters. To test that explanation
we adapted subjects for 20 minutes to
a changing-position stimulus: a square
whose position oscillated with the same
amplitude and frequency as the chang-
ing-size adapting stimulus. This time we
found only small reductions in the sub-
jects’ sensitivity to either changing size
or changing position. It is important to
understand that in this control experi-
ment each side of the adapting square
moved exactly as it had in the preceding,
changing-size experiment. The chang-
ing-position and changing-size stimuli
differed only in the relation between the
movement of opposite sides. Thus we
had discovered a channel that respond-
ed exclusively to the oppositely directed
movement of opposite sides of a retinal
image. Moreover, the selective response
persisted even when the sides of the test
square were rather far apart, separated
by a visual angle of up to 1.5 degrees.
(Here, as in many experiments in visual
perception, the distance between two
points is measured as the angle between
the lines of sight from the observer to
each of the points.)

LATERAL GENICULATE NUCLEUS

LEFT EYE

VISUAL
CORTEX

RIGHT EYE

RETINA \ K
OPTIC CHIASM

OPTIC NERVE OPTIC TRACT

HUMAN VISUAL PATHWAY from the retina to the cerebral cortex consists essentially of
six different layers of neurons, or nerve cells: three of them in the retina, one in the cluster of
cells called the lateral geniculate body and two in the visual cortex. The fibers from the retinal
neurons in each eye are bundled together to form the optic nerve, and the two optic nerves meet
at the optic chiasm, where roughly half of the fibers from each eye cross over to the opposite
side of the brain. Some of the neurons of the visual cortex are activated by stimuli viewed with
a single eye, some by stimuli viewed with either eye and some by a definite relation between
stimuli viewed binocularly, or with both eyes. In addition many cortical neurons have been
found to respond preferentially to certain stimuli, such as motion in a particular direction
across the retina. The existence of such neurons supports the hypothesis that different features
in a retinal image are processed separately, by parallel visual channels that are sensitive to one
type of stimulus and comparatively insensitive to other types. For example, information per-
taining to sideways motion, or motion across the retina, to be pr d in a distinct
ch 1. It now appears that underlying perception of motion in depth are channels sensitive to
monocularly available cue of changing image size and channels sensitive to binocularly viewed
cue of relative velocities of left and rightretinalimages. Human brain is here viewed from below.

At this point we were able to construct
a simple psychophysical model of the
way the brain processes changing-size
information. As the size of a retinal im-
age, say, increases, the movements of
opposite sides stimulate pairs of neural
systems sensitive to motion in opposite
directions. Whenever such a pair of di-
rectionally selective motion filters are
activated simultaneously, they generate
a signal that activates a neural mecha-
nism sensitive to increasing size. The
signal from this changing-size filter can
generate two different responses. It can
either activate a higher-level stage for
the perception of changing size or it
can feed into a motion-in-depth stage.
How, then, does the visual system deter-
mine whether a signal from the chang-
ing-size filter reflects the changing size
of an object or its motion in depth? We
obtained some insight into this question
when we attempted to generate a nega-
tive aftereffect of changing image size.

Many different visual stimuli elicit a
negative aftereffect, and the most
widely accepted explanation of that
phenomenon is based on the idea that
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neural mechanisms can become fa-
tigued after prolonged stimulation. A
well-known example of a negative after-
effect of motion is experienced by some-
one who stares at a waterfall for a few
minutes. When he then switches his gaze
to a stationary part of the landscape, it
will appear to be moving slowly up-
ward. To elicit a negative aftereffect of
changing size we directed subjects to
gaze at a test rectangle in which the ver-
tical sides moved toward each other at
a constant speed while the horizontal
sides remained stationary; after one sec-
ond this contracting figure disappeared
from the screen, reappearing .25 second
later at its original size to begin a new
cycle. When subjects had been exposed
to this adapting stimulus for several
minutes, it was replaced with a test rec-
tangle whose sides were stationary. A
negative aftereffect of changing size
was indeed evident: the test rectangle
seemed to be expanding continuously
along the horizontal axis.

Once again we were able to rule out
the possibility that our results were due
to the fatigue of directionally selective
motion filters. By contracting the test
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TEST SQUARE WITH OSCILLATING SIDES was projected on the screen of a cathode-
ray tube to determine whether the human visual system has a distinct channel for processing
changing-size information. As is shown at the top, two distinct modes of visual stimulation
were possible, that is, opposite sides of the square could be set to move either in opposite direc-
tions (a) so that the size of the square oscillated or in the same direction (b) so that the posi-
tion of the square oscillated. Subjects’ visual sensitivity to either type of stimulus was mea-
sured by determining the minimum amplitude of oscillation that could be detected. To estab-
lish the existence of a changing-size channel the psychophysical technique known as selective
adaptation was employed. First, subjects’ sensitivity to changing size and changing position
was measured, and then the subjects were exposed for 20 minutes to a strong level of the chang-
ing-size stimulus: a square whose sides oscillated in opposite directions with a large peak-to-
peak amplitude. In some cases adaptation to a particular stimulus will fatigue whatever neural
mechanism is sensitive to the stimulus; then by exposing adapted subjects to a variety of stimu-
li it is possible to determine the specific sensitivities of that mechanism. In this instance when
subjects’ sensitivity to changing size and changing position (over a range of frequencies of os-
cillation) were retested after the adaptation period, a selective loss of sensitivity to changing
image size was evident. As is shown in the graph at the bottom, subjects experienced up to five-
fold losses of sensitivity to changing size (color curve), whereas sensitivity to changing position
was almost unaffected (black curve). This selective adaptation to oppositely directed motion
of opposite sides is too large to be credited to fatigue of directionally selective (sideways) mo-
tion filters. These findings and others have resulted in construction of new model of neural ac-
tivities involved in processing changing-size information (see top illustration on opposite page).
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rectangle along the horizontal axis it
was possible to cancel the changing-size
aftereffect, and the rate of contraction
required provided us with a measure of
the magnitude of the aftereffect and a
way to track its decay. As long as the
rectangle was less than 1.5 degrees of
visual angle in width, the magnitude of
the changing-size aftereffect was much
larger than that recorded for the clas-
sic sideways-motion, or waterfall, after-
effect. Thus the negative aftereffect we
had elicited seemed to be largely due to
the fatigue of the visual system’s chang-
ing-size filters.

The compelling illusion that the test
rectangle was changing size was rarely
accompanied by any illusion that it was
moving in depth. We were surprised to
find, however, that once the changing-
size aftereffect had died away complete-
ly another longer-lasting aftereffect was
clearly visible: the test rectangle seemed
to be moving in depth without changing
size. (The magnitude of each aftereffect
dropped off exponentially with time, al-
though the decay of the motion-in-depth
aftereffect was much slower.)

We observed an interesting departure
from this pattern when the adapting
stimulus was adjusted so that it con-
tracted not in just one direction but in
both directions. Then the motion-in-
depth aftereffect was usually clearly vis-
ible as soon as the adaptation period
ended; for most subjects no changing-
size aftereffect was visible at all. In other
words, the changing-size aftereffect was
generated only by the adapting stimulus
whose shape was also changing. It is
this finding that may give a clue to the
way the changing-size channel decides
how to interpret the ambiguous message
of, say, an expanding retinal image. Al-
though in the real world this may mean
either that the object is growing or that
it is moving closer, the motion-in-depth
interpretation is both more probable
and more likely to call for a swift motor
response. Our aftereffect findings lead
us to speculate that as long as an ob-
ject’s shape remains constant the visual
system (possibly by means of some neu-
ral biasing system) responds as though
changing size were caused by motion
in depth. This might be described as a
“best guess” solution. For an animal (in-
cluding the human one) there would be
little survival advantage conferred by a
visual system that submitted for leisure-
ly intellectual judgment the question of
whether a predator was approaching
rapidly or swelling rapidly!

We wondered whether the changing-
size channel might also be respon-
sible for the human visual sensitivity to
flow patterns, the major stimulus corre-
late of motion available to a pilot land-
ing an airplane. To investigate this pos-
sibility we generated on the screen of the
cathode-ray tube a flow pattern consist-



ing of short line segments that alternate-
ly moved radially away from a focal
point and back toward it. The line seg-
ments were lengthened and shortened in
proportion to their distance from the fo-
cus, and the direction of flow was re-
versed at five-second intervals. During
a 10-minute adaptation period subjects
were instructed to gaze directly at a “fix-
ation” mark placed at some distance
from the focus of the flow pattern.

Before and after the adaptation peri-
od, and when there was no flow pattern
on the screen, we measured subjects’
sensitivity to changing-size squares situ-
ated at different distances from the point
that corresponded to the focus of the
flow pattern. (It is important to under-
stand that a flow pattern does not shift
when an observer looks away from its
focus; for this reason a pilot can judge
his direction of flight even when he is
looking to one side of the visual field.)
We found that once subjects had been
adapted to the flow pattern it was much
more difficult for them to perceive
changes in the size of the test square. In
other words, the changing-size channel
was sensitive to flow-pattern stimuli.
Moreover, the reduction in visual sensi-
tivity to changing size was greatest when
the test square was placed precisely at
the point that had previously been occu-
pied by the focus of the flow pattern.
This result may explain Gibson’s finding
that pilots are able to judge the direction
of flight of a descending airplane by
looking at a film made from the plane as
it was landing. Changing-size filters may
help to locate the focus of the flow pat-
tern and so provide a basis for judging
the direction of flight of the plane.

Both changing image size and flow
patterns are compelling cues to mo-
tion in depth, and both are available
to one eye alone. The strength of these
monocular cues may explain how some
pilots (such as the celebrated Wiley
Post) and ballplayers can continue to
perform effectively after they have lost
the vision of one eye. Turning to the
subject of binocular cues, however, it is
not surprising to learn that they too can
play an important role in the perception
of motion in depth. It has long been es-
tablished that binocular vision plays an
important part in stereopsis, or the per-
ception of position in depth, particular-
ly as it relates to nearby objects. Our ex-
periments indicate, however, that the
perception of stereoscopic motion—the
perception of motion in depth that re-
sults from interactions of signals from
the two eyes—and the perception of ster-
eoscopic position are accomplished by
quite different neural mechanisms. To
explain how they differ we should first
describe the mechanism by which posi-
tion in depth is perceived.

Even in the time of Leonardo da Vinci
it was understood that a human being’s
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CHANGING-SIZE CHANNEL is activated by an increase or decrease in the size of an image
(color) on the observer’s retina. As is shown in this model of the information flow in the chan-
nel, the movement of each pair of opposite sides in the image of a square stimulates a pair of op-
posing directionally selective motion filters. When such a pair of filters are stimulated simul-
taneously, they activate a changing-size filter: a neural mechanism that is preferentially sensi-
tive to changing size. The signal put out by that mechanism can lead either to the perception of
changing size or, by way of a motion-in-depth stage of visual perception system, to perception
of motion in depth. It is not yet clear how visual system chooses between the alternate routes.
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RESPONSE OF CHANGING-SIZE CHANNEL TO FLOW PATTERNS was determined
by adapting subjects to the flow pattern shown at the top left. At five-second intervals the di-
rection of flow of the pattern wasreversed, so that the line segments firstlengthened and moved
radially away from the focus, or center, of the pattern and then shortened and moved back to-
ward it. During the 20 minutes the pattern was on the screen of a cathode-ray tube subjects
were instructed to direct their gaze to a fixed point M on the screen that did not necessarily co-
incide with the focus. Before and after the adaptation period subjects were exposed to a chang-
ing-size square (color), placed at a variable distance X from M, as is shown at the top right.
(The distance X is measured in degrees of visual angle: the angle between a subject’s lines
of sight to a pair of points.) These ts revealed that visual sensitivity to a changing-
size square placed sufficiently close to the focal point was indeed depressed, even, as is shown
in the graph at the bottom, after an oblique viewing of the flow pattern. Hence the changing-
size channel does indeed seem to be activated by a flow pattern. The effect of adaptation was
strongest when the square was closest to the point on the screen previously occupied by the
focal point of the flow pattern. This finding suggests that the changing-size filters may also
serve to locate the focus of a flow pattern, which would indicate a pilot’s direction of flight.
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left and right eyes, their pupils being
separated by some two and a half inch-
es, have slightly different views of the
visual world and that as a result no two-
dimensional drawing or painting of a
solid object can ever look entirely real-
istic. Nevertheless, it was not until the
19th century that a clear understanding
emerged of how the brain utilizes the
geometrical difference between the left
and right retinal images of a solid object.
In 1838 the British physicist Sir Charles
Wheatstone demonstrated to the Royal
Society of London the role of this geo-
metrical difference, called binocular dis-
parity, in the precise location of objects

D Q@

in visual space. Wheatstone made pairs
of drawings of objects as they would
be seen by each eye separately and pre-
sented them to the appropriate eyes by
means of the instrument he named the
stereoscope: a handsomely made device
of brass and polished wood that was
not essentially different from the stereo
viewers of today.

Looking through the stereoscope,
most people were able to “fuse” the
pairs of drawings they saw into a single
image that appeared to extend in depth.
In this way Wheatstone demonstrated
that a geometrical difference between
the left and right retinal images alone is

STEREOPSIS, or the perception of solidity and static position in depth, can be generated en-
tirely by binocular disparity, that is, by the slight geometrical differences in the views of an in-

dividual’s left and right eyes. For example, the pairs of drawings shown here depict a line (a),

an outline of a cube (b) and an outline of a staircase (c) as these objects would be seen by the
left and right eyes separately. When such pairs of images are presented to the appropriate eyes
by means of a stereo viewer, most observers are able to “fuse” them so that they see respective-
ly a single line tilted in depth, a single three-dimensional cube and a single three-dimensional

staircase. Thus binocular disparity is an adequate stimulus for the binocularly driven stereo-

scopic position-in-depth channel. The authors’ experiments suggest that binocularly viewed
cues to motion in depth are processed by a distinct stereoscopic motion-in-depth channel.
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sufficient to convey the perception of
depth. Within a year of Wheatstone’s
demonstration to the Royal Society
photography became a practical reality,
and by using pairs of daguerreotypes
taken from slightly different positions
he was able to show that his discovery
held not only for line drawings but also
for faithful two-dimensional represen-
tations of solid objects. Over the past
two decades Bela Julesz of Bell Labora-
tories has extended Wheatstone’s work
to show how the visual system makes
a point-by-point comparison of the ret-
inal images of an object in order to re-
spond to the object as a whole.

Thus the channel that mediates the
perception of depth and solidity re-
sponds strongly to the stimulus of binoc-
ular disparity. A neural basis for this
stereoscopic-position channel was dis-
covered in 1967 by Horace B. Barlow,
Colin Blakemore and John D. Pettigrew
of the University of California at Berke-
ley, P. O. Bishop of the Australian Na-
tional University and Tosaku Nikara of
the University of Sydney. Working with
microelectrodes to record the activity of
single nerve cells in the visual cortex of
the cat, they discovered classes of binoc-
ularly driven neurons that responded
most strongly to pairs of optically fused
stimulus bars with a specific binocu-
lar disparity. Such neurons, they found,
could be highly selective in the sense
that they fired only when the disparity of
a pair of stimulus bars fell in a narrow
range.

Assuming that such classes of dispari-
ty-sensitive neurons exist in the human
brain, do they mediate the perception of
motion in depth as well as the percep-
tion of position in depth? Consider the
problem confronting the cricket bats-
man who in order to predict the future
location of an approaching ball must
judge its instantaneous velocity as well
as its instantaneous position. As the ball
moves toward him it activates a series
of disparity-sensitive neurons, creating
in effect a sequence of snapshots of the
ball. Neural circuits, taking into account
the eyes’ exact angle of convergence,
could in principle compute from these
snapshots the ball’s speed and direction
of motion. Because the responses of the
static-position channels are rather slow,
however, such an arrangement would be
expected to function in a rather sluggish
and imprecise way, whereas the per-
formance of ballplayers demonstrates
that in reality such judgments can be
made swiftly and accurately.

In 1973 two of us (Regan and Bever-
ley) pointed out that the trajectory of an
object moving in depth might be deter-
mined with more speed and precision
directly from the relative velocities of
the left and right retinal images of an
object. For example, consider again the
cricket player. If the left and right reti-
nal images of an oncoming ball are
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RELATIVE VELOCITIES of the left and right retinal images of an observer directly in one eye, and if the images are moving in opposite

object provide a cue to the object’s direction of motion in depth. For directions at the same speed (e), it will hit him directly between the
example, if the left and right images of the object are moving in the eyes. In addition, if the left image is moving slower than the right one,
same direction (a, b, h, i), the object will pass wide of the observer’s then object will pass closer to left eye than to right, and if right image
head, whereas if only one image is moving (c, g), the object will hit the is moving slower, then object will pass closer to right eye than to left.
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The blue whale is
the largest animal
that has ever lived
on this earth. It can
grow up to 100 feet
long and weigh 160
tons.

Whales are still
over-exploited
Since 1900 we humans have killed
well over 300,000 blue whales so
now there are only a few thousand
left.
Four other species of great
whales are being destroyed. Despite
international demands to stop the

146

Blue whale at The American Museum of Natural History, New York City. Photograph by Robert Huntzinger

“If man doesn’t preserve the last
of the great whales, museums may soon be

slaughter, whalers — mainly Japa-
nese and Russian—have already re-
duced some species to 20 percent of
their former population.

Whalers can turn to other trades
but the great whales can never be
recreated.

We may have much to learn
from them

These peaceful creatures have
highly developed brains and a close
family and social organization.
They can communicate over great
distances, and dive to great depths.

We cannot yet explain their full
role in the ecology of the seas, but if

®
World Wildlife Fund
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their only habitat.’s.coe

they are wiped out and we find their
role was a vital one, it will be too
late.

World Wildlife Fund is campaign-
ing to save the life and resources of
the seas — for our own sakes and
those of our children.

You can help
Send for our free information kit or

send your tax-
< \ghf

deductible contri-
bution to: World THE Egﬁ
Wildlife Fund, |S
Department SA-3. = VE
1319 18th Street, Northwest,
Washington, D.C. 20036.
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GRAVITATIONAL CURVATURE

An Introduction to Einstein’s Theory
Theodore Frankel, University of California, San Diego

This fresh introduction to gravitational curvature captures
the geometric essence of the subject in a modern mathe-
matical setting. Replacing sometimes tedious analytical
computations with geometric arguments, the book presents
new derivations for Einstein’s equations of gravitation along
with other results. The derivations presented are at once
clearly motivated and mathematically clean and simple.
Gravitational Curvature includes new and attractive deriva-
tions for the deflection of light, Schwarzschild’s exterior
and interior solutions, and the Oppenheimer-Volkoff equa-
tions important in the study of stellar structure.

The book stresses the global aspects of cosmology and is
suitable for independent study. The reader should have a
background in Riemannian geometry and basic physics, or
some familiarity with relativity theory. Background chap-
ters, with derivations, are included on special relativity,
continuum mechanics, and electromagnetism.

1979, 172 pages, 29 illustrations, cloth $18.50, paper $8.95

CANCER

Science and Society
John Cairns, Mill Hill Laboratory, London

"“The best book that | have read explaining cancer to the
intelligent layman.’’ —Bruce N. A}nes, University of California,
Berkeley

A common cause of death in the industrialized Western
world, cancer is one of the most feared of all diseases.
Dispelling the misinformation surrounding cancer, John
Cairns reviews its nature, its causes, its place among other
diseases, the current state of research, and the prospects for
its final conquest. He convincingly argues that cancer is
largely due to controllable variables in the human environ-
ment and should therefore be preventable.

Written clearly but never simplistically, Cancer: Science
and Society is for the general public as well as for physi-
cians, medical students, and students of biology. References
to the technical literature on the subject are given through-
out the book for those who wish to read in more depth.
1978, 199 pages, 52 illustrations, cloth $13.00, paper $7.50

FRACTALS

Form, Chance, and Dimension
Benoit B. Mandelbrot, IBM Fellow, International Business
Machines Corporation, Thomas J. Watson Research Center
“The new and fascinating world of patterns presented here
is all the justification this book needs. Read it, or better
yet, look at the pictures. It is inconceivable that it would
fail to give some food for thought.’”’—American Scientist
Fractals: Form, Chance, and Dimension is an intriguing
investigation that claims the geometry of fractals is neces-
sary to describe geometric shapes in nature. Mandelbrot
examines fractal applications for describing the surface of
the earth, the clusterings of stars, and the shapes of clouds,
snowflakes, and other forms appearing in nature.
1977, 365 pages, 68 illustrations, cloth $18.50

W. H. Freeman and Company
660 Market Street, San Francisco, CA 94104
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moving in the same direction, the ball
will pass wide of his head, whereas if the
images are moving in opposite direc-
tions the ball will—if it is unimpeded—
hit him directly between the eyes. More-
over, if the left retinal image is moving
slower than the right one, the object will
pass closer to the right eye than to the
left one, and so on. In this way the rela-
tive speeds and the relative directions of
the retinal images might provide a reli-

ILLUMINATION /

CATHODE-RAY TUBE

BEAM-SPLITTING CUBE

able indication of the ball’s motion in
depth. In other words, the relative veloc-
ities of the left and right images of the
ball, rather than the rate of change of
the binocular disparity, might serve as
the stimulus for a distinct stereoscopic-
motion channel.

To investigate this possibility we con-

ducted selective adaptation experi-
ments with motion-in-depth stimuli gen-

SCREEN

erated with a modern electronic version
of Wheatstone’s stereoscope. Indepen-
dently oscillating patterns were generat-
ed with a pair of cathode-ray tubes and
presented separately to a subject’s left
and right eyes. The speed and direction
of motion of the patterns (in some cases
fields of horizontally oscillating dots
and in others horizontally oscillating
bars) could be adjusted, and the optical-
ly fused image appeared to be on a

—

SCREEN

/
Y

LEFT EYE RIGHT EYE

LEFT EYE'S VIEW

'm

RIGHT EYE'S VIEW

ELECTRONIC STEREO VIEWER was utilized to investigate the
stereoscopic perception of motion in depth. In these psychophysical
experiments independently moving stimuli such as bars, rectangles
or fields of dots were generated on a pair of cathode-ray tubes and
presented separately to an observer’s left and right eyes. The fused
stimulus (here a rectangle) appeared against a white square on the
screen opposite the observer. When the stimuli for the two eyes were
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made to oscillate in opposite directions, the fused stimulus seemed to
be moving in depth along a line passing between the eyes, and when
the stimuli were made to oscillate in the same direction, the stimulus
seemed to be moving in depth along a line passing wide of the head.
Fine dots covering outer area of the screen were helpful in keeping a
subject’s eyes converged on screen; when that convergence was accu-
rate, thin lines projected separately to eyes appeared exactly in line.
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screen facing the subject. When the two
patterns were set to move in, say, oppo-
site directions, the resulting image re-
sembled a “3-D” motion picture: sub-
jects saw an expanse of dots or a bar that
seemed to move back and forth in depth.

The impression of motion in depth
was quite strong at the outset, but after
several minutes it weakened until at the
end of 10 minutes all motion in depth
seemed to have died away. In other
words, we had created a condition of
temporary blindness to motion in depth.
This result supported the existence of a
stereoscopic-motion channel, since side-
ways motion could be viewed about
equally well before and after the ad-
aptation period. The motion-in-depth
channel seemed to be more or less inde-
pendent of the established channels that
are sensitive to binocularly viewed side-
ways motion.

We were also intrigued to discover
that the sizable effect of the adaptation
to stereoscopic motion was specific to
the direction of motion of the adapting
stimulus. For example, in subjects who
were exposed to oscillations along a line
passing to the left of the nose, visual
sensitivity was reduced for all the trajec-
tories passing to the left of the nose but
not for those passing to the right of the
nose. Hence there seemed to be at least
two different directionally specific stere-
oscopic-motion channels.

This observation suggested that those
channels were selectively sensitive to the
ratio of the velocities of the left and
right retinal images and were relative-
ly indifferent to absolute speed. To de-
termine how many such “ratio-tuned”
channels exist in the visual system we
then tried adapting subjects to 13 differ-
ent directions of motion in depth. Our
results could be explained in terms of
only four channels, each comprising two
(opposite) directions of motion. These
channels turned out to differ greatly
in their degree of directional selectivity.
The channels sensitive to motion passing
between the eyes are highly selective,
responding only to trajectories within
specific 1.5-degree ranges. Thus those
channels account for only about six
degrees of visual space. The channels
for motion missing the head respond to
movements in a much wider range of
directions, accounting for the remain-
ing 354 degrees of visual space.

The view that information pertaining
to position in depth and information
pertaining to motion in depth are proc-
essed in different channels is supported
by evidence of a quite different type
gathered by one of us (Regan) and by
Whitman Richards of the Massachu-
setts Institute of Technology. Richards
has developed a technique, called ster-
eoperimetry, for measuring the distri-
bution of the sensitivity to depth over
a subject’s visual field. With this tech-
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LEFT EYE NOSE RIGHT EYE
DIRECTION OF MOTION (DEGREES)

STEREOSCOPIC-MOTION CHANNELS that respond preferentially to motion in a specific
direction were identified when subjects were adapted to a field of dots moving in depth. First,
subjects’ normal sensitivity to motion in depth along a number of different directions was mea-
sured (gray curve). Then subjects were adapted for 20 minutes to a field of dots oscillating along
a specific trajectory passing to the left of the nose. (This binocularly viewed stimulus was gener-
ated by the electronic stereo. viewer shown in the illustration on the opposite page.) Subjects’
sensitivity to motion in depth after the adaptation period (color curve) was reduced for all di-
rections to the left of the nose and for none to the right; the converse was also true (black
curve). This finding indicates that the visual system contains at least two binocularly driven
neural mechanisms sensitive to a particular direction of motion in depth. Subsequent experi-
ments have revealed a total of four such stereoscopic-motion channels. In this experiment di-
rection of motion was measured as angle between trajectory and line from center of viewing
screen to subject’s nose; amplitude of oscillation is given in minutes of arc of visual angle. Spac-
ing along horizontal axis of graph has been distorted to emphasize certain directions of motion.

SCREEN
STIMULUS BAR S Dj
| LOUDSPEAKER
(%]
SPIKE
>| COUNTER
‘ AMPLIFIER
MICROELECTRODE S OHU_J
ANESTHETIZED CAT DISPLAY

EXPERIMENTAL SETUP for recording the activity of single neurons in the visual cortex of
the cat is shown. The tip of a microelectrode was placed close to a neuron in area 18 of an anes-
thetized cat’s cortex, and a pair of moving bars were presented separately to the animal’s eyes.
A human observer verified that from the cat’s vantage the bars fused into a stimulus bar that
seemed to be oscillating in depth. By varying the relative motions of the individual bars it was
possible to change the direction of motion 0 of the oscillating stimulus bar. Number of spikes,
or times a neuron fired, in response to movement along a particular trajectory was recorded
with counting device and continuously monitored by means of oscill and a loud
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nique it has been possible to identify
subjects whose visual fields include ar-
eas that are “blind” to motion in depth
but display normal sensitivity to posi-
tion in depth. (More recently Richards
has discovered individuals who show
the converse defect.)

To search for a physiological basis for
these channels, in particular classes
of neurons responding selectively to
stereoscopic motion in depth, two of us
(Regan and Cynader) used microelec-
trodes to record the firing patterns of
single neurons in area 18 of the visual
cortex of anesthetized cats. A pair of
stimulus bars that oscillated indepen-
dently from side to side were presented
separately to the animal’s left and right
eyes. (A human observer checked to see
that the bars appeared as a single image
moving back and forth in depth.) By ad-
justing the relative velocities of the two

LEFT EYE

bars it was possible to vary the direction
of motion in depth (in a single horizon-
tal plane), so that a neuron’s response to
motion in directions throughout a 360-
degree range could be tested.

About a third of the neurons tested in
this way proved to be sensitive to the
direction of motion in depth. Many of
the same neurons turned out to be rela-
tively insensitive to binocular disparity.
In other words, these neurons empha-
sized motion information at the expense
of position information. It is important
to understand that with this experimen-
tal setup the direction of motion in
depth could not be judged with one eye
alone. (In fact, motion in depth could
not even be seen with one eye alone.)
The direction of motion of the stimulus
image was available to the cat’s brain
only through the comparison of the sig-
nals from the left and right eyes. There-
fore our results reflected the interaction

RIGHT EYE

SELECTIVE RESPONSE OF NEURONS to movement along a particular direction in depth
is demonstrated by this polar graph of the firing pattern of a single neuron in the visual cortex
of the cat. In the graph the radial distance from the center of the circle represents the total num-
ber of times the neuron fired in response to each movement of the stimulus bar. The color curve
shows the neuron’s firing in response to the simultaneous stimulation of the left and right eyes
over a 360-degree range of directions. The neuron fired most strongly when the bar moved to-
ward the head and hardly at all when the bar moved sideways, supporting the psychophysical
findings pointing to the existence of directionally specific stereoscopic-motion channels. The
black curve shows the sum of the values obtained when the left and right eyes were stimulated
independently. As the difference between the two curves (gray shading) indicates, for this type of
neuron the eyes interact to inhibit each other in a way that clearly depends on the direction of
motion in depth. In this case the inhibition was strongest when the target was moving sideways,
as is shown by the colored arrows. Hence the binocularly driven firing of the neuron was quite
weak except in narrow eight-degree range centered on trajectory passing between eyes. As is
shown by curved black arrows, angular measures in graph have been distorted accordingly.
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of signals from the left and right eyes.

To obtain a measure of this binocu-
lar interaction we also recorded the re-
sponse of the same neurons over the
same full range of stimulus directions,
first with the cat’s left eye covered and
then with its right eye covered. For one
type of neuron tested the sum of the in-
dividual firings for the left and right eyes
was always higher than the binocularly
stimulated firing, demonstrating that the
signals from the two eyes acted to inhib-
it each other [see illustration on this
page]. Most important, the strength of
this inhibitory interaction varied greatly
depending on the direction of motion of
the stimulus. In general the interaction
was strongest when the image appeared
to be moving sideways, and it lessened
only for a remarkably narrow range of
directions of motion in depth: no more
than four degrees around the trajecto-
ry passing between the eyes. In other
words, the neurons fired strongest in re-
sponse to trajectories aimed directly at
the head. Neurons were also discovered
that achieved a similar directional selec-
tivity by means of a different mecha-
nism. For this type of neuron the binoc-
ular interaction, instead of suppressing
firing for sideways motion, facilitated
firing in the preferred direction, so that
the response to binocular stimulation
was much greater than the sum of the
monocularly stimulated responses.

Of the many neurons tested in the
cat’s visual cortex several were found
corresponding to each of the different
stereoscopic-motion channels revealed
by our psychophysical experiments on
human subjects. In particular some neu-
rons responded best to a narrow range
of trajectories passing through or close
to the head; of these neurons some were
specific to motion directed toward the
head and others were specific to motion
directed away from it. Other neurons
fired in response to motion in a much
broader range of directions (often more
than 90 degrees), responding to trajecto-
ries that passed wide of the head. These
findings about area 18 of the visual cor-
tex of the cat have recently been con-
firmed for area 17 of the visual cortex
of the monkey by Gian F. Poggio and
William H. Talbot of Johns Hopkins
University.

(We were also intrigued to find that
compared with the responses of neurons
sensitive to static disparity, the respon-
ses of neurons sensitive to stereoscop-
ic motion were fairly independent of the
physical distance between the stimulus
and the animal’s head. It is tempting
to speculate that a neuron responsive
to stereoscopic motion in depth signals
something along the lines of “I don’t
know exactly where it is, but it is going
to hit you.” The activity of such neurons
may explain how a squash player is able
to dodge a ball that is hit toward his



head even though he only sees it from
the corner of his eye and so cannot judge
its exact position in space.)

Since a compelling impression of mo-

tion in depth can be generated either
by changing-size stimuli alone or by
stereoscopic-motion stimuli alone, we
wondered whether there was any qual-
itative difference in the perception of
motion in depth evoked by such differ-
ent visual inputs. We began our inves-
tigation of this question by establish-
ing, as we had in earlier experiments, a
motion-in-depth aftereffect of changing
size. Subjects were adapted to an ex-
panding stimulus rectangle so that when
they were presented with a test rectangle
whose sides were stationary, it appeared
to move away in depth. We then tried to
cancel this motion-in-depth aftereffect,
by means not of a changing-size stim-
ulus but of a stereoscopic-motion stim-
ulus: identical test rectangles moving
apart horizontally were presented inde-
pendently to the left and right eyes, so
that their fused image seemed to be
moving in depth toward the subject’s
head. Subjects with normal visual sen-
sitivity to stereoscopic motion found
that the motion-in-depth aftereffect of
changing size could be canceled quite
easily in this manner. (Some experimen-
tation was required, however, to find
the exact relative velocities of the reti-
nal images for which the aftereffect was
canceled: if this input was too weak, the
test rectangle appeared to move away
from the subject in depth, and if it was
too strong, the test rectangle appeared to
move toward him.)

This finding indicates that changing-
size stimulation and stereoscopic-mo-
tion stimulation generate visual signals
that converge on the same motion-depth
stage of the visual perception system.
Further evidence for this theoretical
model was provided when we generated
a stimulus square for which the relative
velocities of the left and right retinal im-
ages indicated motion directly toward
the head and the changing size indicated
motion directly away from the head. In
this situation the cue of relative velocity
is equivalent to that of changing binocu-
lar disparity. By adjusting the rate of
change of this disparity it was possible
to cancel the impression of motion in
depth. (Interestingly, at this cancellation
point the stationary square appeared to
be continuously decreasing in size.)

In the real world changing size and
changing disparity are almost never op-
posed as they were in these experiments.
With the contrived experimental situa-
tion, however, it is possible to make a
direct comparison of the two visual in-
puts, and this comparison proves to be
revealing about real moving objects.
There is a constant ratio between the
magnitudes of changing size and chang-

DIRECTIONALLY | CHANGING- ‘ CHANGING-SIZE SIGNAL
SELECTIVE SIZE -
MOTION FILTERS FILTERS ‘
MOTION-
IN-DEPTH
MOTION- SIGNAL
; IN-DEPTH |—«
STEREOSCOPIC- . STAGE
| | —
| MOTION FILTERS =

MOTION-IN-DEPTH STAGE of the visual perception system can be driven either by chang-
ing image size or by the relative velocities of the two retinal images, as is shown in this model of
the neural activities that lead to the perception of motion in depth. The model explains why cer-
tain illusions of motion in depth that result from adaptation to a changing-size stimulus can be
canceled by adjusting either rate of change of size or relative velocities of the retinal images.

ing disparity observed for a moving ob-
ject, a ratio that is determined geometri-
cally by the width of the object and the
separation of the observer’s eyes but
that surprisingly is almost independent
of viewing distance. When we normal-
ized our data with respect to this ratio,
we found that an object’s velocity in
depth and the length of time it is ob-
served have a considerable effect on the
relative effectiveness of changing size
and changing disparity as stimuli for
motion-in-depth perception. For exam-
ple, for a slowly moving object glimpsed
briefly, say for .2 second, the changing-
size input would tend to be more effec-
tive, whereas for a rapidly moving ob-
ject viewed for a longer time, say a full
second, the binocular, stereoscopic-mo-
tion channel would tend to be more
effective. This is a property of the hu-
man visual system that is not predict-
able from geometry. (Another impor-
tant factor is the way individuals dif-
fer in their natural sensitivity to these
two types of stimuli. For some people
changing disparity can be up to nine
times more effective than changing size,
whereas for others it is an almost totally
ineffective stimulus.)

These findings may shed some light on
the question of how a pilot’s flying per-
formance would be affected if he sud-
denly lost binocular vision. C. E. Lewis
and his colleagues at the National Aer-
onautics and Space Administration’s
Flight Research Center in Edwards,
Calif,, conducted heroic experiments in
this area, suddenly depriving jet pilots of
the vision of one eye during landings.
Surprisingly, they found that landing
performance suffered very little in these
circumstances, and in some cases it even
improved. It is of course possible that
the pilots made more of an effort after
losing binocular vision, but this expla-
nation seems less likely in view of the
fact that comparatively inexperienced
private pilots, whose skills were presum-

© 1979 SCIENTIFIC AMERICAN, INC

ably tested to the limit under normal
conditions, showed that they too could
land equally well with one eye. Our less
adventurous laboratory experiments
suggest that there is no simple answer to
the question of how a sudden loss of
binocular vision affects the perception
of motion in depth, because the ratio
of visual sensitivities to the binocular
stimulus of changing disparity and the
monocular stimulus of changing size de-
pends on the size of the object viewed,
on its velocity, on the inspection time
and very much on the individual.

he visual world seen by a pilot or a

ballplayer is much richer than the
configurations of visual stimuli we uti-
lized in the experiments described here,
and so it is legitimate to question the
relevance of the laboratory findings to
those real-world situations. Our ap-
proach, which is similar to that adopted
by many (but by no means all) visual
scientists over the past 100 years, is
based on the belief that carefully de-
signed experiments can break down the
operation of the visual system into ele-
ments that are more or less indepen-
dent, and that a knowledge of these ele-
ments will advance the understanding
of how vision operates in the complex
everyday world.

Even in the challenging tasks under-
taken by pilots and ballplayers the mo-
tor response to a complex visual scene is
often simple. The signals generated by a
number of different inputs converge to
give rise to a single motor output such as
the moving of an airplane throttle or the
swinging of a baseball bat. If a better
understanding is to be reached of how
eye-to-hand coordination is achieved in
everyday tasks, it will be necessary to
study not only the responses to individ-
ual stimulus correlates of motion but
also the interactions of those responses
when several such cues are present at
the same time.
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How to build a simple sersmograph

to record earthquake waves at home

by Jearl Walker

This month [ shall describe a seis-
mograph built by James D. Leh-
man of James Madison Universi-
ty in Harrisonburg, Va. He has sent me
his design for making the apparatus.
The machine can be built quite easily
and is sufficiently sensitive to record
North American earthquakes of magni-
tude 4.8 or more on the Richter scale
and earthquakes elsewhere of magni-
tude 6 or more. Lehman has obtained
records of an underground test of a nu-

clear device in Nevada and a severe
earthquake in Turkey.

The main objective in the design of
any seismograph is to translate a slight
movement of the earth into a larger mo-
tion that can be put on some kind of
permanent record, which can then be
analyzed. The waves from a distant
earthquake do not all arrive at the same
time; some take longer paths through
the earth and some travel more slowly.
Hence the record should be plotted as a

Oil-burner nozzle

To amplifier

/
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The seismograph built by James D. Lehman
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function of time so that the arrival of the
various components of the waves can be
noted and timed. The difference in arriv-
al times of the types of waves can be
utilized to determine the distance of the
earthquake from the instrument.

From a variety of possible seismo-
graph designs Lehman has chosen a can-
tilever type coupled to a strip-chart re-
corder. Basically his seismograph con-
sists of a weighted boom, a horseshoe
magnet mounted on the boom and a coil
of wire positioned between the poles of
the magnet. When seismic waves pass
through the room, the magnet and the
coil move with respect to each other,
thereby changing the magnetic flux
through the coil. The voltage generated
in the coil by the variation in flux is then
amplified and recorded on the strip-
chart recorder. A wiggle of the floor
therefore ends up as a larger wiggle on
the paper. Since the paper is moving
through the recorder at a specified rate,
the clock time and the duration of the
wiggle can be determined from it.

The arm of the boom rests on a knife-
edge that is held against a frame. The
other end of the boom is supported by a
wire attached to the top of the frame.
The two support points for the boom

Plumber's lead for weight

; Wood dowel
) L7
(&

Two magnets
for damping

Piece of aluminum
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The yield: 3,000 pounds of
pure gold.

But it didn’t come from a mine.
It came from a Western Electric
factory.

A new kind of Midas Touch

That’s where Western Electric’s
new process for plating gold is
conserving the precious metal,
through increased efficiency and
precision. It’s producing better
switching components for the Bell
System, to make your phone service
clearer and more reliable than ever.

It must be gold that’s plated to
the switching components you see
glittering in the photograph, because
no other metal can provide the same
kind of efficient, reliable, durable,
and clear telephone transmission.

But until now, gold-plating had
always been a messy and imprecise

process. There had been no way to
control it accurately. No way to avoid
depositing excess gold on the places
it was intended to go. And on the
places it wasn’t.

So Western Electric, working
with Bell Labs, designed a totally
new system to do the job. Combining
the best of electro-chemical and
programmed logic control technol-
ogies, the new system can plate gold
with hair-thin precision. Depositing
only the desired amount, only on the
designated spot. With no waste
whatsoever.

: stgold
since Sutter’s Mill.

Gilt-edged savin_és

Besides producing a much
better product, Western Electric has
mined a savings of $9 million from
the process. And that’s another
way we're helping your Bell
Telephone Company

strlkes

hold down the cost of your phone
service.

Even big_ger benefits

And since the new process uses
55% less gold than the old one, we
could more than double production of
our improved switching component.
Without consuming any more of the
shiny natural resource.

But there are more environ-
mental plusses. The new process
has almost completely eliminated the
gaseous wastes plating used to
groduce. It’s cut the liquid wastes by

0%. And it runs on 67% less power.

This improved gold-plating
technique is another way Western
Electric is working to hold down the
cost, while continually raising the

quality of your phone service.

Keeping your communications

system the best in the world.

Western Electric
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Using a computer is easy...
for onComputing readers.

Read onComputing
to find out...

e What a micro-
computer can do

e How to get started

e What’s newin
personal

The editors of onComputing realize
that much of the material written
about computers is not at all suited
to the person who just wants to
use a computer as a tool for busi-
ness, education, home entertain-
ment, laboratory work, or other
applications. onComputing is dedi-
cated to helping the computer user
understand the capabilities of a
microcomputer—in non-technical
language.

new in personal computers, where
to buy a personal computer, and—
how touseit.

onComputing is a totally new
publication. It is issued quarterly
and contains articles from some of
the best known names as well as
from competent amateurs. It is
edited and produced under the guid-
ance of an experienced staff of
computer experts. The articles in
onComputing haveneverappeared
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onComputing is entertaining and 11! any other publication. They are
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(the knife-edge and the point where the
wire is attached to the frame) are not
on a vertical line. Therefore when the
boom is set in oscillation by a seismic
wave, it will swing horizontally in a pen-
dulumlike motion around its rest posi-
tion. If such a motion is allowed, about
all that the seismographic record will
show is the natural swinging of the
boom excited by passing seismic waves.
The periods and arrival times of the in-
dividual waves will be lost.

To avoid such loss Lehman has de-
signed the seismograph to damp the
boom’s swing quickly. This damping is
accomplished by causing a piece of alu-
minum mounted on the far end of the
boom to swing through a magnetic field.
The motion generates currents in the
aluminum that in turn generate mag-
netic fields of their own. The magnetic
fields induced by the motion oppose fur-
ther motion of the boom, which soon
stops swinging.

If the natural swing is stopped, what
the seismograph records is the relative
velocity between the boom and the floor
as the boom and the pickup coil move
with respect to each other because of
their different inertial masses. The cur-
rent created in the pickup coil is propor-
tional to the velocity of this motion.

If there is no damping, the boom will
be most sensitive to seismic waves that
have the same period as the natural pen-
dulum period of the boom. With damp-
ing it will be most sensitive to waves
with periods about half the length of the
boom’s natural pendulum period. An in-
strument built to respond to a seismic-
wave period of about a second is called a
short-period seismograph, and one that
responds to periods of from 10 to 20
seconds is a long-period seismograph.
Lehman adjusts his boom for a natural
period of from 12 to 18 seconds, and so
he has a long-period instrument.

The main frame of the seismograph
consists of a base and two upright sec-
tions of pipe. The base is best made of
metal for rigid support, but seasoned
wood or thick pressed board could also
serve, provided you guard against warp-
ing from the humidity in the room. Leh-
man has a metal base of about 40 by 25
centimeters supported by three 3/8-inch
machine nuts he has glued to it, two at
the rear and one in the middle of the
front. The three-point support of these
nuts should provide a level base free of
any rocking. Shims of thin metal can be
put under any of the legs to tilt the base
as desired when the seismograph is pre-
pared for operation.

The boom consists of a steel rod 5/16
inch in diameter and 75 centimeters
long. One end is ground to a knife-edge.
The other end is threaded for about
eight centimeters. At the threaded end a
nut is screwed on as far as the threads go
and then a piece of plumber’s lead
weighing five to six pounds is slipped
over the end, followed by another nut.

The two nuts are screwed against the
lead, holding it in place on the rod.

The uprights of the seismograph are
attached to the base by means of two
half-inch pipe flanges, which are bolted
to the base so that their edges are about
half an inch from its edge. Large wood
screws or quarter-inch machine bolts
will serve to fasten the flanges to the
base, but make certain that the fasteners
do not interfere with the legs supporting
the base. Countersinking the heads of
the fasteners may be necessary.

Two lengths of half-inch pipe, each 18
inches long and threaded at both ends,
are screwed into the flanges. Crosspieces
will run horizontally between these two
uprights at two places: where the knife-
edge of the boom rocks against the
frame and where the wire supporting the
other end of the boom is attached. The
lower crosspiece is a metal bar bolted
onto the upright pipes. The upper cross-
piece is a half-inch pipe that is 3,
inches long and threaded at both ends. It
is attached to the upright pipes by two
half-inch pipe elbows.

Midway across the higher crosspiece
the wire supporting the boom must be
attached. Lehman uses a nozzle from an
oil burner as a pivot point for the wire.
The standard type of nozzle has a diam-
eter of 9/16 inch. Take out the inside
filter because all that is needed is the tiny
hole through which the wire is to run.
Assemble the base, the flanges, the up-
rights and the upper crosspiece and de-
termine where the wire from the boom
should be attached. You will want it
midway across the crosspiece and on the
pipe so that when the rig is assembled,
the wire will form an angle of from 30 to
40 degrees with the horizontal. Mark the
proper location on the cross pipe and
then drill a 9/16-inch hole in it. Glue
the nozzle into the hole, run the wire
through the nozzle and through the pipe
and then anchor the wire on the other
side of the pipe.

Lehman suggests that you use either
No. 26 Nichrome wire or piano wire.
One length of the wire will come down
from the nozzle and another piece will
come up from the far end of the boom,
where it is attached through a hole
drilled in the boom. The two ends are
attached and tightened through a turn-
buckle about halfway up.

The lower crosspiece is a flat length of
metal bolted to the upright pipes about
two inches above the base. To it is at-
tached a piece of hard metal such as the
head of a bolt ground flat. The knife-
edge of the boom must rest on the hard
metal plate with the knife-edge vertical.
When the seismograph is finally assem-
bled, the nozzle on the upper crosspiece
should be about a centimeter forward of
the vertical from the knife-edge plate.
An adjustable metal plate would be
helpful here.

Attach to the boom a horseshoe alni-
co magnet. One can be obtained from
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Nozzle rig for the support wire

the Edmund Scientific Company (6982
Edscorp Building, Barrington, N.J.
08007). Lehman has a magnet witha25-
pound pull. The magnet should have a
gap of about 7/8 inch. In the gap will
rest the pickup coil from which signals
about the relative motion of the magnet
and the coil are fed to the electronic
equipment. Lehman uses a rod clamp
and pieces of wood to attach the magnet
to the boom near the piece of lead.

The pickup coil is made by winding
10,000 or more turns of scramble-
wound No. 34 magnet wire on a coil
form. If you have an Edmund magnet
(No. 41949), the coil form should be 3 /4
inch wide and three inches in diameter,
so that the pickup coil can fit from a
quarter inch to a half inch into the gap of
the magnet with sufficient clearance on
the sides. Lehman made his coil form by
gluing two circular pieces of 1/16-inch
plastic to a wood cylinder an inch in
diameter. The form was mounted on a
drill press and then the wire was careful-
ly wound onto the form while the press
was run at low speed. (Be careful about
running the press; it is not difficult to get
your fingers caught in the wire.) Lehman
brought the ends of the coil out to the
sides of the form and then ran lamp cord
from the ends to the amplifier. The cord
should not be much longer than 10 feet;
otherwise it will have too much electri-
cal resistance.

The coil is mounted on a stable base

Nut glued to
:

crosspiece
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Ground head and part of
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that has the same type of three-leg sup-
port as the main base. Be sure to avoid
installing any material that can become
magnetized. For the base you could use
a piece of aluminum with brass hard-
ware to fasten the coil in place.

At the far end of the boom you will
need another magnetic field in order to
damp the swing of the boom. Lehman
mounts two of the Edmund magnets on
a wood base, orienting them so that they
attract each other. He screws a wood
dowel on the threaded end of the boom.
On the outer end of the dowel he hangs a
flat piece of aluminum (three inches on a
side) that is either glued to the wood or
held in place by a brass wood screw. The
idea is to have the aluminum hang down
between the two facing magnets so that
when the boom swings, the aluminum
swings through their magnetic field. The
eddy currents created in the aluminum
set up magnetic fields of their own that
oppose the motion and thereby damp
out the swing of the boom.

The entire seismograph is covered to
protect it from air currents that arise
either from convection in the room or
from the air-conditioning system. The
top of the covering should be glass or
clear plastic so that you can inspect the
apparatus.

The voltage on the pickup coil is read
through an amplifier. You could buy a
commercial direct-current amplifier or
build the one shown in the illustration
above. Lehman says that his circuit is
normally operated to multiply the signal
by a factor of 10. The circuit is mounted
on fiberboard and placed inside a small
box. The 60-hertz noise from the wiring
of the room is filtered out in the input
stage of the amplifier, as is any mechani-
cal noise in the frequency range of 10
hertz or more. The seismic signals fall in
the range from one to 1/15 hertz and
therefore pass through the filter. The
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first 741 gate acts as a voltage follower
for the voltage on the pickup coil. The
second 741 gate acts as a hundredfold
amplifier. Lehman says that two six-volt
batteries of the lantern type can power
the amplifier for several months.

The output of the amplifier has been
designed to match the 10-millivolt lev-
el of Lehman’s strip-chart recorder (a
Heath IR 18M model). He says that the
time base of the paper flow through that
model is so good there was no need for
an external clock system to put time
marks on the paper. Felt-tip pens were
found satisfactory for the inking. The
ink cartridges could be reused by em-
ploying a medicine dropper to refill
them with ink. One day’s run typically
consumed about two-thirds of a car-
tridge.

If you want to buy another type of
graphic recorder, Lehman emphasizes
the importance of finding one with inde-
pendent controls for the paper flow and
the coordination of the pen and the pa-
per. The penholder should be universal-
ly jointed, and the chart should be easily
removable for rewinding and other ad-
justments.

Lehman - obtained standard 10-inch
chart paper for his machine, running it
through at the rate of a foot (30 centime-
ters) per hour so that the time spacings
on the paper were a convenient one inch
per five minutes (.5 centimeter per min-
ute). By running the paper through on
both sides Lehman cuts the cost of paper
in half. He estimates that a full year of
daily recording needs only $10 worth
of paper.

To set up the seismograph detach the
boom and its wire support and then level
the base by placing metal washers or
shims as needed under the legs. A bub-
ble level is helpful in this operation. The
nozzle opening on the upper crosspiece
should be about a centimeter off the ver-
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tical from the place where the knife-
edge will eventually rest on the lower
crosspiece. To achieve this arrangement
you may have to change the lower cross-
piece or put shims under the two rear
legs on the base.

Add the boom and attach its wire sup-
port to the turnbuckle so that the boom
is horizontal and the knife-edge is verti-
cal on its plate. Give the boom a slight
push to check its period of swing, which
should be in the range from four to eight
seconds. Also check its rest position; it
should be horizontal and perpendicular
to the metal plate on which the knife-
edge rests. At the other end of the boom
you may want to add stops about a quar-
ter of an inch from the rest position of
the pendulum on each side to prevent
the pendulum from swinging wildly as
you make adjustments to the seismo-
graph. With the stops in place the rest
position should, of course, be midway
between them.

Leave the seismograph idle for sever-
al days so that the framework can adjust
to the stress and the wire can stretch.
Then adjust the boom so that its natural
swing period is from 12 to 18 seconds.
To increase the swing period to this val-
ue put a bushing either under the metal
plate on which the knife-edge rests or
under the front leg of the base. With
such a step you reduce the distance by
which the nozzle is off the vertical from
the knife-edge point. If you were to tilt
the assembly back far enough for the
nozzle to be exactly on the vertical from
the knife-edge, the boom would no long-
er swing like a normal pendulum be-
cause there would be no restoring force
tending to return it to its rest position.
With the assembly in proper alignment
the nozzle point is off the vertical from
the knife-edge, and the boom constantly
tends to return to its rest position be-
cause of its own weight. The more the



SCIENCE. “SCOPE

International electronic message service will be tested by the U.S. Postal Ser-
vice through a contract with the Communications Satellite Corporation (COMSAT).
The system will provide overnight service -- and in some instances same-day
service -- in linking the U.S. with London, Paris, Frankfurt, Amsterdam, Brus-
sels, and Buenos Aires. A Hughes-built Intelsat IV-A satellite will be used in
a one-month feasibility test to transmit facsimile mail solicited from banks and
large corporations. Messages originating in New York or Washington, D.C., will
be transmitted via land lines to an earth station at Etam, West Virginia. There
they will be beamed to the satellite, back down to the overseas earth station,
then by land to an INTELPOST (International Electronic Post) service center.

0l1d pastel masterpieces may retain their beauty with help from modern electron-
ics, specifically from an electrostatic plate that prevents the chalky pigment
from flaking. The plate consists of positive and negative circuits laminated in
plastic. When placed behind a drawing and given a 10,000-volt potential, it
generates a field of static electricity that holds the pastel particles to the
surface of the paper. The unit and painting are enclosed in a dust-free frame
to prevent contamination. Hughes built the plate at the request of the Conser-
vation Center of the Los Angeles County Museum of Art. The Armand Hammer Foun-
dation provided funds.

All three types of U.S.-built wide-body jetliners will carry Hughes passenger
entertainment and service equipment now that Pan American World Airways has
ordered the system for its new Lockheed L-1011ls. The system, transmitting
multiplexed signals at rates up to 5 million bits per second, provides stereo
music and movie sound tracks, plus reading light and flight attendant call ser-
vice. An earlier system is standard equipment on all McDonnell Douglas DC-10s.
Also, 14 operators of Boeing 747s, citing high reliability and low operating
costs, have chosen the system as either original or replacement equipment.

Hughes is seeking electronics engineers for research, design, development, and
production of surface-based and undersea systems. These include modern phased-
array radars; advanced digital communications; microwave systems; computer sys-
tems; liquid crystal, CRT, TV-type displays; advanced signal and data processing
equipment; A/D and D/A converters; and sonar arrays and processing equipment.

If you qualify, send your resume to Hughes Aircraft Company, Ground Systems
Group, Professional Employment, Dept. SE, 1907 W. Malvern, Fullerton, CA 92634.

Major developments toward an optical filter that can be tuned electronically to
specific wavelengths of light have been reported by Hughes scientists. The
device is tuned by a microprocessor that varies the electric field distribution
onto an electro-optic crystal. One filter with a lithium-tantalate crystal has
been operated across the visible light spectrum from deep blue to deep red.
Another has been tuned into infrared wavelenths. The device promises to find
important uses in pollution monitoring, multispectral imaging, and monitoring
color consistency in commercial products, including paints and dyed fabrics.
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HUGHES AIRCRAFT COMPANY
CULVER CITY,CALIFORNIA 90230
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nozzle point is off the vertical from the
knife-edge, the greater the restoring
force is and the smaller the natural
swing period of the boom will be. You
should adjust the alignment of the noz-
zle and the knife-edge so that the natural
period is from 12 to 18 seconds. The
boom will thus be sensitive to seismic
waves of slightly shorter period.

The next task is to adjust the damping.
First check it by placing the damping
magnets in their proper position around
the vertical aluminum plate and then
swinging the end of the boom over a
distance of about a centimeter. When
you release the end, it will swing past the
rest position. With proper damping the
overshoot should be about two milli-
meters. You can adjust the amount of
damping by adjusting the gap between
the magnets. Closing the gap increases
the magnetic field and the damping.
You could also adjust the damping
by varying the natural swing period of
the boom. For example, a longer pe-
riod would mean less restoring force,
so that (with the same magnetic field)
the damping would increase.

These steps constitute a rough tuning
of the damping. Now position the pick-
up coil with respect to the magnet at-
tached to the boom so that they are both
at the proper height from the floor and
so that the coil is about a quarter of an
inch inside the gap of the magnet when
the boom is in its rest position. Then
cover the entire assembly and adjust the

Normal run

™ Nuclear
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0 5 10 15

gain on the amplifier until you can see
background noise recorded on the strip-
chart recorder. Lehman says that if you
then approach the seismograph, the tilt-
ing of the floor by your weight should
give you a readout on the strip-chart re-
corder with an amplitude of about three
inches.

To check the damping walk up to the
seismograph, wait a few seconds and
then walk away. The paper on the re-
corder should show a pair of peaks for
your advance and a pair for your re-
treat. The first peak in each pair is due to
the tilting of the floor as you advance.
The second peak, which is smaller, rep-
resents the overshoot of the boom past
its rest position. If the boom is proper-
ly damped, the ratio of the two peaks
should be between 6:1 and 10: 1. If it is
not, you will have to adjust the damping.
Lehman points out that this may take
some patience until you finally get the
damping just right, but once all the ad-
justments are made the instrument will
not need further attention for weeks or
even months.

The best place for your seismograph
would be in a room undisturbed by ei-
ther people or thermal changes. Do not
put the instrument where sunlight will
fall on it or the floor, because the result-
ing variations in the stress of the floor
will show up in your readings. Even
some unexposed floors may show ther-
mal variations because of sunlight strik-
ing the building. Lehman has had good
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Lehman’s record of a nuclear test
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success with one of his instruments on a
gravel floor in an unfinished part of his
campus. Since the seismograph is most
sensitive to waves passing perpendicu-
larly to the boom and since most earth-
quakes occur on an east-west azimuth,
you should set up your seismograph
with the boom running north and south.

When you first begin to record, you
will notice a constant background noise
in the readings. Much of it is from mi-
croseisms, which are small oscillations
of the earth that are still largely unex-
plained. Investigators have long tried to
link microseisms to natural phenomena
such as the beating of surf on a cliff-
lined shore or the presence of a cyclone
over the ocean. Although at times the
connection between microseisms and
such a cause has seemed clear, at other
times the microseisms have seemed to-
tally unrelated to the proposed cause.

In some of the data Lehman has sent
me one can identify several other kinds
of noise in the records. One day a brief
set of spikes revealed a blast at a lo-
cal quarry or construction site. A win-
ter cold front appeared on another rec-
ord as a set of continuous but random
spikes. On at least two occasions Leh-
man has been able to display the effects
of hurricanes in the Atlantic.

You will probably be less interested in
these kinds of waves in your recordings
than in seismic waves. Such waves are of
four main types (and several other less
important types and subclassifications I
shall not mention). Two types propagate
through the body of the earth but in dif-
ferent ways and at different speeds. One
of them is the transverse wave designat-
ed S. The material participating in the
wave motion oscillates perpendicularly
to the direction of travel of the wave.
The term transverse is meant to convey
that sense of oscillation. Most of the
waves with which you are familiar are
transverse waves, for example waves on
a guitar string or on the surface of a
body of water.

The other type of wave that travels
through the earth is the longitudinal
wave designated P. Here the material
participating in the wave motion oscil-
lates back and forth in the direction in
which the wave is traveling. The term
longitudinal is meant to convey the fact
that the oscillations are parallel to the
wave direction.

The remaining two general types of
seismic waves propagate along the sur-
face of the earth. With one type, the
Love wave (L), the material participat-
ing in the wave motion oscillates trans-
versely to the direction of travel of the
wave and horizontally with respect to
the earth’s surface. With the other type,
called Rayleigh waves (R), the material
moves in elliptical paths perpendicular
to the surface and aligned along the di-
rection of travel of the wave.

If all these waves arrived at your seis-
mograph at the same time, you would
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not be able to distinguish them, but they
arrive at different times because they ei-
ther take different routes to your instru-
ment or travel at different speeds. The
first to arrive are the P waves because
they both take a direct route through the
earth and travel faster than the S waves.
Next come the S waves, followed by the
two types of surface waves, which are
delayed by traveling over a longer path
along the surface of the earth.

The amount of time between the ar-
rival of the P and the S waves can be
used to determine the distance between

you and the center of the earthquake.
Tables relating the difference in arrival
times and the corresponding distance
are available in seismograph references
such as the book by Markus Bath cited
in the bibliography for this issue [page
162). The distance is often quoted in
terms of the angular distance between
the focus of the earthquake and the seis-
mograph as measured from the center
of the earth. For example, if the differ-
ence in arrival times is about seven min-
utes 11 seconds, the focus is about 50
degrees away from you.

With a single instrument you can only
guess at the direction. Rough determina-
tion of the direction can be made with
two instruments oriented perpendicu-
larly to each other (one seismograph on
a north-south axis, the other east-west).
Precise determinations of the distance,
direction and depth of the focus are ob-
tained only when several widely sepa-
rated seismograph stations record the
event. The difference in arrival times of
the waves at the stations provides the
clue to where the focus is.

Several periodicals can help you to
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determine the locations of major earth-
quakes. Preliminary Determination of
Epicenters and Earthquake Information
Bulletin are both available from the
Superintendent of Documents, Govern-
ment Printing Office, Washington, D.C.
20402. Earth Science Event Reports can
be obtained from the Center for Short-
lived Phenomena, 185 Alewife Brook
Parkway, Cambridge, Mass. 02138.
Another valuable reference is Principles
Underlying the Interpretation of Seismo-
graphs, Special Publication No. 254 (re-
vised in 1966), which can be obtained
from the U.S. Coast and Geodetic Sur-
vey, Rockville, Md. 20852. Other refer-
ences are in the bibliography for this is-
sue. You should also have a globe in
order to measure the distance to earth-
quake epicenters. Coordinated Univer-
sal Time (UTC) can be got by radio on
stations WWYV and WWVH.

Background noise and earthquakes
are not the only things you may record.
Underground nuclear explosions also
send seismic waves through the earth
and along its surface. Lehman has re-
corded a number of such explosions that
were set off in Nevada, seven in the first
three months of 1976 alone.

Lehman sent me several examples of
earthquake data, two of which I find
particularly striking. One is a record of
the earthquake that occurred in the Ga-
lapagos on March 29, 1976, at 0539:33
UTC. The quake had a shallow focus,
was of magnitude 6.7 and apparently re-
sulted from slippage along the boundary
between the Cocos and the Nazca tec-
tonic plates. Six minutes 57 seconds af-
ter the quake began the P waves reached
Lehman’s recorder. They had periods of
from one second to three seconds and
were recorded for more than five min-
utes. It took the § waves 12 minutes 28
seconds to arrive, since they had longer
periods and greater amplitudes than the
P waves. The surface waves took about
15 minutes to arrive and had periods of
from 12 to 15 seconds. Oscillations con-
tinued for about an hour. The difference
in the arrival times of the P and S waves
(five minutes 31 seconds) indicated that
the epicenter was about 2,440 miles
(3,930 kilometers) from Lehman’s ap-
paratus.

In another example Lehman recorded
the waves from a devastating earth-
quake in Turkey on November 24,
1976, at 1230 UTC. It was the worst
quake in the Anatolian fault zone since
1939. Lehman recorded the first P wave
at 1235:10 UTC and the first S wave
at 1245:30. Activity was still visible an
hour and a half after the first P wave
arrived.

Lehman is prepared to answer ques-
tions on the construction or operation of
the seismograph. He is particularly in-
terested in exchanging seismic records.
Lehman’s address is Physics Depart-
ment, James Madison University, Har-
risonburg, Va. 22807.
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What sort of people need to learn a for-
eign language as quickly and effectively as
possible? ForeignService personnel, that's
who. Members of America's diplomatic
corps are assigned to U.S. embassies
abroad, where they must be able to con-
verse fluently in every situation.

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

The U.S. Department of State has spent
tens of thousands of dollars developing this
course. It's by far the most effective way to
learn German immediately.

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

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

aUDIa-FaRUM
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‘Speak Serman
like a Diplomat!

(212) 753-1783
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The FSI's Programmed German Course
comes intwo volumes. You may order one or
both courses:

OvVolume |, Basic.
9 cassettes, 13 hours and a 647-page
text, $98.

Ovolume II, Advanced
8 cassettes. 872 hours and a 333-page
text, $85.
(New York State residents add appropri-
ate sales tax.)
Your cassettes are shipped to you in hand-
some library binders.

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

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

Audio Forum

Dept. 104

145 East 49th St.
New York, N.Y. 10017
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COMPUTER TERMINALS

SOROC 10120 .......$ 945.00 T1-745, . $1550.00
ADM3A, assembled.. 840.25 ADMIA, assembled.. 1445.00
T-810 ... 1825.00 11-820 Terminal ... 2095.00

Complete Microprocessors line, peripherals & Terminals.

Texas Instruments

T1-1790 1CD..$39.50
- 7.50

| Speak & Spell $48.50
Spelling Bee.. 26.00

1125 1D

7150 LD . 35.50 Dataman ... 18.00
TIBAIILCD . 39.50 Dataclip ... 27.00
55 . 39.95 TI-Programmer 48.00
57 MBA .. ... 52.50
58 . T1-5100 39.50
PC-100C 14595 11-5015 59.95
159 ....208.50 © 115025 ... 69.95
SR-60A . 1995.00 T TI5040 . 89.00
HEWLETT PACKARD
HP-19C .§181.00 HP-31E .. . .. $49.00
HP-29C 139.50  HP-32E . . 64.00
HP-67 . 35200 HP-33F . 79.95
HP-97 58450  HP37E 61.50
HP-92 391.00  HP-38E 96.00
SCM TYPEWRITER SPECIALS
SCM-2200 $254.00  VANTAGE $269.00
SCM-7000 299.00  CLASSIC 12 144.00

All units shipped in original cartons with accessories according
10 manufacturer’s specification. Send money orders, personal
check (2 weeks to clear). In lllinois add 5% sales tax.
Add $4.95 minimum shipping & handling charges per unit.

We ship UPS. Subject to availability. Above prices are for
mail order and prepaid only. Send mail orders.

Ralbik’s, Ine.

519 DAVIS, EVANSTON, ILL. 60201
Telephone: 312 - 869-6144

© 1979 SCIENTIFIC AMERICAN, INC

“A fresh, exciting approach”™*
10 the venerable dinosaur:

ARCHOSAURIA
A New Look at the Old Dinosaur
by John C. McLoughlin

Scientists are developing
fascinating new theories about the
dinosaur—and author-artist-
zoologist Jokn McLoughlin
presents them brilliantly in one
new book. Superd text and
wonderful illustrations introduce
swift, bipedal dinosaurs, chicken-
sized dinosaurs, and many
others— showing them to be among
the most spectacularly successful
animals ever to inhabit the earth.
“His fine drawings will do much
forthedinosaur’s new image.”
—Kirkus Reviews
|62 drawings, including

; 33 full-page illus.

: *Publishers Weekly

I At bookst(}rac‘s or from: THE VIKING PRESS
DEPT. ATE-SA

625 Madison Avenue
New York, N. Y. 10022

Please send me copies of ARCHO-
SAURIA @ $10.95 ea. I enclose $_
total. (Add sales tax where applicable plus
$1.00 to cover postage and handling.)

Name

Address

Ciry State Zip—
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Ing outer space

Lockheed knows how.

Shielding the space shuttle from fiery ~ In 1983, a 43-foot-long telescope system will be slipped
temperatures. into orbit 300 miles above Earth. And man may then look
, ° back 14 billion years to where our universe perhaps began.
Wheq NASA’s space shuttle streaks through a 2,300°F The NASA/Lockheed Space Telescope will detect
reentry into Earth’s atmosphere, the occupants won't feel objects 50 times fainter and 7 times deeper into space
th%t‘et"ft‘b Lockheed-developed insulati il than those ever before seen. It will lock onto stars, galaxies,
ats because Lockheed-developed insuiation wi and other space phenomena with absolute accuracy for
form a shield of some 34,000 small ‘tiles’ covering about as long as 30 to 40 hours. And it will perform ultra-
70% of 'ghe spa.cecraft‘. The tl.les shed heat so efficiently violet and infrared measurements impossible from Earth.
th_at apiece still glowing white-hot can be held safely Potential rewards are huge. Scientists may discover
Wltg‘ bﬁrglflpgeré. | hed . h new worlds and new energy sources. They may even
de , tile s minutely matched to exact points on the find ways to protect Earth’s delicate environment in a
shuttle’s surface. And fitting them precisely is like new, uncharted age
assembling the world’s biggest three-dimensional jigsaw ' ’
puzzle.
Most important: the tiles will insulate the shuttle
against not just one, but about 100 returns through the
abrasive atmosphere.

Looking at the origin of the universe.

Scouting the sun’s uproar.

1830:30 1833:30

1835:15 1837:30 1839:00 1840:00

Tucked into NASA’s OSO-8 Orbiting Solar Laboratory,
a Lockheed-developed Mapping X-Ray Heliometer has
successfully finished three years of amassing vital data on
the sun’s ever-varying X-ray radiation.
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work for man.

The NASA Space Shuttle. Lockheed serves it with a wide range of technical support activities in addition to the heat insulation described below.

The heliometer was part of the most complete sci-
entific instrument payload ever sent up to study solar and
cosmic X-ray sources. And though planned for only one
year’s work, the OSO-8 package operated in its 350-mile-
high orbit for better than three years.

The heliometer experiment again clearly demonstrated
Lockheed’s unique capability in independent, basic
research. And the data will probably unveil dramatic
solar facts.

They should set guidelines for better predicting of solar
flares and yield new knowledge of exactly how the sun’s
X-ray emissions affect Earth’s weather and climates.

Recorders that talk from other planets.

We've now put
‘eyes’ on Mars,
viewed Venus and
Jupiter close up, and
will get intimate
looks at Saturn in
late 1980.

Special Lockheed
recorders, each no
bigger or heavier
than a gallon bottle
of water, help scientists see the outer planets at close
range. Locked within a space vehicle, each recorder can
store and transmit more than a half-billion bits of
information. Those signals are then turned by Earth-
station computers into sharp photos and precise scientific.
data.

Lockheed recorders have flown on all Apollo moon
missions, five Mariner space probes, the flights to Mars,
Venus, and Jupiter, and are now headed toward Saturn
and beyond.

And if the search that far away reveals no life, there’s
still the rest of the universe.

Theunmatched record of achievement.

se e

space technology better than the record of the Agena
spacecraft.

The versatile Agena, veteran of more than 300 flights,
can count more successful launches than those made by
any other spacecraft, and it has been used on nearly half
of all United States space missions.

In making space work for man, Agena is one more
proof that Lockheed knows how.

Lockheed
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Discover more.

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

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

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

Try the taste beyond premium
Scotch.

% The Glenlivet

¢ Unchanged since 1824.

Ghe
GLENLIVET

AGED 12 YEARS

Thhe

Unblendded allmalt
. Jr.}'}(.(?‘ #M

PREMIUM SCOTCH
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