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You can own one
in the world

Road & Track Magazine tested hundreds

Datsun 2802, /9
A~ What do you know? The VW Rabbit is the
g best car in the world for under $3500.
Road & Track thinks so, and who
are we to argue?
Here's what they have to
say: The Rabbit is some-
thing special in a small
economy sedan. Its space for
passengers and luggage is
remarkable for such a small
and light car; sois its ride and quiet-
ness. Itll be a rare driver who gets
less than 25 mpg with it; on a long
trip 35is more Ii(ie it!
The 1976 EPA estimates for the
standard shift Rabbit shown are
even better: 39 mpg highway, 25
mpg city. Actual mileage may vary,
Audi1o0Ls degending on type of driving, driving
$6950" e habits, car’s condition and optional
o equipment.)
"It comes as a two-or four-door
sedan; either one has a hatch- \§
back and a folding rear seat \
for extra utility. :
And—something you don't necessarily ™
expect from a little economy sedan— it is
delightful to drive, with peppy performance
and first-class handling.’
So, friends, if you want one of the 10 best
cars in the world, but you don't want to pay
more than$3500 for it, you have no choice.

%

AlfaRomeo 7" J BMW 530,
Alfetta GT,$8]195 ! 510,590

*Suggested 1976 retail price East Coast P.O.E. (4-dr. model higher). Transportation, local taxes, and dealer delivery charges additional. tSuggested
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of the 10 best cars
for only “3492

of 1975 cars. Here are the winners:

Porsche 911 Carrera,
514,845

currently available retail prices East Coast P.O.E. Transportation, local taxes, and dealer gelivery charges additional. ©Volkswagen of America.
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~ Pioneer’s new
High Polymer Molecular
transducer technology will alter
the course of high fidelity.

There’s a significant new

between you and the

developmentin high fidel-
ity that is destined to play
a vital role in sound re-
production. Itisintimately
tied in with the piezoelec-
tric principle.

The piezoelectric ef-
fect deals with certain
crystal devices that flex
whenvoltages are applied
to them. Now, Pioneer has
discovered a totally new
application of the piezo-

frame

Yoke

Supporting

Signal wires

“
Suspension

Diaphragm

High polymer
thin film
diaphragm —s

«Voice coil

Signal __
wires

original sound.

Even though you may
now own a pair of head-
phones, you owe it to
yourself to hear these
new piezoelectric high
polymer transducer head-
phones. In fact, compare
them with other types.
You'll find a lower level
of distortion -free sound
than has ever been
achieved — even at un-

electric effect by applying
the principle to ultra-thin

Fig. 1 Principle of
conventional dynamic
headphones

Fig. 2 Principle of new
Pioneer High Polymer

Molecular headphones

precedented volume
levels. The experience of

aluminum coated high
polymer film.

By employing this film as a low-
mass diaphragm and applying
audio signal voltages, the material
expands and contracts uniformly
generating acoustic energy. For
the first time it becomes possible
to transform electrical energy to
an accurate acoustical equivalent.
Such thin-film diaphragms properly
mounted are capable of reproduc-
ing all music frequencies by means
of an incredible “breathing” effect.
The ramifications of this unique
refinement of the piezoelectric
principle are far reaching. Con-
sider such immediate applica-
tions as microphones, cartridges,
speaker systems and headphones
— in fact, any type of electrome-
chanical transducer requiring res-
onance-free performance.

There have been many attempts
to create sound using diaphragm
motion. For example, electrostatic
speakers and headphones. But in
contrast to the electrostatic prin-
ciple, the new application of the
High Polymer Molecular principle
as discovered and perfected by
Pioneer, requires no dangerous,
high polarizing voltages.

The first totally new concept in
headphones in over a decade.
Pioneer has successfully incor-
porated the High Polymer Molecu-
lar transducer principle in two new
headphones that are unlike any
others. Conventionally designed
headphones use moving coils,
miniature loudspeaker elements
and other mechanical parts — as
shown in Figure 1 — all of which
come between you and your music.
Pioneer’s new SE-700 and SE-500
headphones don’t. They employ a
single thin-film high polymer pie-
zoelectric diaphragm that repro-
duces sound directly, as shown in
Figure 2. Only the diaphragm
moves air — and moves it accu-
rately, in exact conformance with
the electrical signal ap-
plied directly to it. The
accurate, low-distortion
signals available from any
standard headphone jack
on your receiver or ampli-
fier are directly translated
to equally precise, low-
distortion sound by the
action of the high polymer
film diaphragm. Nothing,
absolutely nothing comes

eThe value shown is for informational purposes only; the actual resale price will be set by the

individual Pioneer dealer at his option.
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listening with these new
Pioneer headphones is a revela-
tion. In addition, the open-back
design, light weight and soft, snug
fitting earpieces permit hours of
comfortable, private listening.
You’ll come away fromyour Pioneer
dealer thoroughly convinced that
Pioneer has altered the course of
high fidelity.

SE-700, under $80*; SE-500,
under $50*. Both come with a 9%
foot connecting cable, standard
phone plug and storage case.

U.S. Pioneer Electronics Corp.,
75 Oxford Drive, Moonachie, New
Jersey 07074. West: 13300 S. Es-
trella, Los Angeles 90248 / Mid-
west: 1500 Greenleaf, Elk Grove
Village, lll. 60007 / Canada: S.H.
Parker Co.

WPIONEER

when you want something better
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The ideal lens
for the scientist-photographer

If you could have only one lens for your
35mm SLR camera, the Vivitar Series |

zoom lens would be your logical choice.

Its 70-210mm zoom range allows the
anthropologist to produce perfectly
framed portraits of his human subjects
while the zoologist can capture large and

uncooperative specimens from afar. Then,

with a twist of the focusing ring, this lens
can focus down to a mere 3 inches
from the front element to record, for
instance, Linear A inscriptions or Folsom
points in situ. Optically, the Vivitar Series |
zoom is equal or superior to the finest
lenses throughout its focusing range.
Take your camera to a Vivitar dealer for
a demonstration or write Dept. 31 for our
folderon Series|lenses.

Marketed in the U.S.A. by Ponder &Best, Inc.

Corporate Offices: 1630 Stewart Street,
Santa Monica, CA 90406. In Canada: Precision
Cameras of Canada, Ltd., Montreal.

Vfivitar
Series 1
70-210mm {35

macro focusing
zoom lens.

THE COVER

The painting on the cover shows part of the keyboard of a small electronic cal-
culator, the HP-65, manufactured by the Hewlett-Packard Company. The
HP-65 is at the upper end of the range of calculating capability of small elec-
tronic calculators (see ‘“The Small Electronic Calculator,” page 88). It is pro-
grammable by way of both the keyboard and magnetic program cards, and it
performs 47 mathematical operations and manipulations of data beyond the
four basic functions (addition, subtraction, multiplication and division). The
four keys shown at the top of the painting have as their main respective func-
tions, indicated by black letters: entering a number in the machine, changing
sign, entering an exponent and clearing the X register (an operation that erases
the number displayed). Many other options are available through three color-
coded shift keys, which are not shown. Two of the shift keys yield the opera-
tions indicated in gold letters above the keys and in blue letters on the un-
derside of the keys. The third shift key gives access to associated inverse func-
tions. For the purpose of explaining how a calculator works the article in this
issue describes a simpler kind of machine, a hypothetical four-function calculator.

THE ILLUSTRATIONS
Cover painting by Ted Lodigensky
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26-27 Charles S. Lieber, 56 Ames Research Center,
Mount Sinai School National Aeronautics
of Medicine and Space Administration
28-33 Bunji Tagawa 62-70 Gabor Kiss
72-79 Gabor Kiss
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History Museum, Basel 80-86 George V. Kelvin
89 Ben Rose (top),

36-40  Allen Beechel Ralph Morse (bottom)
41 R. Sawdo, Woods Hole 90 Rockwell International
Oceanographic Institution 92-98 Jerome Kuhl

42-45 Allen Beechel 100 J. Wesley Burgess
47 Gareth P. Williams, 101-104 Tom Prentiss
Princeton University 105 J. Wesley Burgess
48 Ames Research Center, 106 Tom Prentiss
National Aeronautics .
and Space Administration 109-110 Jon Brenneis
112-116 Dan Todd
49-53 Alan D. Iselin
119 “B.C.,” by permission
54 Ames Research Center, oEthohn Hartland Field
National Aeronautics nterprises, Inc.
and Space Administration 120-122 Tlil Arbel
55 Alan D. Iselin 127-128 Dover Publications, Inc.
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What makes a
Quality Paperback?

Title. The primary criterion for selection by
Quality Paperback Book Club is of course
editorial quality. All titles are chosen to
reflect the best available fiction and non-
fiction.

What makes a paperback a quality paperback? Pick one up
and see. Feel the rich finish of the paper. The heft of the
book itself. Hold a page up to the light. See how crisp and
clear the type is...and how the printing on the other side
doesn’t show through. Open and close the book a few times,
then thumb through the pages and listen for the distinctive
“snap!’ You'll quickly understand why the books Quality
Paperback Book Club offers to members compare favor-
ably with the finest hardcover editions. . .and why you'll

be proud to display them in your home library.

Paper. We select books that are printed on
heavy, opaque stock — the kind of paper
thatresists yellowing and doesn'’t strain
your eyes with annoying glare.

Design. The books we offer members are
chosen for their esthetic appeal as well as
their literary merit. Covers, typography
and artwork make Quality Paperback selec-
tions a delight to both hand and eye

Binding. All the books we offer are sturdily
bound (often secured with costly stitching)
towithstand years of openings and closings.
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Any 3 books or sets for only $1 each

QUALITY PAPERBACK BOOK CLUB, INC.
I Middletown, Pennsylvania 17057

You simply agree to buy six more
within the next year and as a mem-
ber you'll immediately qualify for
our Free Book Plan.

6-QB170-3

Please enroll me as a member of the Quality Paperback Book Club and send me the three books or sets
l whose numbers I've indicated in the boxes below. Bill me only $3 for all three, plus shipping. My only
obligation is to purchase six more books or sets during the coming year, receiving a 20% discount on every
Main Selection I take. My membership is cancelable any time after I buy the six additional books or sets.

A moderate shipping charge is added to all shipments.
L]

INDICATE BY NUMBER YOUR ==
THREE BOOKS OR SETS L _J L - ‘

There are paperbacks. And |
there are paperbacks. Quality
Paperback Book Club offers
the kinds of paperbacks that

are meant to be kept as well Mr 5
as read. Now you can read — Msf (Please print plainly)
and keep —any three books of Address Apt.
your choice for only $1 each city &
by accepting the short trial zme Zip
-30

membership in Quality Paper-

back Book Club outlined here. HOW MEMBERSHIP WORKS

1. You will receive QPB Review fifteen times a year

® QUALITY PAPERBACK

BOOK CLUB, INC.
Middletown,
Pennsylvania 17057

(9

—about every 3%2 weeks. This informative catalog
describes the Main Selection plus approximately
one hundred Alternates. The Main Selectionis always
at a 20% discount.

2. If you want the Main Selection, do nothing. It
will be shipped to you automatically. If you want
one or more of the Alternates —or no book at all —
just indicate your decision on the reply form always
enclosed with the Review and return it by the date
specified.

3. Free books. For every book or set you buy (exclu-
sive of your three introductory choices for $1 each)
you earn at least one Bonus Point, and the Bonus
Points you accumulate entitle you to free books and
sets. (You pay only shipping charges.)

4. Return privilege. If your Review is delayed in the
mail and therefore you receive the Main Selection
without having had ten days to notify us if you did
not want it, you may return that Selection at our
expense.
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American Honda Motor Co., Inc., the United
States distributor of Honda cars, motorcycles,
power products and accessories, was looking for
a better way to manage a growing parts inven-
tory of nearly 50,000 items.

McDonnell Douglas Automation Company
(MCAUTQO") had a solution. We offered Honda
a customized computer software system that
automates parts receiving and reserve inventory
management.

Remote terminals, installed in Honda’s re-
gional parts centers, are linked to MCAUTO's
computers where reserve inventory records are
stored and updated instantaneously.

Results? Inventory control management and
replenishment procedures are better. Parts
movement is more efficient. Manpower require-

Shift to MCAUTO.

ments are less. And, volumes of paperwork
have been eliminated.

Honda's experience is another good example
of why MCAUTO has become a data service
giant and continues to grow. Sales of $140 million
in 1974 were 16% above the previous year. Last
year we served 1,700 clients, including 34 of the
top 50 industrials, 17 of the 20 largest engineer-
ing design firms, and 24 of the 50 largest utilities.

Learn how we can put our experienced con-
sultants and designers, custom and packaged
software, vast computer power, and nationwide
teleprocessing network all together to solve your
data processing problem. Write: W. R. Vickroy,
MCAUTO, Dept. KI-500, Box 516, St. Louis,
MO 63166. Or call (314) 232-8021.

What works for American Honda can work for you.

MCDONNELL DOUGLAS AUTOMATION COMPANY y,

Offices in principal cities from coast to coast
Adivision of MICIDONNELL DOUGLAS
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LETTERS

In “The Strip-mining of Western Coal”
[SCIENTIFIC AMERICAN, December, 1975]
Genevieve Atwood apparently has accepted
as truth certain fictions concerning coal
“development.” Contrary to her view that
“there are currently no real alternatives to
oil, gas and coal as energy sources...,”
there are, of course, alternatives, among
them the development of radically new en-
ergy technologies and the implementation
of far-reaching measures to encourage ener-
gy conservation. However, neither of these
alternatives is possible within a society that
insists on continuous growth, oil, gas and
coal being the darlings produced by the
union between the growth economists and
the corporate giants.

The view that Western coal “has a low
sulfur content” is certainly suspect. Scien-
tists working in southeastern Montana and
northeastern Wyoming have recently ques-
tioned this view, which was based on the
investigation of cores taken from the center
of coal seams in the northern Great Plains.
Sampling of the edges of the seams as well
as more complete sampling of the entire
seams have revealed a higher sulfur content
than was originally suspected. Further, be-
cause of the high water content of much of
the coal lying under the northern Great
Plains, there are fewer B.t.u.’s produced per
ton of Western coal than there are per ton of
Eastern coal. Indeed, some authorities are

Scientific American, March, 1976; Vol. 234, No. 3. ‘
Published monthly by Scientific American, Inc., 415 |
Madison Avenue, New York, N.Y. 10017; Gerard Piel,
president; Dennis Flanagan, vice-president; Donald H.
Miller, Jr., vice-president and secretary; George S.
Conn, treasurer; Arlene Wright, assistant treasurer.

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

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

Offprint correspondence and orders should be ad-
dressed to W. H. Freeman and Company, 660 Market
Street, San Francisco, Calif. 94104. For each offprint
ordered please enclose 30 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

now asserting that the amount of pollution |
produced per B.t.u. of Western coal will be
greater than that produced for Eastern coal.

And reclamation is not working. For ex-
ample, in Montana, the state noted for hav-
ing the “toughest” reclamation laws in the
U.S,, the piles of “topsoil and other uncon-
solidated material” are allowed to lie un-
touched and urntreated for three years or
more—ample time to guarantee the leach-
ing out of toxic materials and the sterilizing
of formerly living earth. In fact, Montana
reclamation laws are simply not being en-
forced. It is significant that the Montana
Wilderness Association recently (Decem-
ber 7, 1975) went on record advocating the
transfer of enforcement functions from the
Department of State Lands to the Depart-
ment of Natural Resources and Conserva-
tion in reaction to the failure of State Lands
to enforce Montana reclamation laws.

Furthermore, there should be no cause
for celebration to be derived from the obser-
vation that “the output per man-hour at a
strip mine is approximately eight times the
output at a fairly modern underground
mine.” Translated into human terms, this
merely means that far too many under-
ground miners will be thrown out of work—
sacrificed to the appetite of the dragline.
Surely the cost is too high.

Finally, I must take exception to Ms. At-
wood’s too easy assumption that “in Wyo-
ming, Montana and much of the Great
Plains the conditions for surface mining ap-
proach the ideal.” Conditions are ideal only
for the energy-development corporations.
Not for the land. And not for the people.
Destruction of aquifers in the coal beds,
deliberate bypassing of reclamation regu-
lations, displacement and eventual phas-
ing out of people, boom, bust: these are
the present facts of strip-mining life in
the West. In view of these circumstances,
would it not be preferable to eliminate strip-
mining rather than to cater to the greed of
corporate giants beholden only to them-
selves?

RANDALL GLOEGE

Northern Rockies Representative
Friends of the Earth
Billings, Mont.

Sirs:

I should first like to point out that in
amputating the sentence he quotes in his |
first paragraph Mr. Gloege changes its
meaning. The original sentence was clearly
referring not to alternative energy sources
in general but to short-term alternative
sources. As for his assertion that the recla-
mation of strip-mined lands is not working,
I can only say that reclaimed land at several
mines I personally have visited is ecologi-
cally and hydrologically in balance with ad-
jacent land (rangeland with diverse, self-re-
generating vegetation).

Mr. Gloege raises so many questions that
it is not possible to respond to all of them in
a “letter to the editor.” For the rest I shall |
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THREE

' CENTURIES

OF
HARPSICHORD
MAKING

The traditions of harp-
sichord making in Italy,
Flanders, France, Ger-
many and England in the
16th, 17th, and 18th cen-
turies.

Harvard University Press, I
' $15, ppd.

For a copy of the book or
free illustrated brochures
describing our historical
keyboard instruments
available in kit form write:

FRANK HUBBARD
Harpsichord Maker
185A-S Lyman Street
Waltham, Mass. 02154

FINISH THIS STEREO PAIR
YOURSELF AND SAVE $560.00
Style C has the same components,
same sound, as finished styles. Just
simpler appearance and no finish. Yet,
exposed wood is birch veneer plywood
and grill cloth is installed. Send coupon
for literature on all Klipsch speakers.
Klipsch & A
P.O. Box A-3
Hope, Arkansas 71801

Please send me free literature and the name of
my Klipsch dealer.

iates, Inc.

Name

Address

Zip

Plywood construction
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JAGUAR

UNLEASHES

A NEW BREED OF CAL.

THE S-TYPE.

It may well be the best-handling four-passenger car in the world.

Thecatisnimble. Jaguars have
always been known for their
agility rather than brute force.
Superb handling and braking
were theextraedge that helped
carry Jaguar to five victories at
Le Mans. With catlike grace they negotiated
the twists and turns of the most historic
racecourse in the world.

Jaguar's superb handling capabilities
have been refined and refined over the
years. In doing this, Jaguar has created
classic after classic.

This new breed of cat is all that the world
has come to expect of Jaguar. It advances
the state of the art. It moves and responds
even better than previous Jaguars.

In plain fact, the S-type is so thoroughly
wedded to the road in cornering and eva-
sive maneuvers, it scarcely seems credible.
Until you experience it.

These superb handling characteristics
are solidly grounded in the S-type’s all-inde-
pendent suspension, four-wheel power disc
brakes and power-assisted rack and pinion
steering.

The wind itself makes the S-type handle
better. Wind tunnel tests have sculpted the
Jaguar S-type into a machine for road-adhe-
sion. A front air dam and an under-engine
shield both contribute to increased stability,
better handling and quicker acceleration.

The S-type’s tires, too, are a handling
factor. They have been specially developed
by Dunlop tomatch the unique performance
capabilities of the car. And the S-type’s
wheels are also functional. Their peripheral
vents are more than cosmetic: these vents
actually deflect significant amounts of heat
from the disc brakes and help the brakes
perform better.

Yet for all its uncommon handling capa-
bilities, the XJ-S is so very smooth, quiet
and thoroughly insulated from the harsh-
ness of road surfaces and the wind at high
speeds that it rides like a luxury sedan. The
smoothness and quiet of the XJ-S in motion
would be remarkable in any car. To find
these qualities combined with the Jaguar
S-type’s outstanding level of handling and

response is almost miraculous.

Why the cat purrs: the astounding 5.3
litre fuel-injected Jaguar V-12. No conven-
tional powerplant could match the excep-
tional handling capabilities of the Jaguar
S-type.

Therefore its engine is a fuel-injected
version of the short-stroke, wide-piston
V-12 that holds the 1975 SCCA National
Championship in Class B Production.
Because of its perfectly balanced config-
uration, the Jaguar V-12 is exceptionally
smooth and quiet. Yet despite its relatively
modest displacement (5.3 litres or 326 cubic
inches), this engine develops an astonishing
SAE net horsepower of 244 at 4,500 rpm,
making it one of the most powerful engines
offered by any manufacturer, regardless
of displacement.

Yetsheer power is not the most beguiling
quality of the Jaguar V-12. The magic comes
in the engine’s unexpected docility at low
traffic speeds, and the virtually unequalled
smoothness of its acceleration.

And this is an eminently reliable engine.
Jaguar test engineers have called it “virtu-
ally indestructible” Bosch/Lucas electronic
fuel injection and an electronic ignition sys-
tem that eliminates contact points both
contribute to the engine’s efficiency and
reliability. In environmental tests, the V-12
has proven itself reliable, starting at such
extremesof temperatureas —40°and +110°

Astounding? Not for the Jaguar S-type.

The cat is wary. Red alert: the S-type’s
new instrumentation. Very high perform-
ance demands a superb intelligence-
gathering systemforthedriver. To this point,
the S-type instrumentation has been com-
pletely redesigned to make all vital func-
tions instantly discernible.

All instruments are functionally gath-
ered in one nacelle that is clearly visible
through the leather-padded steering wheel.
There are large circular dials for the speed-
ometer and tachometer and new quick-
reading vertically-calibrated gauges moni-
toring fuel level, water temperature, oil
pressure and battery condition.

A bank of 18 red and amber signal lights

© 1976 SCIENTIFIC AMERICAN, INC

above this instrument cluster give the driver
an early warning of malfunctions in the
S-type’s safety, mechanical and electrical
systems.

The cat is complete.The S-type is a four
place luxury car. The Jaguar S-type comes
to you complete: there are no options
whatever.

Inside the S-type there is the authentic
elegance that only comes when everything
is designed to be functional. There is no
ostentation about the car: everywhere you
look, your eye will be delighted by clean,
graceful lines and rich textures.

The seats are covered in topgrain hides.
Deep carpeting has been fitted throughout
the passenger compartment and inside the
spacious trunk.

Every mechanical amenity conceivable
has been included: electric windows, elec-
tric door-locks, eight-track AM/FM stereo-
phonic sound system and automatic
thermostatically-controlled air conditioning
system are all standard.

And there is one final luxury that comes
as standard equipment on the Jaguar XJ-S.
This is the uncommonly thoughtful Jaguar
warranty. For 12 months, regardless of mile-
age, Jaguar will replace or repair any part
of the car that is defective or that simply
wears out, provided only that the car is
properly maintained. The only exceptions
are the tires, which are warranted by the
tire manufacturer, and spark plugs and
filters,which are routinereplacementitems.
Even then, if they are defective, Jaguar will
paytoreplacethem.

Keeping up with the cat. The standards
by which personal luxury high-performance
cars are measured have just risen by a sub-
stantial margin. Drive this remarkable
Jaguar S-type soon. You'll discover what a
quantum leap forward it marks in the very
small world of personal luxury, high-per-
formance motorcars. For the

name of the dealernearestyou, >
call these numbers toll-free:
(800) 447-4700, or, in Illinois,
(800) 322-4400. British Leyland
MotorsInc.,Leonia,N.J.07605. [LEYLAND
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RAY-BAN
OLYMPIC GAMES
SUNGILASSES.

These bold, new Ray-Bans provide the
kind of eye protection we developed for
our aviators. Lenses are non-distorting,
impact-resistant; block out glare, ultro-
violet and infrared rays. They're just
what your eyes should wear when you're
sailing, hiking, golfing, biking. Twenty
exciting choices. With up to five layers
of color in one frame! New soft cose,
tool From $20. Model shown is one of
many with mirror coating of Inconel for
super extra glare control. Ray-Bans
were selected by the U S. Olympic Com-
mittee. The Olympic symbol shines

in the corner of every genuine Roy-Ban
Olympic Gomes Py
SunGloss
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address myself to two points, because in my
view they are widely misunderstood.

First, it is true that the higher moisture
content of Western coal increases its sulfur
emissions per B.t.u. The emissions per
B.t.u. are still, however, lower than those of
Eastern coal. The contention that recent
sampling has revised the sulfur-content fig-
ures is unsubstantiated and is based on ten-
tative, reconnaissance-level information re-
ported in hearings on the Federal Coal
Leasing Amendments.

Second, Mr. Gloege implies that strip-
mining should be banned in favor of the
more labor-intensive and (he says) environ-
mentally sounder underground methods.
When surface mining is properly done, it is
environmentally, socially and economically
more acceptable than underground mining.
The reasons are as follows: (1) The environ-
ment for the worker is healthier and safer.
In 1971 the fatalities per million man-hours
in underground mines were .84; in surface
mines they were .45. The injuries per mil-
lion man-hours in underground mines were
52.81; in surface mines they were 25.86. (2)
The air in a surface mine may contain some
dust, but it is of far better quality than the
air in an underground mine. This is reflect-
ed in the high incidence of pneumoconiosis
among underground miners. (3) Water-
quality problems can be rectified at active
and abandoned surface mines but not at
abandoned underground mines. (4) Under-
ground mining is wasteful of coal resources.
Traditional underground methods recover
on the average 50 percent of the coal. (Fifty
percent remains as supporting pillars or is
otherwise unmined.) Surface mining of
thick Western seams recovers more than 95
percent of the coal seam. (5) Land-use and
hydrologic problems associated with sur-
face mining are severe but so are the land-
use and hydrologic problems associated
with fires in abandoned underground mines
and waste disposal from such mines.

Underground mining is far less economic
than surface mining, and it only seems envi-
ronmentally and socially more acceptable
because it is out of sight.

GENEVIEVE ATWOOD
House of Representatives

State of Utah
Salt Lake City, Utah

ERRATUM

In “The Necessity of Fission Pow-
er,” by H. A. Bethe (SCIENTIFIC
AMERICAN, January), it was stat-
ed that even in the extremely unlike-
ly event of a severe nuclear accident
the chance that a person in the ex-
posed population would ultimately
die of cancer from the released ra-
dioactivity was 1 percent. The fig-
ureshouldhavebeen.1 percent.




There are three sides

to ever

question:

the pro side,the con side
and the inside.
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If you're in business
and you're reading about :
something important to | L
your business, you don’t | ! | o
want to know what some-
body thinks has happened. |
You want to know what
has in fact happened. i,

We want you to know
that, too. |

That's why The Wall | =
Street]ouma goes to such J o
lengths to insure that its< .
news columns are unbiased. We’re not for or
against anything—not in our news columns,
at least. As far as we are able, we give you
the straight story...the unvarnished who,
what, why, where, how, when and so what
of anything that happens anywhere in the
world that may affect your decisions about
your business. If you want to know what we
think, read our editorials.

This let-the-chips-fall-where-they-may
attitude has helped The Journal to grow
from 785,000 circulation to over a million
and a quarter in 10 years. It has won Journal
writers and editors five Pulitzer Prizes for

D
-
—— e

—

reporting (and two
Pulitzer Prizes for edito-
rial writing—which
proves that The Journal
isn’t afraid to take a stand
( where a stand should be
taken).
' Try The Journal on
I | our special mtroductory
| offer. Just 86¢™ a week
will get it delivered to
=\ your home or office. Fill
— “ out and mail in the
attached card If someone else has already
used the card, call this toll-free number: 800-
257-0300. (In New Jersey, call 800-462-
2000.) For new subscriptions only. Take us
up on our 86¢-a-week offer, for any period
from 13 weeks to a year. You won’t get ]ust
the pro side of business news, or the

con side. You'll get The

the inside.

Wall Street

Journal

2A511"Price good in United States and possessions.
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HP’s 9825A: a powerful new
desk-top computing system.

Through its novel architecture and speed, the 9825A runs
programs, accepts keyboard operations, and controls
instruments—with apparent simultaneity. This virtual “multi-
processing” capability comes in a 26-pound package that com-
bines advanced computer technology with the directness of a
programmable calculator.

To understand what the 9825 can do, you must resist thinking of it
either as a programmable calculator or as a computer. Unlike any
other desk-top system, the 9825 has a live keyboard and optional
vectored priority interrupt. For example, while it is controlling

12 © 1976 SCIENTIFIC AMERICAN, INC

several instruments, and acquiring
data from them, you can perform
calculations, print or plot data, re-
view and list programs, and change
variables within a program—all
through simple keyboard com-
mands. Although it does all these
operations on a priority basis, so
great is its speed it seems to be doing
all of them at the same time, as a
multiprocessor would.

The 9825’s storage capacity in-
cludes 8K bytes of internal read/
write memory, expandable to 32K
bytes; in addition, each bidirec-
tional tape cartridge can store 250K
bytes. Its built-in tape cartridge
drive can access data in an average
of six seconds, and transfer data at
2750 bytes per second. At these
speeds, and with memory load and
recall capabilities not previously
found in desk-top systems, it be-
comes entirely practical to interrupt
a long program, transfer it to tape,
run a short program, then reload
and continue the first one.

As acontroller,the 9825 can handle
up to 45 measuring instruments
simultaneously through its three 'O
slots. Three optional interface cards
are available: one for 16-bit parallel
data, one for BCD devices, and a
third—HP-Interface Bus—for in-
struments that conform to IEEE
Standard 488-1975.

When it comes to programming,
you can doitall yourself. The 9825’s
advanced language (HPL) offers you
power and efficiency for handling
complex formulas and equations,
coupled with ease of use. This com-
bination lets you solve tough prob-
lems that were formerly the exclu-
sive province of big computers. HPL
handles subroutine nesting and
flags, and allows 26 simple and 26
array variables.

Peripheral options include a choice
of printers, plotters, and tape and
card readers. Four slots accept op-
tional plug-in ROM'’s to further ex-
tend the 9825’s versatility.

The 9825A represents a new genre
of computing capability—in both its
performance and its base price of
$5900*. And at just 26 pounds, it
could legitimately be considered a
portable computer.



HP-65 software
includes:

4000 programs
listed in the
Users’ Library
catalog (1),

blank magnetic
programming
cards (2),

14 specialized
Application

Pacs including
magnetic cards (3)
and accompanying
manuals (4).

The HP-65 hand-held fully programmable: the $795* machine

with the priceless program library.

Without programs (software), a fully program-
mable calculator can be a time-consuming
novelty. On the other hand, with its extensive
software library, the HP-65 is immediately
available to solve an astonishing range of com-
putational problems.

Like a computer, the HP-65 memorizes programs of
any size that are fed into it on tiny magnetic cards,
100 program steps to a card. With just a few key-
strokes by the user, it executes the program and
gives the answer to complex problems with an
accuracy of up to 10 digits.

During its two years of existence, the HP-65 has
been accumulating programs: both those devel-
oped by Hewlett-Packard, and those submitted by
thousands of enthusiastic users.

As aconsequence HP-65 owners in the U.S.A. have
immediate access to more than 400 prerecorded
programs, each of which quickly transforms the
HP-65 into a dedicated computer to solve a specific
problem. These problems are grouped in 14 Appli-
cation Pacs, with up to 40 programs per pac, for
such disciplines as statistics, math, medicine,
chemical engineering, electrical engineering, and
finance. They are priced at $45* per pac.

HEWLETT "“hpf PACKARD

Sales and service from 172 offices in 65 countries

In addition, more than 4000 contributed programs
are available through the U.S. HP-65 Users’ Li-
brary. These are not prerecorded, but are fully
documented and described step by step, so that it
requires only a few minutes to key one into your
HP-65 and permanently record it on magnetic
cards. All programs are listed and described in the
Catalog of Contributed Programs, free to HP-65
owners and to readers whorequest it (see coupon at
right). These library programs with full documen-
tation are available at a nominal charge.

An offer you shouldn’t overlook.**

Now, to start the HP-65’s third year, $795 * will buy
four application pacs of your choice, five of the
most popular programs from the Users’ Library,
and an HP-65 on which to run them.

As a hardware/software combination, the HP-65
remains the most powerful hand-held computing
system available, with thousands of programs care-
fully crafted to save you time, sweat, and tears. You
can get it at quality department stores and campus
bookstores, or from HP. Call 800-538-7922 in the
U.S.A (in California, 800-662-9862) for the name of
the HP retailer nearest you.

For more information on these products, write to
us, Hewlett-Packard, 1502 Page Mill Road, Palo
Alto, California 94304.

Mail to: Hewlett-Packard, 1502 Page Mill Road, Palo Alto, CA 94304.
Please send me further information on

[ ) HP-65 Hand-Held Programmable and software
( ) HP 9825A desk-top system
() Please send me a free Catalog of Contributed Programs for the HP-65.

Name

Company

Address

City State Zip

*Domestic USA prices only. 00642

** Offer is good only in continental U.S.A., Alaska, and Hawaii,

and is void where prohibited by law. Offer expires April 30, 1976.
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unique tools,
handy kits,
precision

instruments,

technical
supplies.

Our 23rd year of service to the World's finest
craftsmen and technicians.

National #7\. 2000 West unien ave. Dept. JaA

Camera \/ rs fsosirer g -noie

F
i Send a FREE copy of the NC Flasher

I name

address

. city

] state zip

° 2000 West Union Ave. Dept. JAA
National /\ Inglewsad, Colorade, 80110

Camera \/ riene (303i7a%-18%3

YOU ARE INVITED
to send for a
free, illustrated
brochure which
explains how
your book can
be published,
promoted and
marketed,

Whether your subject is fiction,
non-fiction or poetry, scientific,
scholarly, specialized (even con-
troversial) this handsome 52-
page brochure will show you how

to arrange
for prompt
pu blica-
7 tion,
/j-/

e
V4
/7  Unpublished
7 authors, espe-
~ 4 cially, will find
\//;// this booklet val-
) uable and in-
formative. For your free copy, or more
information, write to:
Vantage Press, Inc., Dept. F-53
516 W, 34 St.,, New York, N.Y. 10001
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MARCH, 1926: “The high mark in
crude-oil production in the United States
was reached in 1925 when 758,500,000 bar-
rels were obtained. Twenty years ago this
country’s consumption amounted to only
about 100,000,000 barrels. Thus has the tre-
mendous growth in the number of automo-
biles and the general use of oil for power,
heat and light given this product front-
page importance. Discoveries of new fields
and improved knowledge have made oil a
respectable industrial commodity. In the
United States the most productive field has
been California, where in 1925, 231,673,000
barrels were produced, or more than one-
third of the country’s entire output. Texas,
Oklahoma, Wyoming, Kansas, West Vir-
ginia, Louisiana, Pennsylvania, Ohio and
Kentucky are the other chief producing
states.”

“Rays that reach the earth from some
unknown outside source have proved to be
far more penetrating than X rays. The tests
made at Muir Lake in California are de-
scribed by Professor R. A. Millikan: ‘At
the surface of the lake our electroscopes
showed a rate of discharge corresponding to
12.4 ions per centimeter per second. As we
sank the electroscope to greater and greater
depths this rate of discharge decreased con-
tinuously down to a depth of 50 feet, after
which it became constant at a value of 3.4
ions per cubic centimeter per second. This
meant that we had obtained much more
unambiguous and thoroughly quantitative
evidence than had before been available for
the existence of a radiation so hard that, if it
came from outside the atmosphere, it re-
quired 50 plus 23, or 73, feet of water to
absorb it entirely. The 23 feet is the water
equivalent of the atmosphere above Muir
Lake. Since at all the altitudes at which we
have now experimented we find no measur-
able variation in the intensity of these rays
at any time between midday and midnight,
we conclude that they shoot through space
equally in all directions.””

“In a recent address our indefatigable
Secretary of Commerce, Herbert Hoover,
pointed out that our material civilization
rests squarely on the sub-foundation of ab-
stract research and pure science. When you
telephone, when you drive your car, when
you wash with scientifically made soap or
eat scientifically balanced bread, do you
think of the ultimate source of the scientific
truths that made them possible? Just as en-
gineering, industry, medicine and all the
important arts of today rest on fundamental

© 1976 SCIENTIFIC AMERICAN, INC

scientific principles, doggedly worked out
in the past, so those of the future will de-
pend on the research of today.”

“Easily the outstanding feature of the re-
cent annual meeting of the American Asso-
ciation for the Advancement of Science was
Professor Dayton C. Miller’s announce-
ment that he had carried his previous exper-
iments on ether drift to the extent of making
over 100,000 observations, largely during
the past summer, and that they apparently
prove the existence of an ether drift. The
significance of this result, if it is substantiat-
ed, is that the Einstein theory must be very
seriously affected. In fact, Professor Ein-
stein himself makes the flat statement that
‘if Dr. Miller’s results should be confirmed,
then the special relativity theory, with the
general theory in its present form, falls.’
Continuing, Professor Einstein says: ‘Ex-
periment is the supreme judge.’™”

“‘When the history of recent stellar as-
tronomy comes to be written, some living
names such as H. N. Russell, Shapley, Ed-
dington and Jeans will shine as stars of the
first magnitude.” This is what Sir Oliver
Lodge, the world’s most noted scientist,
says in Nature about Professor Henry Nor-
ris Russell of our editorial staff. Twenty-six
years ago an obscure graduate student from
Princeton University submitted an article
to us about the stars. Ever since then, with
almost unbroken regularity, the same au-
thor has written a monthly article for this
magazine. From obscurity Professor Rus-
sell has passed during these years to scien-
tific note, especially because he took the
leading part in the development of stellar
evolution. We rejoice that we are still able
to present to our readers a monthly review
of the progress of the sciences of astronomy
and astrophysics, written by so high an au-
thority.”

MARCH, 1876: “It has been assumed,
too hastily we think, that the growth of the
country in population has received a serious
check. This conclusion is based on the re-
turns of a part of the census taken last year.
So far as is known there were fourteen
States that took a census of their population
during the year 1875. Of the fourteen cen-
suses, eleven are supposed to be trustworthy
and three are not so. The eleven States
whose returns are worth any thing show a
growth of 1,612,000 in five years. As they
represent slightly more than one-fourth of
the entire country, it is safe enough to esti-
mate that the increase during the last five
years has been five millions, making our
total population in the middle of 1875
something more than forty-three millions.”

“The Japanese government building at
the Centennial grounds in Philadelphia is
exciting a great deal of curiosity, not only



The comfort in our new kind of small

wagon starts with the doors. There
are 4, not 2, like some other small
wagons. And every one of those
doors is wide for easy entry.

You and your packages.
Handied with care.

The comfort and convenience
extends to handy storage compart-
ments. And a liftgate with gas
pressure props for easy opening
(they disappear when closed).

Inside, Volare has 70% as much
cargo space as an average full-size
wagon. And yet it is 2 feet shorter,
1,200 Ibs. lighter and $1,500 less
expensive.

Small wagon efficiency.
Big wagon ride.
The Volaré is very easy on gas.

According to E.P.A. estimated
mileage results, of all Volarés, the

X R

wagon did best—30 mpg on the
highway, 18 in the city—equipped
with 6-cylinder engine and manual
transmission. Your actual mileage
may differ, depending on how and
where you drive, the condition of
your car and optional equipment”
The Volare is easy on you, too.
Because it has an Isolated Trans-
verse Suspension System (pat.
pend.) that gives you a smooth,
comfortable ride like a big car.

And here’'s "The Clincher’
For the first 12 months of use any
Chrysler Corporation dealer will fix,
without charge for parts and labor,

any part of our 1976 passenger

cars we supply (except tires) which
proves defective in normal use.
Regardless of mileage. The owner is
responsible for maintenance services
such as changing filters and wiper
blades.

And the part about "regardless of
mileage" is especially nice. Because
Volaré is one wagon you're going
to love to drive. Volareé.

The new small wagon
from Plymouth.

*In California, see your dealer for engine availability and mileage data for California equipped vehicles.
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What we're doing for your health

iS a lot more comforting

than a bowl of chicken soup.

When you're sick, you need a good
bowl! of soup, a tender hand on your
hot brow, sympathy and understand-
ing. Little things at home relieve a
lot of your misery.

But a big corporation offers hu-
man solace too. Many of the medi-
cines you find at your drugstore are
made with our chemicals.

Aspirin to bring down your burn-
ing fever, lozenges to soothe your
poor sore throat, sedatives to let you
fall asleep at last.

We help you get through a case of
the sniffles. But we're also involved
in more serious things.

We make radioactive diagnostic
materials that pinpoint cancer.

And plastic for heart valves hu-
man beings can live with.

We invented an Oxygen Walker.
It helps people with emphysema
breathe a lot easier. And move freely
around again.

Once, blood cells could be stored
only a few weeks. With our cryo-
genic freezing equipment, liquid
nitrogen, and our special blood
freezing bags, the time is now years.

Our CentrifiChem® blood analy-
zer helps a hospital make more than

20 vital blood tests with up to 300
chemical analyses an hour.

Much of the life-saving oxygen in
a hospital is ours.

We make gases that sterilize surgi-
cal equipment.

And Eveready batteries for heat-
ing aids.

And dialysis membranes for arti-
ficial kidneys.

And we constantly experiment.
Because one innovation often leads
us to another.

We are 109,000 involved human
beings who work all around the
world on things and ideas for every
basic need.

So today, something we do will
touch your life.

And may even help save it.

UNION

CARBIDE

Today, something we do
will touch your life.
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Want to read
a juicy story?

Send for Pfaelzer Brothers’ new catalog of
world famous steaks and gourmet meats. It
tells why for tenderness, flavorfulness and
juiciness, you cannot buy better meat than
Pfaelzer’s. The meat of the story is presented in
full color that will titillate your senses. Whether
you’re looking for a tasteful gift for a friend,
business associate or yourself, this booklet is
“must” reading. Send for it today. It’s one story
you can really sink your teeth into.

r - - —_—

[ Please rush me a copy of the all new
40-page full color 1976 Pfaelzer Catalog.

Name

Address—_

P —

City State Zip

For immediate response, call us toll free. (800) 621-0226.
Illinois residents call (312) 927-7100 collect.
[ Please send 6-6 oz. Filets & Steak Butter: $25.00
Add applicable state/use tax:
Add $3.50 for delivery west of rockies:
Total:
O Here's my check.
Please bill me: (J Master Charge. [J American Express.
Card # Exp.date
If Master Charge. enter 4-digit number appearing above your name

Allow 14 days for delivery.

o 45081 Ww. Chicago,

istrict 1 d Illinois 60632

istrict Boulevar sﬁa—e—lzer— inois I
L BROTHERS SA-03
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on account of its peculiar method of con-
struction but also on account of the peculiar
tools and appliances used by the workmen
employed in its erection. The workmen,
who were sent from Japan with the four
car-loads of timber necessary to the con-
struction of the building, appeared to be
intelligent and expert artisans, and handled
their tools in a manner showing that they
feel a complete mastery over them. The
members of the building fraternity whom
we met on a recent visit, after minutely ex-
amining the framework of the structure,
pronounced it a ‘beautiful piece of work-
manship’ but ‘a complete Chinese puzzle.’
Not a nail or a screw is to be found in the
whole of it.”

“In referring to the progress of steel rail
manufacture in this country nearly a year
ago, we took occasion to point out the rapid
falling off in the importation of steel rails
from England and expressed the opinion
that still further decrease would follow. We
have, moreover, long adhered to the belief
that, with our vast sources of mineral
wealth supplying the material, all that our
people have needed is experience and
knowledge in utilizing them, and as that
experience and knowledge augmented, so
would our reliance on the labor of other
countries decline. Steel makers in Sheffield
have felt severely the effects of a falling off
in their American sales, but none, it ap-
pears, were prepared for the alarming an-
nouncement that the American market for
their rails had practically closed against
them. In 1873 Sheffield exported steel goods
of all kinds to the United States of an aggre-
gated value of $8,298,865;-in 1875 this had
fallen to $3,456,160.”

“The inhalation of carbon in the form of
fine powder is a common evil attached to
industrial labor. The coal-miners, the carri-
ers of coal, they who are exposed to dense
smoke and they who are exposed to some
other occupations, such as walking-stick
making, suffer from this irritant. The parti-
cles produce comparatively little irritation,
but they are carried readily into the bron-
chial tract through the minute ramifications
of the bronchial surface and render the
breathing irregular through parts of the
lung. Thus an irregular pressure of the in-
spired air is brought about, and undue pres-
sure is exercised on some portion of the lung
structure, there is a rupture or break of the
minute vesicular structure, and therewith
the development of that disease of the lung
which is technically called emphysema. The
symptoms attendant on this condition are
those of suffocated breathing and spasmod-
ic cough. One of these workers, who was
greatly reduced by the disease, told us very
simply and clearly the facts in a sentence
that we repeat. ‘It is all right,” he said, refer-
ring to charcoal dust, ‘it is all right when we
can cough it up. If a man get that way, he
can stand his work for many years, but
eventually the cough always masters us,
and we break down.””



ELECTRONIC BREAKTHROUGH!

NewTVGame_ &

Turn your TV into an electronic playground
with a new computerized remote control
TV game with a psychological twist.

How many fun things can your entire fam-
ily enjoy? TV is certainly one of them.

Now through solid-state technology and re-
mote control electronics, you can convert
your TV into a ping-pong game so authentic,
it even sounds like ping-pong.

This new electronic breakthrough, called
Pong, automatically keeps score with its own
scoreboard, automatically increases speed,
and is psychologically designed to be quick,
exciting, and a challenge for all age levels. In
fact, with a little practice, it’s even possible
for an eight year old to beat her father.

FUN AND EASY TO PLAY

A ball is projected from the middle of the
screen to one side of the playing field. The
paddle is a narrow line on the screen which
you move up and down by twisting a knob on
the remote control panel. To hit the balf, you
position the paddle to collide with the ball.

A speaker in the unit generates a different
ping-pong sound when the ball is either serv-
ed, hits the paddle, or is missed. And each hit
of the ball at different angles can propel it in
any one of seven different directions, thereby
adding the element of “‘english’’ to each pad-
dle stroke.

'
“I beat ya dad!” The screen displays an array
of squares signalling the end of the match as
one of the players reaches fifteen points.

To start the game, you just turn on your
TV to channel three or four, switch on Pong,
and press the start button. Your screen is sud-
denly covered by a playing field (in color on a
color TV), and the ball is projected from the
middle of the screen. Two can play or you
can play by yourself. And, since Pong is on
the TV, the whole family can watch and en-
joy the action too.

DESIGNED WITH A CHALLENGE

The game is programmed to slowly serve
the ball at a variety of different angles to the
player who lost the last point and then speed
up after four strokes. The ball will then speed
up again after four more strokes. The double
speed-up feature keeps Pong a constant chal-
lenge as you improve your skill.

A typical game goes quickly—normally be-
tween 2% to 4 minutes. After each point is
scored, the new score is flashed on the screen
and then disappears as the ball is served again.
The first player to reach 15 points wins, and a
pattern of squares fills the screen to signal the
end of the game. To play again, just press the
start button.

Atari’s new remote control,

pre-programmed computer ping-pong
game can be used with any size TV set—

black and white or color.

NO SPECIAL INSTALLATION REQUIRED

Is Pong hard to install? Not at all. A special
receiver/switch clips onto the antenna con-
nection of any TV and you’re ready to play.
It’s just that simple. You can also leave the
switch permanently clipped onto your TV
while you watch your favorite TV shows.

PONG WAS NO ACCIDENT

Pong was invented and built in America by
Atari, an American company (with a Japanese
name) that manufactures 65% of the nation’s
coin-operated electronic games—games that
sell for thousands of dollars and must produce
a profit for their owners.

Atari knew from experience what the pub-
lic enjoyed in a game. It was their business to
know. So Pong was designed with all the prov-
en fun, psychological twists and appeal of the
expensive coin-operated models,

DON'T CONFUSE PONG

There are other TV games on the market
that appear to be the same as Pong. Don’t be
confused. Pong is the only game that uses a
single, large-scale integrated and pre-program-
med circuit. There’s nothing to put over your
TV screen to make it work, and it’s complete-
ly portable. You can play it from as far away
as fifteen feet and use it on other TV sets.

AND TALK ABOUT ABUSE

You can really abuse Pong. Its solid-state
circuitry and high impact case mean that you
can drop it, kick it, and abuse it, without fear.
Pong should never require service, but if it
does during or after the unit’s 90 day warran-
ty, mail it in its handy mailer carton to Atari’s
prompt national service-by-mail center.

Pong comes complete with four ‘D’ cell
flashlight batteries that give over 50 hours of
fun. With its low voltage and the unit’s fully-
sealed, tamper-proof enclosure, there is absol-
utely no danger to you or your children.
Even the FCC (Federal Communications

Commission) has personally inspected and
approved the game’'s amazing electronics.
Pong will not cause interference to other TV
sets on your block or in your house.

The automatic scoreboard displays the score
in large numerals after a point is won and
then disappears when the next ball is served.
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AN INVESTMENT IN YOUR FAMILY

Pong will bring your entire family closer
together with a game all of you can play
whether you’re five or ninety-five. Your
children will spend less time watching TV
shows and more time playing with their
friends. Pong will teach coordination, speed
and dexterity. The young, the elderly, the
sick or the bed-ridden—all will find Pong fun.
Pong is also the perfect gift, an unexpected
executive toy, or an exciting way to entertain
at parties.
L
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The large-scale integrated circuit with 2,487
active transistors is the new computer com-
ponent that makes Pong the nation’s most
advanced and easiest-to-operate TV game.

We feel so strongly about Pong, that we’ll
make this offer. Order Pong. When it arrives,
give it a real workout. Play it with your fam-
ily and friends. If you do not thoroughly
enjoy it or if you do not think that it is a
great investment in your family’s entertain-
ment, return it within two weeks after receipt
for a prompt and courteous refund. There is
no risk. No other company offers you the
opportunity to personally try this product in
your own home with no obligation. JS&A is
America’s largest single source of space-age
products for business and pleasure.

To order Pong, credit card buyers may call
our toll-free number below or send a check
for $102.95 ($99.95 plus $3.00 for postage,
insurance and handling) to the address shown
below, (lllinois residents add 5% sales tax).
You’ll receive by return mail, one complete
remote control unit, clip-on receiver/switch,
batteries and instructions. An optional AC
adapter for $9.95 is available. Additional
receiver/switches for other TVs in your house
are also available for $9.95. But don’t delay.
Start enjoying the fun of computer electron-
ics at home on your own TV screen, today.

S) N NATIONAL
& S

DEPT. SA JS&A Plaza
Northbrook, Illinois 60062
CALL TOLL-FREE .. 800 323-6400

In lllinois call . . . . 800 648-4990
© JS&A Group, Inc., 1976
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Over 3000 items %,
for the serious craftsman,
artist and handyman.

It's the one source for all your needs from glues &
adhesives to sheet materials, including the finest
parchments and leathers; resins and coatings;
abrading products; brushes; chemicals; casting
materials and tools. Many difficult to find items
are now right at your fingertips. 8 product
categories list hundreds of items, plus helpful
applications reference material. The Alfa Catalog
is yours for only $1.00 ($1.00 refund certificate
included with catalog).

Send today!
' L N & N N N N N J}]
I Alfa Products l
Ventron Corporation

Dept. GG, l
152 Andover St., Danvers, Mass. 01923
I [J1 have enclosed $1.00 for the Alfa Catalog.

I Name: l
I Address: I

City:
.State: B Zip: .
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Now-DoPrecision )
WorkEveryTime |

You Don’t Need |
Expensive

Industrial I

Equipment

IJofnierJ’Automa!ic Feed Thicknesser-Planer

Do The Best Work You’re Capable Of
with these five INCA SWISS precision
machines: 673” Modelmaker’s Table
Saw; 10" Cabinetmaker’s Table Saw;
8%" Jointer; 10" Jointer and Auto-
matic Feed Thicknesser-Planer Com-
bination ; 10" Bandsaw. Available now
for ‘the first time in the U.S. from
Garrett Wade!

Industrial quality, designed and
priced for the home craftsman. Two
year warranty!

Manufactured to close tolerances,
from special rustproof pressure-cast
alloys and high grade corrosion-
resistant steel,

For your INCA descriptive catalog,
mailed first class, and Introductory
Discount Certificate valid for $30 dis-
counton each INCA machine until June
1, 1976, send $2 today to GARRETT
WADE CO. Inc., Dept. 2KK, 302 Fifth
Ave., New York 10001.

Also ask for your FREE 48-page full-
color Yankee Wood Craftsman manual/
catalog of Garrett Wade quality hand
tools and workbenches.
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THE AUTHORS

CHARLES S. LIEBER (“The Metabo-
lism of Alcohol”) is professor of medicine at
the Mount Sinai School of Medicine of the
City University of New York and chief of
the research program on liver disease and
nutrition at the Bronx Veterans Adminis-
tration Hospital. A Belgian by birth, Lieber
was educated at the University of Brussels,
where he received his M.D. in 1955 as the
top-ranking student in his class. After clini-
cal training in internal medicine he turned
to full-time research, working first at the
Queen Elisabeth Medical Foundation in
Brussels. He came to the U.S. in 1958 to
continue his studies at the Harvard Medical
School and the Boston City Hospital and
was appointed to the Harvard faculty two
years later. Before taking up his present
posts in 1968, he was associate professor of
medicine at the Cornell University Medical
College and director of the liver-disease and
nutrition unit at Bellevue Hospital in New
York. The author or coauthor of some 300
scientific publications, he has in recent
years served as president of both the Ameri-
can Medical Society on Alcoholism and the
American Society for Clinical Nutrition.
Lieber wishes to acknowledge the fact that
the original studies reviewed in his article
were supported by the Veterans Adminis-
tration, the National Institute of Alcohol-
ism and Alcohol Abuse, the National Insti-
tute of Arthritis, Metabolism, and Diges-
tive Diseases and the National Council on
Alcoholism.

MAX BLUMER (“Polycyclic Aromatic
Compounds in Nature™) is a senior scientist
at the Woods Hole Oceanographic Institu-
tion. Born and raised in Basel in Switzer-
land, he obtained his Ph.D. in chemistry
from the University of Basel in 1949. He
worked in a number of industrial and aca-
demic laboratories in Europe and the U.S.
until 1959, when he joined the staff at
Woods Hole. He writes: “I have been fortu-
nate in finding an environment where I
could remain intimately involved with the
experiment. Nature is too complex and my
anticipation of the unexpected is too limited
to allow me to delegate most observations.
This attitude has been rewarded many
times when I have suddenly found a con-
sistent explanation for seemingly indepen-
dent observations, often separated by many
years.”

ANDREW P. INGERSOLL (“The Me-
teorology of Jupiter”) is associate professor
of planetary science at the California Insti-
tute of Technology. A graduate of Amherst
College, he went on to Harvard University,
receiving his Ph.D. in 1965. A year later he
moved to California, where, he writes, “I
live with my wife Sarah, our three kids and
six student types in what might be called a
commune for hardworking scientists. We
tried being a nuclear family for a few years,
but we got lonely. Now we have a built-in
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social life in our own home.” Commenting
on his work, Ingersoll adds: “My profes-
sional dream is to put together a general
theory of atmospheres that works for all the
planets, including the earth.”

J. RICHARD GOTT III, JAMES E.
GUNN, DAVID N. SCHRAMM and
BEATRICE M. TINSLEY (“Will the Uni-
verse Expand Forever?”’) began their col-
laboration in 1974, while Gott and Gunn
were at the California Institute of Technol-
ogy and Schramm and Tinsley were at the
University of Texas at Austin. The key con-
nection came when Gott traveled to Austin
to give a talk and the four realized, in Tins-
ley’s words, “that pieces of evidence from
our various research specialties could be fit-
ted together into a surprisingly clear case
for an open universe. There were several
subsequent visits between Texas and Cali-
fornia and many long telephone conversa-
tions while the work on our joint paper for
The Astrophysical Journal was in progress,
but it was not until the summer of 1975 that
all of us actually got together. Then, at the
Institute of Astronomy of the University of
Cambridge, we used the material from our
published paper to write (with the literary
assistance of Rosemary W. Gunn) this arti-
cle for Scientific American.” Gott, who was
graduated summa cum laude from Harvard
University in 1969 and obtained his Ph.D.
in astrophysics from Princeton University
in 1972, was recently appointed to the
Princeton faculty. Gunn, a graduate of Rice
University, received his Ph.D. from Cal
Tech in 1965. He is now professor of astron-
omy at Cal Tech and a staff member of the
Hale Observatories. Schramm acquired his
undergraduate degree from the Massachu-
setts Institute of Technology in 1963 and
his doctorate from Cal Tech in 1971. (That
same year he won the national Greco-Ro-
man wrestling championship.) He is cur-
rently associate professor of astronomy and
astrophysics at the Enrico Fermi Institute
of the University of Chicago. Tinsley has an
M.S. in physics from the University of Can-
terbury in New Zealand (1963) and a Ph.D.
in astronomy from the University of Texas
(1967). She is now associate professor of
astronomy at Yale University.

JOHN ROSS (“The Resources of Binoc-
ular Perception”) is professor of psychology
at the University of Western Australia. He
is a graduate of the University of Sydney
and has a Ph.D. in psychology from Prince-
ton University. His current professional in-
terest “is with applications of discoveries
about human vision. Together with my as-
sociate Monte Sala I have patented two in-
ventions. One is a picture-transmission sys-
tem based on the response of vision to ran-
dom scans. The other is a new type of dis-
play based on phase sensitivities.”” He adds:
“I do not have any hobbies in the usual
sense, although I enjoy horse racing, which



poses a whole set of interesting problems in
applied probability theory.”

EUGENE W. McWHORTER (“The
Small Electronic Calculator’) works as an
engineer for the Texas Eastman Company,
a chemical-manufacturing facility of the
Eastman Kodak Company. From 1966 to
last year he was employed by Texas Instru-
ments Inc., where he put his knowledge of
semiconductor electronics to use writing
and supervising production of various edu-
cational materials for the Texas Instru-
ments Learning Center. He was the author,
for example, of Understanding Solid-State
Electronics, a basic textbook on semicon-
ductor principles and applications. His de-
grees include an M.S. in chemical engineer-
ing from the University of Texas at Austin
and an M.B.A. from Southern Methodist
University.

J. WESLEY BURGESS (“Social Spi-
ders”) is a graduate student at North Caro-
lina State University, where he is conduct-
ing an investigation of spider behavior as
a member of the Department of Mental
Health Research. Burgess is a graduate of
Purdue University, where he was a mem-
ber of the Undergraduate Entomology Re-
search Committee. Concerning the subject
of his present article he writes: “Finding
animals living together in cooperation is ex-
citing whether they are spiders or any other
animal group, and I am sure it is a phenom-
enon that will turn up more often, as peo-
ple’s interest in and awareness of simple
social life is stimulated.”

LEONARD A. HERZENBERG,
RICHARD G. SWEET and LEONORE
A. HERZENBERG (“Fluorescence-acti-
vated Cell Sorting”) have worked together
for several years at Stanford University on
the development of the novel technique de-
scribed in their article. Leonard Herzenberg
is professor of genetics at the Stanford
School of Medicine. A graduate of Brook-
lyn College, he acquired his Ph.D. from the
California Institute of Technology in 1955.
He then spent two years as an American
Cancer Society Fellow working in the labo-
ratory of Jacques Monod at the Pasteur In-
stitute in Paris before coming back to the
U.S. to continue his research at the Nation-
al Institutes of Health. He moved to Stan-
ford in 1959. Sweet, who serves as chief
engineer on the cell-sorter project, majored
in electrical engineering as an undergradu-
ate at Cal Tech. He began his association
with Stanford in 1956 at its Applied Elec-
tronics Laboratory, where he worked on the
development of high-speed ink-jet record-
ing.and printing devices. After four years at
Varian Associates he went back to Stanford
in 1971 to join the cell-sorter project. Leo-
nore Herzenberg has collaborated on a
number of research projects with her hus-
band, although, she adds, “‘each of us main-
tains a separate research identity.” Her
chief current interest involves the regula-
tion of the immune response by lympho-
cytes that originate in the thymus gland.

QUESTAR 20-40...
the tracking Questar

The Questar high-resolution optical system now provides a wide
variety of instruments for accurate image reproduction in critical film
and TV auto-tracking applications. For example, the Questar 20-40
operates at two par-focal, remotely controlled focal lengths: 20
inches at F5.7 and 40 inches at F11.4.

This ruggedized unit is equipped with solenoid-operated over-
exposure shutter and four-port filter wheel assembly, likewise
remotely controlled. Provision is made, also, for the manual insertion
of additional filters. The instrument is available in aluminum, stainless
steel, or Invar steel, depending on the degree of temperature
compensation that is necessary; and the optical components, too,
can be furnished in various temperature-stable materials: Pyrex®,
quartz or CerVit®,

[ ] [ ] [ ]

When you have been building Maksutov telescopes for 25 years,
as we have here at Questar, you have learned a great deal about
the ways in which these superlative optics can be used in special
situations. The capabilities of this versatile system, on which we have
built our world-wide reputation, have unfolded year by year as we have
pursued the engineering challenges presented to us.

Ruggedization and temperature stability were early demands made
of this miniaturized instrument in applications where space was the
third limiting factor. And so, in the beginning, our off-the-shelf Questars
were modified by substituting materials to meet the requirements. These,
in turn, became our stock items, so that now when a sudden need
arises for a telescope to put aboard an orbiting satellite, or to use with
stabilizing equipment mounted in a helicopter, or to observe hot
materials in a laboratory, there is usually a modified Questar instantly
available.

Demands for more highly specialized equipment, such as the track-
ing instrument above, have kept us in the forefront of research and
development in this field, where optical modification, also, is often a
part of the job. If you have a special problem we may have solved it.
Why not call us?
® Registered Trademark of Corning Glass Works ®© Questar Corporation, 1975.
® Registered Trademark of Owens-lllinois, Inc.

QUESTAR, THE WORLD’S FINEST, MOST VERSATILE
TELESCOPE IS PRICED FROM $865. SEND FOR OUR
BOOKLET IN FULL COLOR WITH 150 PHOTOGRAPHS
BY QUESTAR OWNERS. $1 COVERS MAILING ON THIS
CONTINENT; BY AIR, TO SOUTH AMERICA, $3.00;
EUROPE AND NORTH AFRICA, $3.50: ELSEWHERE, $4.

QUESTAR
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Unheard-of power and untold
luxury.

The fastest production Porsche
ever made. Zero to sixty in under
6 seconds.

Built tosuchexactingstandards
that fewer than 600 people can
own one this year.

The Porsche Turbo Carrera.

At its heart is the only turbo-
charged powerplant available to

the American driver as standard
equipment. Simply put, the turbo-
charger (driven by the engine’s ex-
haust gases) forces more air into
the engine than it could normally
breathe. Which yields dramati-
cally increased horsepower with-
out attendant increases in fuel
consumption or pollutants.

Yet, for all its astounding power,
the Turbo Carrera is exceedingly
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well-mannered in traffic. It may be
handled quietly and unobtrusively
in any situation. Still, even at rest,




Porsche
Turbo
Carrera.

you can sense its immense poten-
tial. Such performance is enjoyed
from asplendid vantage point. The

inside of the Turbo Carrera.

There is, in aword, leather. It is
supple and rich and it surrounds
you. There is sumptuous cut-pile
carpeting, air conditioning(and an
automatic temperature control)
and a four-speaker stereo radio
with tape deck. The windows,
radio antenna and headlight wash-
ers are electrically operated, as is
the side-view mirror which de-ices
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and adjusts electrically.

This, then, is touring in the
grand manner.

This ispower hitherto unknown
and a new standard of elegance.

So, for those who have always
considered Porsche the ultimate
sports car, we give you the new
standard.

Turbo Carrera.

The ultimate Porsche.




Are we letting our fresh air
slip through our fingers?

We don't have to. Methods for controlling many types of air contaminants
are available and effective.

For example, an FMC process, incorporating use of hydrogen peroxide, is
ridding communities all over America of their most troublesome odor problems—
those caused by sewage. FMC is a world leader in the manufacture of peroxygen
chemicals.

FMC also has a recently patented process for removing sulfur dioxide from
utility and industrial power plant stack emissions. This advanced process permits
use of high-sulfur coal, our country’s most abundant reserve of fossil fuel.

Tell us your needs. FMC serves worldwide markets for environmental equip-
ment, food and agricultural machinery, material handling, power transmission,

industrial and agricultural chemicals. FMC Corporation, 200 East Randolph Drive,
Chicago 60601.
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The Metabolism of Alcohol

Overconsumption of alcohol can cause cirrhosis and death not only

because alcoholism promotes malnutrition but also because alcohol

and its products disturb liver metabolism and damage the liver cells

ward heroin, cocaine and marijuana,

the favorite mood-altering drug in
the U.S., as it is in almost every human
society, is alcohol. Its psychic effects, both
pleasant and unpleasant, are well enough
known. What is less well known is that alco-
hol, in different quantities for different peo-
ple, is a toxic drug: its overconsumption
taxes the body’s economy, produces patho-
logical changes in liver tissue and function
and can cause disability and death. As the
incidence of alcoholism has risen in the U.S.
population, so has the incidence of cirrhosis
of the liver, which in 1974 climbed past
both arteriosclerosis and influenza and
pneumonia to rank seventh among the lead-
ing causes of death; in some urban areas
(including New York City) it is actually the
third most frequent cause of death between
the ages of 25 and 65. Such a disease de-
serves intensive study. It is only in recent
years that the changes in liver tissue and
liver function have been directly associated
with specific steps in the metabolism of al-
cohol, for the first time giving some hope
that rational methods can be developed
for preventing and treating alcoholic liver
disease.

What we call alcohol is of course ethyl
alcohol, or ethanol (CH3CH2OH). On the
earth ethanol is probably almost as old as
life itself. Whereas for man it is something
to be ingested, it is a waste product for
yeasts, the microorganisms that manufac-
ture it. Ethanol is what is left over after
fermentation, the process by which yeasts,
through the agency of their particular en-
zymes, derive energy from various vegeta-
ble sugars. Man probably encountered etha-
nol during prehistoric times in the form of
naturally fermented fruit juice (wine), hon-
ey (mead) and malted grain (beer).

At least since the anatomical studies of
Vesalius in the 16th century it has been

l :or all the attention being directed to-

by Charles S. Lieber

recognized that heavy ingestion of alcohol
is associated with diseases of several tissues,
notably those of the liver. Until recently,
however, such disease was attributed not to
alcohol itself but to the malnutrition that is
so often an accompaniment of excessive
drinking. Alcohol was considered not a
drug but a special kind of food with interest-
ing psychotropic effects, and one that was
metabolized by the body like any other en-
ergy-rich food. As recently as 1949 the dis-
tinguished physiologist Charles H. Best and
his colleagues wrote that alcohol’s metabol-
ic contribution was simply to supply calo-
ries and that “there is no more evidence of a
specific toxic effect of pure ethyl alcohol
upon liver cells than there is for one due to
sugar.” Perhaps it was wishful thinking on
the part of people in general and physicians
in particular that installed as accepted fact
the concept that alcohol lacked intrinsic
toxicity.

It was a rather naive belief. Ethanol has
little in common with other energy-rich
compounds. Carbohydrates and fats can be
synthesized in the body as well as ingested
in the diet, but alcohol is essentially foreign
to the body. As do carbohydrates and fats,
alcohol has a high caloric value and is readi-
ly absorbed from the gastrointestinal tract;
unlike them, however, it is not effectively
stored in the tissues. Moreover, very little
alcohol can be disposed of through the
lungs or the kidneys, so that the body can
get rid of alcohol only by oxidizing it. Again
unlike fat and most carbohydrates, which
can be oxidized by almost all tissues, alco-
hol must be oxidized in the liver, the organ
that contains the bulk of the enzymes neces-
sary for initiating the process. The organ-
specificity of alcohol explains to a large ex-
tent the concentration of so many of alco-
hol’s deleterious effects in the liver, which is
the body’s main chemical plant, the pri-
mary site of metabolic processes ranging
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from the synthesis of proteins to the detoxi-
fication of drugs and other foreign sub-
stances.

The purpose of this article is to relate
how our studies at the Bronx Veterans Ad-
ministration Hospital and the Mount Sinai
School of Medicine of the City University of
New York demonstrated that alcohol’s tox-
icity for the liver is independent of poor diet
and have shown how specific events in the
metabolism of alcohol are linked to specific
biochemical and structural changes in the
liver and other tissues.

here are reasons enough, both socio-
economic and physiological, for an al-
coholic to suffer from malnutrition. The al-
coholic spends his time, money and energy
drinking and may tend to disregard such
routine tasks as the preparation of meals
and even eating. Unlike other drugs, alco-
hol has a high caloric value: 7.1 calories per
gram, so that a pint of 86-proof spirits (not
an unusual daily intake for an alcoholic)
represents about half of the daily caloric
requirement. As a result the appetite for
food may be diminished. Ethanol calories,
however, are “empty calories,” quite unas-
sociated with nutritive proteins, minerals
and vitamins. Moreover, alcohol directly
enhances malnutrition. By causing inflam-
mation of the stomach, pancreas and intes-
tine it can impair the digestion of food and
absorption of nutrients into the blood; mal-
nutrition can in turn cause the intestine to
function still less effectively. Finally, etha-
nol and its primary conversion product,
acetaldehyde, can interfere with the activa-
tion of vitamins by liver cells. As a result of
all these effects malnutrition is common in
alcoholics, and malnutrition alone does un-
questionably impair liver function, as is ob-
served in experimental animals that are fed

severely deficient diets.
It was therefore quite natural to speculate
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FATTY LIVER was produced in laboratory rats by alcohol in spite of
an adequate diet. Liver-tissue sections from two rats are enlarged 240

diameters in these photomicrographs. One rat (leff) was fed a liquid

diet without alcohol. The other (right) had a liquid diet containing
ethanol as 36 percent of total calories. After 24 days the micrograph
of the ethanol-fed rat’s liver shows numerous globular fat droplets.

MICROSTRUCTURAL CHANGES are revealed in electron micro-
graphs made by Oscar A. Iseri and the author, in which part of the
liver cell is enlarged 16,000 diameters. In the control liver (left) the
gray organelles with infolding membranes (cristae) are normal mito-
chondria; between them the parallel arrays of ribosome-studded

26

rough endoplasmic reticulum are seen, along with some vesicular
(sac-shaped) smooth endoplasmic reticulum. In the liver of the etha-
nol-fed rat (rightf) the mitochondria are swollen and distorted; in
some mitochondria the external membrane and cristae are disrupted.
There is marked proliferation of the smooth endoplasmic reticulum.
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that malnutrition might be the cause of al-
coholic liver disease even if one recognized
that alcohol was not a food. The fact re-
mains that in medical practice one encoun-
ters alcoholics who develop liver disease in
spite of what is apparently an adequate diet.
In the late 1950’s I therefore began to won-
der whether alcohol might exert direct toxic
effects on the liver. Such a finding would
clearly be of therapeutic as well as theoreti-
cal interest. Belief in the exclusively nutri-
tional theory was leading many physicians
to advise alcoholic patients that normal liv-
er function could be maintained in spite of
heavy alcohol consumption as long as the
diet was adequate. If that was not true, it
would be good to know it.

The importance of the issue, along with
our confidence that even heavy consump-
tion of alcohol carries a negligible risk if it is
only for a brief period and under supervised
conditions, led to a decision to study the
effect of ethanol directly in volunteers. We
fed the volunteers a nutritionally optimal
low-fat diet, in which protein accounted for
25 percent of the calories, or two and a half
times the recommended percentage. That
meant beef for breakfast, cheese and fish for
lunch and meat or fowl for dinner, with
supplementary vitamin and mineral cap-
sules. The volunteers also had six drinks a
day, a total of about 10 ounces of 86-proof
alcohol. On that regimen there was a pro-
gressive rise in liver fat; routine thin-needle
biopsy revealed significant fat accumulation
after a few days, and there was an average
eightfold increase over the 18-day course of
the experiment. Here was the characteristic
“fatty liver,” the first (and typically revers-
ible) stage of liver disease. There were strik-
ing changes in the ultrastructure of the liver
cell: the mitochondria, the energy-convert-
ing organelles, were enlarged and distorted,
and the smooth membranes of the endo-
plasmic reticulum, the site of enzymes asso-
ciated with the metabolism of alcohol and
other substances, proliferated. These liver
changes were brought about by a rather
moderate ingestion of ethanol, which did
not result in any clinical signs of intoxica-
tion; the blood levels peaked at from 80 to
90 milligrams of alcohol per 100 milliliters
of blood, which is below the levels (100 or
150 milligrams) that constitute evidence of
excessive drinking in most states. Drunken-
ness is no prerequisite for the development
of liver damage.

In order to verify these effects and study
their mechanisms in detail we needed to
reproduce them in an experimental animal.
The laboratory rat is a common subject for
such experiments. Ethanol is usually fed to
rats in their drinking water, however, and
under these circumstances the animals gen-
erally refuse to take enough ethanol to de-
velop liver injury. Leonore M. DeCarli and
I countered the rat’s aversion to alcohol by
developing a new technique: we incorporat-
ed the ethanol in a nutritionally adequate
but totally liquid diet, so that in order to eat
or drink the animals also had to take the

alcohol. With this method we produced fat-
ty liver in rats in spite of an adequate and
fully controlled diet. The changes in the
liver were comparable to those produced in
man, both on gross examination and when
tissue was viewed with the light microscope
[see top illustration on opposite page]. The
ultrastructural changes seen with the elec-
tron microscope were also similar, includ-
ing enlargement and disruption of the mito-
chondria and proliferation of the smooth
endoplasmic reticulum, part of the sys-
tem of involuted membranes within the

cell [see bottom illustration on opposite
pagel.

Although our alcohol-fed rats developed
a fatty liver, they did not go on to incur the
more severe forms of alcoholic liver injury
seen in human beings. The first of these
stages is alcoholic hepatitis, in which de-
creased liver-cell function leads to the death
of cells, inflammation and a mortality rate
of from 10 to 30 percent. The final stage is
cirrhosis, when fibrous scars disrupt the
normal architecture of the liver and give
rise to a number of potentially fatal compli-

CIRRHOSIS OF LIVER was produced in a baboon after four years of heavy alcohol consump-
tion. This section of the baboon’s liver, enlarged 70 diameters, shows the broad strands of fi-
brous connective tissue, like scar tissue, that have disrupted the once orderly arrays of liver
cells, segregating nodules of irregularly arranged cells and heavily concentrated globules of fat.
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ACETALDEHYDE
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OXIDATION OF ETHYL ALCOHOL (ethanol) is accomplished in
several stages. In the liver cells two hydrogen atoms are removed
from each molecule of ethanol to form acetaldehyde. The acetalde-

ACETIC ACID
H

— H—(I:—c=o —> CO, + H,0
A En

hyde is normally oxidized, primarily in the liver, to form acetic acid
(as acetates), which is eventually broken down into carbon dioxide
and water. The illustration omits the various enzymes and cofactors.
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METABOLISM OF ETHANOL in the liver cell by the alcohol-de-
hydrogenase (ADH) system and the microsomal ethanol-oxidizing
system (MEOS) is represented schematically, with the two ethanol
pathways and the movements of their products shown in color. Path-
ways that operate in the absence of ethanol are shown in black and
those whose activity is decreased by ethanol are shown by broken
lines. In the primary ethanol pathway alcohol dehydrogenase cata-
lyzes the removal of hydrogen atoms (H) through reduction of a co-
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factor, nicotinamide adenine dinucleotide (NAD). The excess hydro-
gen is shunted into various processes. For example, it supplies the
energy-producing electron-transport system, supplanting fats, the
normal fuel. Hydrogen also contributes to the synthesis of excess tri-
glycerides, or fats. A secondary pathway that comes into play at high
alcohol levels utilizes the microsomal system, which also metabo-
lizes certain drugs and other foreign compounds. Here the cofactor
is reduced nicotinamide adenine dinucleotide phosphate (NADPH).
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cations. We could imagine two reasons for
the rats’ failure to develop hepatitis and cir-
rhosis. Even with our liquid diet their alco-
hol intake did not exceed 36 percent of the
total calories, which corresponds to moder-
ate consumption in man. Moreover, it takes
from five to 25 years of steady drinking for a
human being to develop cirrhosis, and a rat
lives for only about two years.

We turned to the baboon, which is long-
lived and more closely related to man, and
which can tolerate liquid diets containing
alcohol as 50 percent of the total calories,
about the same as an alcoholic human be-
ing. At that level the baboons were visibly
intoxicated, and when alcohol was tempo-
rarily withdrawn, they gave signs of physical
dependence, such as tremors and seizures.
At the Laboratory for Experimental Medi-
cine and Surgery in Primates we put 16 ba-
boons on the ethanol-rich diet and 16 oth-
ers on an alcohol-free control diet with
the same caloric content. Whereas the liver
remained normal in the control animals, all
16 animals given ethanol soon showed ex-
cessive fat accumulation in the organ; five of
them showed typical alcoholic hepatitis,
and six of the animals kept on the ethanol
diet developed cirrhosis after between two
and four years. The rat and baboon experi-
ments demonstrated clearly that severe liv-
er injury can be produced by prolonged
heavy ingestion of alcohol even when the
diet is good. They also gave us for the first
time experimental animal models that re-
produce all the liver lesions seen in the alco-
holic human being. The models have en-
abled us to find biochemical explanations
for the early stages of alcoholic liver disease
(fatty liver and the metabolic disturbances
associated with it) and for some of the per-
sistent lesions that seem to lead to the more
severe stages: hepatitis and cirrhosis.

he first step in alcohol’s primary meta-

bolic pathway is catalyzed by the en-
zyme alcohol dehydrogenase. (In spite of
its name, alcohol dehydrogenase serves as
a generalized remover of hydrogen atoms
from various compounds, including some
steroids; it was therefore probably present
in the liver of the prehistoric men who first
sampled alcohol, available to take on what
has since become a major function.) Alco-
hol dehydrogenase catalyzes the transfer of
hydrogen atoms from ethanol to a cofactor,
nicotinamide adenine dinucleotide (NAD),
converting the ethanol into acetaldehyde.
The acetaldehyde is then oxidized, primari-
ly in the liver, to form acetate, which is
eventually converted into carbon dioxide
and water. A number of the metabolic ef-
fects of alcohol are directly linked to the
two first products of its oxidation: hydrogen
and acetaldehyde.

The excess hydrogen from alcohol unbal-
ances the liver cell’s chemistry. In order to
live the cell must get rid of the hydrogen,
and it does so by shunting hydrogen ions
into one or more of several pathways depen-
dent on them, sometimes with deleterious
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LIVER FAT comes from three sources: from the diet, by way of the intestines; in the form of
free fatty acids mobilized from storage in adipose tissue, and through synthesis within the liver
itself. A fatty liver can develop if there is an excessive supply of fat or if disposal of fat from the
liver (by oxidation to carbon dioxide or by secretion into the blood as lipoproteins) is impaired.

effects. One such pathway is the process
whereby amino acids (derived from the
breakdown in the liver of proteins) are con-
verted, with pyruvate as an intermediate,
into glucose. In the presence of excess hy-
drogen ions the process is turned in a differ-
ent direction: the pyruvate is reduced to
lactate instead of being converted into glu-
cose. Blood sugar is derived primarily from
three sources: gluconeogenesis, or synthesis
from amino acids in the liver, breakdown of
glycogen stored in the tissues and conver-
sion of carbohydrates in the diet. If the alco-
holic person has been drinking and not eat-
ing, there are no dietary carbohydrates and
glycogen may be used up; if gluconeogene-
sis is then blocked by the diversion of pyr-
uvate to lactate, the level of sugar in the
blood will be lowered. Low blood sugar, or
hypoglycemia, is known to be a complica-
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tion of acute alcoholism, but it is often over-
looked. When an intoxicated person is
brought into a hospital emergency room, it
is important to test for hypoglycemia, since
crucial organs, including the brain, can be
critically affected by a lack of sugar; some
deaths of “unknown origin” in alcoholics
may be attributable to the condition.

The lactate buildup from excess hydro-
gen has other effects. The lactate moves into
the blood, bringing on lactic acidosis. In the
kidney it interferes with the excretion of
uric acid. A high uric acid level in the blood
(hyperuricemia) exacerbates gout, so that
the process I have described may explain
the ancient clinical observation that exces-
sive drinking can trigger or aggravate gout
attacks.

There are other ways in which the liver
cell can rid itself of alcohol’s excess hydro-
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VERY-LOW-DENSITY BLOOD LIPIDS
(MILLIGRAMS PER MILLILITER OF PLASMA)

o

CONTROLS ALCOHOL-PRETREATED

ALCOHOL-FED RATS develop a tendency toward hyperlipemia, or high blood fat. Animals
were fed either the control diet or the alcohol-containing diet of the same caloric value for
about a month. Then, after fasting, the animals were given a “load” of one or the other diet. The
rats’ fasting blood-lipid levels had been about the same. In response to the load the animals
that had been chronic alcohol consumers (right) developed markedly higher blood-lipid lev-
els, whether the load contained alcohol (colored bars) or did not contain alcohol (gray bars).
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ALCOHOL ACTIVATES the enzyme systems of the smooth endoplasmic reticulum, stepping
up the metabolism of certain drugs. The curves show the disappearance from the blood of a
dose of the tranquilizer meprobamate given to volunteers before (black) and after (color) a
month of alcohol ingestion. Alcohol activation cuts the drug’s half-life (broken lines) in half.
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gen. Several of them involve the formation
of lipids, or fat. The hydrogen can be shunt-
ed directly into the synthesis of alpha-glyc-
erophosphate and fatty acids. Those are the
two precursors of the triglycerides, and tri-
glycerides are the lipids that accumulate in
the alcoholic fatty liver. The main mecha-
nism for disposing of hydrogen is more indi-
rect, but it has a similar result. The hydro-
gen is transferred to the mitochondria, the
cell organelles that produce the energy for
liver functions. Normally it is fat that is
oxidized—in effect burned—in the mito-
chondrial citric acid cycle to produce usable
energy in the form of phosphate ions in an
energized state. The plentiful hydrogen
from alcohol, however, provides an alter-
nate fuel that is oxidized instead of the hy-
drogen from fat. In promoting the oxida-
tion of alcohol the substitution exacts a
price: the lipids accumulate, again leading
to fatty liver. If alcohol is ingested along
with a diet containing fat, the fat of dietary
origin accumulates in the liver; even when
alcohol is taken with a low-fat diet, fat made
in the liver itself is deposited there. In addi-
tion, when alcohol is ingested in very large
quantities, it can trigger hormonal dis-
charges that mobilize fat from stores of adi-
pose tissue and move it toward the liver [see
illustration on preceding page].

What can the liver do with the accumu-
lating fat? One possibility is for it to be
secreted into the bloodstream, which deliv-
ers blood lipids to provide fuel for peripher-
al tissues such as muscle and deposits extra
supplies for storage in adipose tissue. The
secretion is complicated by the fact that
lipids are not soluble in water; they have to
be made soluble by being wrapped in a thin
coat of protein to form lipoproteins. The
assembly of lipoproteins is carried out in the
liver in the smooth membranes of the endo-
plasmic reticulum. I have alluded to the
proliferation of the smooth endoplasmic re-
ticulum that comes with heavy alcohol con-
sumption in both rats and human beings,
which I observed with Oscar A. Iseri, Ber-
nard P. Lane and Emanuel Rubin. The pro-
liferation is reflected, Jean-Gil Joly, Law-
rence Feinman and I found, in the increased
activity of certain enzymes in the smooth
reticulum, which enlarges the liver’s capaci-
ty for secreting lipoproteins. A liver that
has thus adapted to alcohol after being con-
ditioned by a period of heavy alcohol intake
will respond with exaggerated secretion of
lipoproteins even after a normal meal is eat-
en, producing hyperlipemia, or an abnor-
mally high level of fat in the blood. Enrique
Baraona and I observed that effect in rats,
and William H. Perlow, Stephen A. Borow-
sky and I have now verified it in man. The
effect is of particular significance in people
who have underlying abnormalities of ei-
ther lipid or carbohydrate metabolism and
therefore a propensity for elevated blood-
lipid levels. Hyperlipemia is a major predis-
posing factor for heart attacks. What is usu-
ally overlooked is that in individuals with
preexisting hyperlipemia alcohol is proba-
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ALCOHOL CALORIES are apparently not fully equivalent to oth-
er calories. When a basic 2,200-calorie diet was supplemented by

bly the single most important aggravating
factor that is amenable to correction.

Still another way for the liver to dispose
of excess fat is to convert some of it into the
water-soluble breakdown products called
ketone bodies and secrete them into the
bloodstream. In some susceptible people
this response may be exaggerated, resulting
in an elevation of ketone bodies in the blood
that mimics the condition known as keto-
acidosis in diabetic patients.

he conversion of lipids into lipoproteins

is just one of a number of functions of
the endoplasmic reticulum of liver cells,
which also inactivates a wide variety of
drugs and other foreign substances and con-
verts them into water-soluble products that
can be excreted [see “How the Liver Me-
tabolizes Foreign Substances,” by Attallah
Kappas and Alvito P. Alvares; SCIENTIFIC
AMERICAN, June, 1975]. I therefore won-
dered whether the proliferation of smooth
reticulum after chronic alcohol consump-
tion would be reflected in an increased ca-
pacity of the alcoholic liver to metabolize
various drugs. That turned out to be the
case. After repeated administration of alco-
hol (but before the evolution of severe liver
injury) the enzymes of the smooth reticu-
lum that inactivate tranquilizers, anticoag-
ulants and other drugs and that detoxify
certain food additives, cancer-causing sub-
stances and insecticides do increase their
activity, enhancing the body’s capacity to
rid itself of these compounds. For example,
Prem S. Misra and I gave the tranquilizer
meprobamate to volunteers and measured
its rate of disappearance from the blood-
stream. The time for the blood level of the
drug to fall to half its original value de-

creased from 16 hours during a control pe-
riod to eight hours after a month of alcohol
consumption.

Anesthesiologists had known for many
years that larger doses of sedatives are re-
quired to achieve a given effect in alcoholics
than in other people. That drug tolerance
was attributed to adaptation in the central
nervous system: increased resistance to sed-
atives by the brain of the alcoholic. Our
finding pointed to a metabolic adaptation as
well: increased capacity of the alcoholic liv-
er to inactivate and excrete sedatives and
other compounds detoxified by the endo-
plasmic reticulum. At the adaptive stage of
their disease (which, as we shall see, does
not continue indefinitely) alcoholics there-
fore require larger doses of many drugs.
That is true, however, only when the indi-
vidual is sober. When the alcoholic has been
drinking, the effect is quite the opposite.
The reason, we found, is that one of the
drugs the smooth reticulum metabolizes is
alcohol itself, by way of an accessory path-
way that supplements the basic alcohol-
dehydrogenase system.

DeCarli and I demonstrated the accesso-
ry pathway by spinning liver tissue in the
ultracentrifuge and isolating the endo-
plasmic reticulum as what is called the mi-
crosomal fraction. We then found that a
preparation of the microsomal fraction
would oxidize ethanol. We called the acces-
sory pathway the microsomal ethanol-oxi-
dizing system, and Rolf Teschke, Kunihiko
Ohnishi and I were able to obtain it in a
semipurified form. We have found that this
microsomal ethanol pathway comes into
operation after the blood alcohol reaches a
certain level. The alcohol thus enters into
competition with other drugs whose metab-
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2,000 calories of alcohol (left) and of chocolate (right), the gain in
weight caused by the alcohol was much less marked and more erratic.

olism shares some elements of the microso-
mal system, thereby slowing down the me-
tabolism of those drugs and enhancing their
effect. That is why simultaneous drinking
and taking of tranquilizers is particularly
dangerous: the alcohol can accentuate the
action of the drug not only because the ef-
fect of the two drugs on the brain may be
additive but also because the presence of
alcohol can interfere with the liver’s capaci-
ty to inactivate the drug, so that at a given
dosage more of the drug remains active for a
longer time.

Along with the rest of the microsomal en-
zyme systems, the ethanol-oxidizing system
adapts to heavy alcohol consumption by in-
creasing its activity, thus contributing to
alcohol tolerance. The alcoholic’s ability to
drink more than most nonalcoholics is pri-
marily due to brain tolerance, a progressive
decrease in the effectiveness of alcohol’s ac-
tion on the brain. The alcoholic also devel-
ops an increased capacity to metabolize al-
cohol, not only through the microsomal
system but also through the alcohol-dehy-
drogenase pathway and perhaps a third
pathway that depends on the enzyme cat-
alase. After heavy or prolonged drinking,
however, this adaptation can be offset
by progressive liver injury, so that the liv-
er’s overall ability to handle alcohol re-
mains about the same or even decreases.

The microsomal changes I have de-
scribed are beneficial in that they help to rid
the liver of fat and speed the detoxification
of many drugs, food additives and other
foreign compounds. Hyperlipemia is one
undesirable concomitant of the adaptive
process, and there are others. Some foreign
substances are activated rather than inacti-
vated by the conversions they undergo in
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ACETALDEHYDE LEVEL IN BLOOD is higher in alcoholics than in nonalcoholic individ-
uals. Identical quantities of pure ethanol were infused into the blood of alcoholic and nonalco-
holic volunteers, achieving similar blood-alcohol levels. The acetaldehyde plateau was higher
in the alcoholics (colored curve) than in the nonalcoholics (black). Apparently the alcoholics
metabolized acetaldehyde less effectively, perhaps because of ethanol-induced liver damage.

the endoplasmic reticulum. Certain poten-
tially cancer-causing substances become
carcinogenic only after activation by the
microsomes, and other substances become
toxic to the liver itself only after such acti-
vation. For example, exposure to carbon
tetrachloride is known to cause liver dam-
age, but the familiar dry-cleaning agent is
harmless to the liver until it is activated by
the liver-cell endoplasmic reticulum. Yasu-
shi Hasumura and I found that the increase
in microsomal activity induced by alco-
hol enhances the toxicity of carbon tetra-
chloride: rats chronically treated with al-
cohol were much more susceptible to the
toxic effects of carbon tetrachloride than
matched control animals. This effect pre-
sumably explains the clinical observation
that alcoholics are particularly susceptible
to carbon tetrachloride poisoning in dry-
cleaning plants that still use the compound.
The enhanced susceptibility of alcoholics
very probably extends to a number of other
foreign compounds that are harmless to
most people but that may become toxic in
the alcoholic as an undesirable side effect of
increased microsomal activity.

Another side effect is energy waste. Mi-
crosomal activity requires energy. More-
over, it is a peculiarity of the various micro-
somal oxidations that they produce heat
without conserving chemical energy. This
could conceivably contribute to the im-
paired growth we observe in animals that
are fed ethanol, since the production of heat
beyond what is required to maintain body
temperature represents a waste of energy.
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Such waste may explain at least in part my
observation with Romano C. Pirola that the
addition of ethanol to the diet results in less
weight gain than the addition of the same
number of calories from other sources [see
illustration on preceding page). That is, with
respect to body weight ethanol calories ap-
parently do not fully “count,” at least in
alcoholics and when the alcohol intake is
large.

part from the metabolic complications
of excess hydrogen and of the adaptive
changes in microsomal activity, heavy alco-
hol consumption has direct toxic effects on
liver tissue. It appears that a central role in
the toxicity of alcohol may be played by
acetaldehyde, a product of alcohol’s several
metabolic pathways that is extremely re-
active and that affects most tissues in the
body. Most of the acetaldehyde is converted
into acetate by the liver mitochondria, but
some of it escapes into the bloodstream.
Both the alcohol dehydrogenase and the
microsomal ethanol-oxidizing pathways be-
come saturated when the liver is loaded
with a large amount of alcohol, so that the
acetaldehyde level in the blood reaches a
plateau and stays there until the alcohol
level drops, at which point the microsomal
pathway apparently cuts out. Mark A. Kor-
sten, Shohei Matsuzaki, Feinman and I
found that the acetaldehyde plateau is sig-
nificantly higher in alcoholics than it is in
nonalcoholics, even when the same amount
of alcohol has been given to both groups
and the same blood level of alcohol has been
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attained [see illustration at left]. This abnor-
mally high acetaldehyde level in alcoholics
could result from faster metabolism of alco-
hol to form acetaldehyde (because of the
adaptive increase in microsomal activity) or
from slower disposition of the acetaldehyde
(because of impaired acetaldehyde metabo-
lism).

Probably both factors are involved, at
least in the beginning. I have mentioned the
striking alterations in the mitochondria re-
vealed by the electron microscope even in
the early stages of heavy alcohol consump-
tion. Hasamura and I isolated the damaged
mitochondria and found that their capacity
for metabolizing acetaldehyde to acetate is
reduced. Acetaldehyde itself may be re-
sponsible for part of the decrease in mito-
chondrial function: Arthur I. Cederbaum,
Rubin and I showed that it has a toxic effect
on the organelles. The alcoholic may there-
fore be the victim of a vicious circle: a high
acetaldehyde level impairs mitochondrial
function in the liver, acetaldehyde metabo-
lism is decreased, more acetaldehyde accu-
mulates and causes further liver damage.
The acetaldehyde affects not only the liver
but also other tissues. For example, Marcus
A. Rothschild and his colleagues at the
Manhattan Veterans Administration Hos-
pital have reported that acetaldehyde levels
no higher than we have measured in the
blood of alcoholics can inhibit the synthesis
of proteins in heart muscle. Such an effect
could in part explain the impaired cardiac
function that is common in alcoholics. Ac-
etaldehyde may affect the functioning of
other muscles too.

Acetaldehyde has striking effects on the
brain. Several investigators have suggested
that acetaldehyde rather than alcohol itself
may be responsible for the development of
the dependence that, along with tolerance,
characterizes alcohol addiction. Depen-
dence manifests itself by a state of extreme
discomfort, often accompanied by physio-
logical disturbances such as tremors and
seizures, produced by withdrawal of a drug.
Several mechanisms mediated by acetalde-
hyde have been proposed to explain depen-
dence but none has yet been confirmed. One
proposal begins with the fact that certain
amine neurotransmitters, which transmit
nerve impulses from one cell to another in
the brain, are inactivated by the enzyme
monoamine oxidase to form an aldehyde
that is then converted into an acid. The
conversion to acid requires an enzyme that
is also active in the metabolism of acetal-
dehyde. Virginia E. Davis and Michael J.
Walsh of the Houston Veterans Adminis-
tration Hospital have suggested that if ac-
etaldehyde is present in the brain, it may
compete for the enzyme; unmetabolized
neurotransmitter aldehydes may therefore
accumulate; the aldehydes may then com-
bine with the neurotransmitter, forming
compounds that are startlingly similar to
certain morphine derivatives known for
their ability to promote dependence.

Another possibility, pointed out by Ger-



ald Cohen of Mount Sinai, is that the acetal-
dehyde combines directly with amines to
form isoquinoline derivatives, potent psy-
choactive compounds that could play a role
in developing dependence. Alcohol depen-
dence is probably determined by a number
of factors acting in concert. It is at least
possible, however, that acetaldehyde is in-
volved in the predisposition to alcoholism: a
predisposed person may have deficiencies of
acetaldehyde metabolism that make for a
higher blood acetaldehyde level and a pro-
pensity to dependence because of the ef-
fect of the higher acetaldehyde level on
the brain.

If heavy drinking continues, reversible
fatty liver evolves, in most people, toward
more severe and irreversible liver disease:
hepatitis and then cirrhosis. Just why and
how the liver may lose its ability to adapt to
the alcohol load is not clearly established.
Even in the fatty-liver stage there are some
indications that more severe lesions are de-
veloping. There may be a ballooning of the

liver cells, which is usually attributed to fat
accumulation. Baraona, Maria-Anna Leo,
Borowsky and I have noted that proteins, of
which the liver is the major synthesizer,
also pile up in the cells, whose ability to
export proteins is somehow depressed by
large amounts of alcohol. The engorgement
of liver cells with fat and protein interferes
with their normal functioning. So does the
reduced energy production to which I have
alluded. For all these reasons some liver
cells may die, and the necrosis can trigger
an inflammatory process that is characteris-
tic of the stage called alcoholic hepatitis.
The acute reduction in liver-cell function at
this stage is enough to cause death in some
patients.

Cell necrosis and inflammation in turn
promote the next stage: fibrosis, or the de-
velopment of scar tissue, the hallmark of
cirrhosis. The fibrous connective-tissue bar-
riers between groups of liver cells interfere
with the flow of blood to and from the cells,
further decreasing liver function. Partially

obstructed in the liver, blood backs up, in-
creasing the pressure in the portal system,
which brings blood to the liver from the
intestines. Abnormal channels may there-
fore develop in the venous system so that
some of the blood can bypass the circulato-
ry block established by the cirrhotic liver.
Some newly overloaded veins (notably in
the esophagus) may become distended, and
such veins, called varices, can rupture and
hemorrhage. Bleeding varices are a major
cause of death in cirrhosis. Moreover, un-
der high pressure plasma leaks out of the
portal-system blood vessels. Extra lymph is
also formed, and it leaks out of the lymphat-
ic vessels. Both sources contribute to as-
cites, the accumulation of fluid in the ab-
dominal cavity. A final complication stems
from the liver’s inability to clear from the
blood ammonia and other nitrogenous com-
pounds produced by bacteria in the intes-
tines. As such compounds accumulate they
act on the brain and may cause functional
disturbances, hepatic coma and death.
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COMPLICATIONS of excessive alcohol consumption stem largely
from excess hydrogen and from acetaldehyde. Hydrogen produces
fatty liver and hyperlipemia, high blood lactic acid and low blood
sugar. The accumulation of fat, the effect of acetaldehyde on liver

cells and other factors as yet unknown lead to

next step is cirrhosis. The consequent impairment of liver function

disturbs blood chemistry, notably causing a high ammonia level,
which can lead to coma and death. Cirrhosis also distorts liver struc-
ture, inhibiting blood flow. High pressure in vessels supplying the
liver may cause ruptured varices and accumulation of fluid in abdom-
inal cavity. There are individual differences in response to alcohol;
in particular, not all heavy drinkers develop hepatitis and cirrhosis.

alcoholic hepatitis. The
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Polycyclic Aromatic Compounds

in Nature

These multiple-ring hydrocarbon molecules have been found

in soils and sediments around the world. They are unusually

stable, and their origins have presented an intriguing puzzle

found in great variety in the natural

world; among them are plant and ani-
mal pigments of notable beauty and unusu-
al chemical stability. Alizarin, the red of
military uniforms in Napoleon’s day, be-
longs to this class of compounds; it exhibits
its original brilliance in museum collec-
tions, where other plant pigments have long
since faded. Deep-sea animals, particularly
sea urchins and sea lilies, owe their vivid
coloration to such pigments. Polycyclic ar-
omatic compounds are also noted for their
biological effects. Some of them can induce
cancer or cause mutations, even in very low
concentrations.

Just what are polycyclic aromatic com-
pounds? They are one of the principal
classes of substances where the central mo-
lecular structure is held together by stable
carbon-carbon bonds. The great variety of
carbon compounds—and of life itself, which
is based on such compounds—reflects the
almost limitless possibilities in the spatial
arrangement of carbon atoms in groups,
clusters, chains and rings. Long carbon
chains are common in natural products;
they have been recognized ever since organ-
ic chemistry became a separate discipline.
Branched carbon chains are equally com-
mon and also have a long scientific history.
The recognition in 1865 that carbon atoms
can be linked in closed rings was one of the
great conceptual advances of chemistry.
The discovery was made by Friedrich
Kekulé, who solved the riddle of the struc-
ture of the benzene molecule after having a
dream in which dancing snakes bit their
own tails.

From Kekulé’s insight it was only a short
step to the recognition that the naphthalene
molecule has two fused rings and the an-

Polycyclic aromatic compounds are

by Max Blumer

thracene and phenanthrene molecules have
three. Such multiple-ring, or polycyclic,
compounds are said to be saturated if all the
bonds of the carbon atoms, beyond the min-
imum needed for carbon-carbon bonding,
are linked to hydrogen atoms. They are
called aromatic if some of the carbon atoms
are doubly bonded to other carbon atoms.
In Kekulé’s day the rings of aromatic com-
pounds were thought to have single and
double bonds in alternation. That tradition-
al but mistaken view survives in the com-
mon graphical representation of the hexag-
onal benzene ring. According to current
views, the bonds that link the carbon atoms
in the benzene molecule and its polycyclic
analogues all play an equal role and have an
equal value. The theory of chemical bond-
ing helps to explain the exceptional stability
of six-carbon-ring systems.

Polycyclic aromatic hydrocarbons con-
sist of three or more fused benzene rings
in linear, angular or cluster arrangements.
By definition they contain only carbon and
hydrogen. Nitrogen, sulfur and oxygen at-
oms can, however, be readily substituted
for carbon atoms in the rings. The result-
ing “heteroaromatic” compounds are com-
monly grouped with the hydrocarbons,
which they resemble in their properties and
their behavior in analysis.

The identification of polycyclic aromatic
hydrocarbons and the study of their natural
pathways are pursued by geochemists, envi-
ronmental chemists and toxicologists. Since
the quantity of such hydrocarbons in most
samples is low, concentration and prelimi-
nary separation are usually necessary. In
my laboratory at the Woods Hole Oceano-
graphic Institution we use a three-step pro-
cedure consisting of gel filtration, column

FOSSILIZED SEA LILY of the genus Millericrinus was found to contain a series of pig-
ments. The photograph on the opposite page shows a section through a rootstock of the fossil
animal, which lived about 150 million years ago on the muddy bottom of the Jurassic Sea,
southwest of what is now Basel in Switzerland. The middle of the stalk contains crystallized
pigments, given the name fringelites after Fringeli, the mountain where the fossils were found.
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chromatography and precipitation. These
methods interact in different ways with the
hydrocarbon mixture; in combination they
isolate the constituents of the mixture rap-
idly. In the first step the polycyclic hydro-
carbons are separated from larger mole-
cules. In the second they are separated from
substances that are held either less or more
strongly in a chromatographic column of
alumina. In the third step a solid precipitate
is formed with a reagent that combines spe-
cifically with aromatic compounds. Foreign
materials are excluded from the precipitate
and can be removed by washing with a sol-
vent. This three-step separation will work
with samples weighed in micrograms.
For very complex mixtures an additional
chromatographic column serves to resolve
the aromatic-hydrocarbon concentrate into
fractions of molecules that have equal num-
bers of rings.

The polycyclic aromatic fractions from
such a separation can be analyzed by vari-
ous techniques; as a rule no single existing
method will provide a complete analysis.
We have found most informative a combi-
nation of three techniques: measurement of
ultraviolet absorption, separation by distil-
lation in a high vacuum and mass spec-
trometry. The ultraviolet spectra of the hy-
drocarbon samples tell us much about the
spatial arrangement of the benzene rings
in them, but they yield little information
on the presence and nature of substituents:
atoms that are extraneous to the rings. Dis-
tillation further resolves complicated mix-
tures; it simplifies mass-spectrometric anal-
ysis and provides structural information,
based on the relations between structure
and volatility. The mass spectra comple-
ment the other data; they measure the over-
all size of the molecules, detect the presence
of substituents and often indicate their
character.

Until recently the detailed composition
of many mixtures of polycyclic aromatic
hydrocarbons found in nature was un-
known, and the sources of the compounds
were mysterious. Can chemical analyses
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provide clues to the processes of formation,
transformation and transportation of or-
ganic compounds in nature? To answer the
question I shall first take up some of the
principles governing the formation of poly-
cyclic aromatic hydrocarbons, after which I
shall discuss some case histories that reveal
correlations between structure and origin.

Polycyclic aromatic molecular structures
are formed whenever organic substances
are exposed to high temperatures. In this
process, called pyrolysis, energy is released,
and the aromatic products that are formed
are stabler than their precursors. For exam-
ple, pyrolysis occurs when a match is being
charred by the advancing flame. The char-
coal formed has the structure of graphite:
extended giant molecules consisting of
tightly linked benzene rings. High tempera-
tures and open flames are not required,
however, for the aromatization and graphi-
tization of organic matter; even the heat
from an electric iron is sufficient to cause
incipient graphitization and scorch fabric.
Given enough time, aromatization proceeds
at even lower temperatures. The aromatic
hydrocarbons of crude oil are formed over
millions of years in sediments that are at
temperatures between 100 and 150 degrees
Celsius.

The composition of the products of ther-
mal aromatization depends on the nature of
the starting material and on the transforma-
tion temperatures. Burning a log in a fire-
place or scorching a fabric with an iron
leads to products' that are quite unlike
petroleum, although like petroleum they
contain polycyclic aromatic hydrocarbons.
One feature is particularly dependent on the
formation temperature of the hydrocarbon
mixtures: the abundance and relative distri-
bution of aromatic hydrocarbons that carry
substituent side chains of various lengths,
known collectively as alkyl groups. At very
high temperatures, as in the coking of coal,
the products consist of a relatively simple
mixture of unsubstituted hydrocarbons,
presumably because of the rapid cleavage of
the less stable alkyl bonds. At intermediate
temperatures, as in the smoldering of wood
in a smokehouse, complex mixtures of al-
kylated rings survive. Yet even there long
alkyl chains are not favored. Unsubstituted
hydrocarbons outnumber the substituted
ones, and the percentage of alkylated hy-
drocarbons decreases rapidly as the length
and number of the alkyl chains increase.

A quite different pattern is observed
when the temperature of formation is lower.
That pattern is best illustrated by analyses
of crude oils; there alkylated polycyclic aro-

matic hydrocarbons far exceed the unsub-
stituted ones, and the average degree of al-
kylation and the maximum number of car-
bons on the aromatic rings are far higher
than they are in samples produced by high-
temperature pyrolysis. This fact reflects the
conditions of petroleum formation; the time
is adequate to accomplish the energetically
favored aromatization but the temperature
is not high enough to fragment even the
weaker carbon-carbon bonds in the alkyl
chains.

It has been conjectured that polycyclic
aromatic hydrocarbons are being produced
today by thermal processes in soils at envi-
ronmental temperatures. Such mixtures
should be even more heavily alkylated than
petroleum and should therefore possess
characteristics that are readily detectable,
even when they are mixed with hydrocar-
bons from other sources. As far as I know,
no such mixtures have been found.

Ae polycyclic aromatic hydrocarbons
also formed by living organisms? If so,
can we distinguish between them and those
from pyrolytic sources? Many beautiful and
stable plant and animal pigments with
structures based on several aromatic rings
are indeed formed by living organisms. By
definition, however, such pigments are not
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UNBRANCHED CHAINS

CARBON METHANE BUTANE
BUTANE
SCHEMATIC
STRUCTURES

P W W e WP

NONANE

BRANCHED CHAINS

2-METHYLBUTANE

2-METHYLBUTANE

P W e N

2-METHYL-6-ETHYLNONANE

VARIETY OF CARBON COMPOUNDS is virtually without limit.

With its four valences, or bonds, the carbon

chains, branched and unbranched, and ring structures in enormous
variety. In the “ball and stick” models in the top row the large balls
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represent carbon atoms and the small balls hydrogen atoms. The
most ubiquitous carbon-containing ring structures in nature are those
based on the benzene ring: CcHg. Benzene is described as being un-
saturated because not all the available carbon bonds are taken up by



hydrocarbons; they incorporate other ele-
ments, usually oxygen and nitrogen. A vig-
orous discussion continues about sugges-
tions that polycyclic aromatic hydrocar-
bons are also synthesized by living orga-
nisms, directly or by the transformation of
precursors that might resemble the surviv-
ing structures. It is particularly difficult to
resolve the controversy experimentally be-
cause of the ubiquity of aromatic hydrocar-
bons in nature and the ease with which they
are transported and contaminate experi-
ments.

In order to exclude such contamination
Gernot Grimmer of the Biochemical In-
stitute for Environmental Carcinogens in
Hamburg has grown plants under carefully
controlled conditions in greenhouses mon-
itored for the appearance of outside con-
tamination. In spite of extensive air-filter-
ing the most volatile aromatic hydrocar-
bons entered the greenhouse from the out-
side. Less volatile aromatic-ring systems
with four or more benzene rings, however,
were not found in the plants, which appears
to exclude their biosynthesis. The investiga-
tions were necessarily limited to a small
number of plant species, and synthesis may
still occur in other organisms.

There may be an indirect way to resolve
the controversy, or at least to suggest sam-

RING COMPOUNDS

CYCLOHEXANE

CYCLOHEXANE
(SATURATED)

ples that could be analyzed for biosynthetic
mixtures of polycyclic aromatic hydrocar-
bons. Biosynthesis differs from pyrolytic
and geochemical synthesis in its great se-
lectivity. The living cell synthesizes only a
very limited number of compounds out of
an immense range of theoretically possible
ones; those are the compounds whose par-
ticular properties are required by the orga-
nism. When several members of one chemi-
cal family (for example several straight-
chain hydrocarbons) are formed by the cell,
they are often formed in markedly different
concentrations. In pyrolysis and geochem-
istry few selection rules are at work; the
resulting mixtures are exceedingly complex,
and adjacent members of hydrocarbon fam-
ilies are found in similar concentrations.
The characteristic biosynthetic selection
pattern is observed not only among the
straight- and branched-chain hydrocarbons
in organisms but also among the fatty acids,
amino acids and carbohydrates; indeed, it
is seen among most if not all constituents
of the cell. This appears to be such a fun-
damental biochemical principle that one
expects to observe it also in any mixture
of polycyclic aromatic hydrocarbons that
might be formed by organisms.

We now have the means of recognizing a
thermal or biochemical contribution to an

environmental assemblage of polycyclic ar-
omatic hydrocarbons. For pyrolysates we
can even estimate the formation tempera-
ture. I shall describe some natural polycy-
clic mixtures, give their hydrocarbon com-
position and attempt to deduce how they
were formed. As I proceed I shall note oth-
er correlations between the chemical struc-
tures and the processes of formation of
such hydrocarbon mixtures.

Compounds with an intense fluorescence
in ultraviolet radiation are found in
extracts from soils. Some 30 years ago W.
Kern, then an assistant at the laboratories
of Hoffmann-La Roche in Basel, became
curious about such extracts and studied
them in his spare time. His discovery in
1947 of the four-ring aromatic hydrocarbon
chrysene in a garden soil made him the orig-
inator of a new branch of environmental
chemistry. Related compounds were soon
found. The isolation of the strongly carcino-
genic hydrocarbon benz[alpyrene in rural
soils stimulated worldwide analyses. By the
end of the 1960’s it was generally accepted
that from 10 to 15 unsubstituted hydrocar-
bons are present in most if not all soils
in similar proportions everywhere. Various
speculations attributed their formation to
soil bacteria, to the decay of plant material

BENZENE

BENZENE
(AROMATIC)

NAPHTHALENE

NAPHTHALENE

other kinds of atoms. Chemists use the word aromatic to describe un-
saturated ring compounds. Naphthalene is the simplest polycyclic, or
multiple-ring, aromatic hydrocarbon. Cyclohexane, C¢H o, is the
saturated analogue of benzene. In the familiar diagram of the ben-
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zene ring depicted here single and double bonds are shown as al-
ternating around the ring. Actually all carbon-carbon linkages are
equivalent, as if each pair of carbon atoms had one and a half bonds.
In the illustrations that follow, simple schematic structures are used.
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or to fallout from polluted air. The limita-
tions of that picture rapidly became evident
when newer analytical methods with higher
resolving power were applied to the study of
polycyclic-hydrocarbon mixtures in soils
and recently deposited sediments. Within a
short time the number of known or suspect-

ed members of this family had increased by
at least two orders of magnitude.

The following picture of the hydrocarbon
compounds present in soils and recent sedi-
ments has emerged. Unsubstituted aromat-
ic hydrocarbons are the most abundant;
they are accompanied by extended series

of substituted members containing methyl
groups, alkyl chains and saturated five-
member rings. Sulfur-containing analogues
of the aromatic hydrocarbons are also pres-
ent. These principal structural elements are
encountered in mixed systems in an almost
limitless number of permutations. The

ANTHRACENE

PHENANTHRENE

w

PYRENE

PERYLENE

%

TETRACENE

o9 o5 o

CHRYSENE

CORONENE

ISOMERIC BENZOPYRENES

PICENE

jeee

MESO-NAPHTHODIANTHRENE

POLYCYCLIC AROMATIC HYDROCARBONS consist of two or
more rings fused together in various ways. Rings of six carbon atoms
have the highest stability because they require the least distortion of
the natural bond angles of the carbon atoms. The rings may form lin-
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ear arrangements (fop row), angular arrangements (second row) or
clusters, as is illustrated by the remaining configurations. The two
benzopyrenes are known as isomers because they differ in geome-
try. Isomeric form at right, benz[a]pyrene, is a cancer-causing agent.



hydrocarbon composition remains remark-
ably constant over a wide geographic range,
from continental soils to sea-bottom sedi-
ments and from deposits that vary from
oxidizing to strongly reducing. It is most
unlikely that the great diversity of orga-
nisms associated with such a wide variety of
sites would contribute the same hydrocar-
bon series in the same proportions. The
complexity of composition and the similari-
ty in the concentrations of related com-
pounds also argue against a biochemical
source.

How good, then, is the case for a thermal
origin of these sedimentary hydrocarbon
mixtures? I believe it is excellent. In each
series the unsubstituted hydrocarbon pre-
dominates. Alkyl derivatives with up to 10
substituted carbon atoms are present, but
the concentrations decrease rapidly with in-
creasing alkylation [see bottom illustration
on next page]. That is exactly the pattern
expected for medium-temperature pyroly-
sis. Are there any pyrolysates of natural
products that exhibit such a pattern? My
colleague William W. Youngblood of Flori-
da Technological University suggested that
we analyze “hickory-smoke flavor,” a com-
mercial flavoring obtained by the distilla-
tion of wood at moderately high tempera-
tures.

Remarkably, the alkyl distribution pat-
tern of that pyrolytic material matched our
observations in soils and young sediments.
This evidence excluded several thermal
sources as the principal contributors to the
sedimentary hydrocarbons. For example,
the polycyclic aromatic hydrocarbons in
polluted air, derived from incomplete com-
bustion in furnaces and engines at higher
temperatures, contain fewer alkyl deriva-
tives than are found in the sediment sam-
ples. Crude oil, at the other end of the spec-
trum of formation temperatures, is much
more heavily alkylated. If the polycyclic hy-
drocarbons were formed in decaying plant
material, they should exhibit even more al-
kylation. In any case decaying plant materi-
al must be considered an unlikely contribu-
tor to the polycyclic aromatic hydrocarbon
fraction found worldwide in sediments for
the reason I have already noted: the huge
diversity of organisms involved. Thus all
the evidence suggests that the polycyclic
aromatic hydrocarbon fraction is generated
by natural pyrolytic processes. But how is it
possible for the composition of the fraction
to be so constant over such a wide sampling
range?

I have a provocative suggestion that
would explain the relative uniformity of the
polycyclic aromatic hydrocarbon fraction
in soils and young marine sediments. Large
quantities of pyrolytic products are formed
in forest and prairie fires and are widely
dispersed by prevailing winds. The haze
over the North Atlantic is attributed in part
to such fires. Indeed, Dwight M. Smith,
John J. Griffin and Edward D. Goldberg of
the Scripps Institution of Oceanography
have found carbon particles with a recog-

ISOMERS OF ALKYLNAPHTHALENES contain by definition the same number of carbon
and hydrogen atoms. These are only four of many possible isomers. The term alkyl refers to the
side chains on the rings. Although isomers are chemically identical, their structural differences
give rise to differences in properties. It is nonetheless difficult to isolate isomers in pure form.

| -

PRIMITIVE RED PIGMENT was extracted by the author from the fossilized rootstalk of the
sea lily Millericrinus (see illustration on page 34). The pigment is one of a family of the frin-
gelites that differ in the number and position of the hydroxyl (OH) groups on their molecules.
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DIBENZOTHIOPHENE

AZACHRYSENE

O
ALIZARIN

ADDITION OF FOREIGN ATOMS to polycyclic aromatic hydrocarbons greatly increases
the number of structural permutations possible. Alizarin, the brilliant red pigment of Napo-
leon’s time, has oxygen atoms and hydroxyl groups as peripheral substituents on its molecule.
It bears a family resemblance to the fringelite structure shown at the bottom of preceding page.
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NUMBER OF ALKYL CARBONS ON AROMATIC RINGS
MEDIUM TEMPERATURE
(~800°- 400° C.)

HIGH TEMPERATURE
(~2,000° C.)

LOW TEMPERATURE
(~150°-100° C.)

NUMBER OF ALKYL CARBONS present as side chains on polycyclic aromatic hydrocar-
bons correlates closely with the temperature at which the compounds were formed. In a typical
mixture (curve at top left) rings with no side chains are the most common; in general the more
side-chain carbons there are, the lower the abundance is. An example of a polycyclic compound
with two alkyl carbons is 1,10-dimethylphenanthrene. When the aromatic compounds are
formed at the temperature typical of gas flames (1), side chains are virtually absent. At temper-
atures typical of wood fires (2, 3) abundance of side chains increases with decreasing tempera-
ture. At the low temperatures that are associated with the formation of petroleum, however, the
polycyclic compounds with two or three alkyl carbons outnumber the other configurations (4).
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nizable wood texture in deep marine sedi-
ments. Other investigators have described
elemental carbon in deep-sea manganese
deposits where we had already discovered
aromatic hydrocarbons.

In addition to such carbon particles for-
est and prairie fires produce aromatic
hydrocarbons in great abundance. As the
cooling mass of gas ascends from those fires
the freshly formed active carbon particles
can readily pick up the aromatic hydrocar-
bons and protect them from light-induced
oxidation during their movement through
the atmosphere. Mixing during transport
would explain the uniform composition
over a wide area and explain why the orga-
nisms and the chemical conditions at the
site of deposition are not reflected in the
chemical makeup of the hydrocarbon mix-
tures. Finally, the wide range of combustion
temperatures in natural fires would explain
the observed range of alkylated derivatives.
That assumption is further supported by
other structural features of the sedimen-
tary hydrocarbon fraction. I shall return
to these features when I take up some oth-
er assemblages of aromatic hydrocarbons
in nature.

ome rare organic minerals with a beauti-
ful fluorescence have been found in Cal-
ifornia and in eastern Europe; they occur
together with mercury ores and sometimes
with mineral waters and at vents of flamma-
ble gases. The study of these minerals goes
back to the French chemist Jean-Baptiste-
André Dumas, who worked on them in the
first half of the 19th century. In the 1880’s
German chemists isolated two four-ring ar-
omatic hydrocarbons in samples from mer-
cury mines at Idrija in Yugoslavia. The
idrialite from that location, curtisite from
Skaggs Springs, Calif., and related minerals
from other locations have since been the
subject of several investigations. The simple
analytical methods used until recently sug-
gested a simple composition with a few
components, perhaps only one. As with
the sedimentary hydrocarbons, our newer
methods have revealed an entirely unantici-
pated compositional complexity. Although
idrialite and curtisite are distinctly different
chemically, the hydrocarbon series in them
overlap to some degree. They contain at
least several hundred polycyclic aromatic
hydrocarbons, together with their sulfur
and nitrogen analogues and alkyl and cyclo-
alkyl derivatives in many combinations of
substitution.

Can chemical analysis tell us something
about the origin of these minerals? The al-
kyl distribution of the polycyclic aromatic
hydrocarbons in idrialite and curtisite re-
sembles the distribution in soils and young
sediments. Thus the unsubstituted hydro-
carbons are the most abundant. The alkyl
series does not extend as far, however, and
the drop in concentration from one member
of a series to the next is steeper than it is in
the hickory-wood distillate. That suggests
a pyrolytic origin at temperatures higher



HALO OF GRAPHITE forms around growing crystals of chiastolite
(aluminum silicate) in certain minerals associated with deeply bur-
ied sediments. The organic matter in such sediments is converted into

than those in forest and prairie fires but
lower than those in furnaces and engines.
Curiously, the polycyclic assemblages in
idrialite and curtisite differ from those dis-
cussed so far in the way the benzene rings
are arranged. The ring arrangements can be
divided into three broad categories: linear
(with all the rings in a line), angular (with

the rings in steps) and clustered (with at
least one ring surrounded on three sides).
The various arrangements differ in their sta-
bility. The linear arrangement in anthra-
cene and tetracene is the least stable; tetra-
cene and more complex equivalents to it can
be prepared in the laboratory, but they do
not survive in nature. Clusters of benzene
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mixtures of organic compounds that vary in volatility. The most re-

fractory fraction is graphite, which remains in specimens such as this
one from R. Sawdo of the Woods Hole Oceanographic Institution.

rings, as in pyrene, benzopyrene and pery-
lene, are stabler and are commonly found
in pyrolysates. The stablest configuration is
the angular arrangement of benzene rings in
phenanthrene, chrysene and picene. Such
stable series abound in idrialite and curtis-
ite, which contain few of the hydrocarbons
of the cluster type that are common in soils,
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sediments, wood tar, tobacco smoke, petro-
leum and automobile-exhaust gases.

Evidently series of the cluster type are
formed in pyrolysis, regardless of the tem-
perature. They survive if the reaction prod-
ucts are rapidly cooled to temperatures
where the decomposition of the less stable
products is arrested, as it is in the case of
wood tar; they also persist in petroleum be-
cause it has never reached temperatures ca-
pable of eliminating or of rearranging the
less stable ring systems. This suggests that
idrialite and curtisite lack the unstable clus-
ter configurations because those configura-
tions have been eliminated by prolonged ex-
posure to elevated temperatures.

With such chemical clues and the geolog-
ical background, one can interpret the for-
mation and evolution of these hydrocarbon
minerals as follows. Sediments containing
organic compounds are carried by move-
ments of the earth’s crust to regions much
deeper than those where petroleum is typi-
cally formed. In those deeper regions pyro-
lytic temperatures probably go as high as
400 to 500 degrees C. The original organic
material is destroyed and its constituents
are rearranged and thermodynamically sta-
bilized. One of the products is graphite,
which remains at the original depth. The

stable hydrocarbon gases (in particular
methane) and the polycyclic aromatic hy-
drocarbons (along with their sulfur and ni-
trogen analogues) remain near the original
depth long enough for the least stable hy-
drocarbons to be destroyed. Eventually the
rest of the hydrocarbons move toward the
surface together with the gases, the mineral
waters and the mercury ores, which are rec-
ognized for their geochemical mobility.
Along the migration path the hydrocarbons
are separated by fractional crystallization.
Fractions of higher molecular weight and
higher melting point form idrialite and
pendletonite; fractions of lower molecular
weight and lower melting point end up as
curtisite.

Chemical analysis has again given us
clues to the formation of a natural hydro-
carbon assemblage; it suggests the gross
mode of formation and provides evidence
on the temperature of formation and the
duration of thermal exposure. As our inves-
tigations proceeded we visualized an expla-
nation for the formation of hydrocarbons in
such diverse materials as soils, young sedi-
ments, wood tar, tobacco smoke, engine ex-
haust and minerals such as idrialite and
curtisite. We obtained further correlations
between chemical structure and the proc-

esses of hydrocarbon formation from stud-
ies of the polycyclic aromatic hydrocar-
bons in petroleum.

Petroleum may well be the most complex
organic mixture on the earth. It is formed
from the residues of earlier life in buried
sediments by chemical reactions that re-
quire millions of years for completion. The
transformation resembles pyrolysis, but the
reactions are exceedingly slow because of
the modest temperatures involved: probab-
ly less than 150 degrees C. Products that
would not be observed in high-temperature
pyrolysates are formed and retained.

he chemical analysis of the polycyclic

aromatic fraction in petroleum is a
challenging task. Adequate analytical reso-
lution requires the combination of many
different techniques; even then pure single
compounds are rarely isolated. Harold J.
Coleman and his co-workers at the Bartles-
ville Energy Research Center in Oklahoma
have made extensive analyses of the poly-
cyclic aromatic fractions in crude oils, par-
ticularly those from the region of Prudhoe
Bay in Alaska. Polycyclic aromatic hydro-
carbons are abundant, amounting to about
a sixth of the oil fraction distilling between
370 and 535 degrees C. A similar propor-
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CYCLIZATION
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AROMATIZATION

FORMATION OF FIVE-MEMBER RINGS

CYCLIZATION AND AROMATIZATION of saturated hydrocar-
bon chains produce the complex mixture of polycyclic aromatic com-
pounds found in petroleum. The source material of petroleum, largely
derived from plants, is rich in long carbon chains. At elevated tem-
peratures in buried sediments some of the chains lose a few hydrogen
atoms and are converted into six-member rings (top). With further
loss of hydrogen the saturated rings are aromatized (middle). Addi-
tional substitution by chains, followed by cyclization and aromatiza-
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tion, gradually creates compounds with many rings. Five-member
rings, which also form readily (bottom), cannot be converted into ar-
omatic rings. If several accumulate around an aromatic nucleus, they
block its further growth to a still larger aromatic system. Aromatic
hydrocarbons surrounded by several five-member rings are abundant
in petroleum. Their production is favored by a reaction time of mil-
lions of years and by the absence of temperatures able to break the
somewhat strained carbon-carbon bonds in the five-member rings.
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tion is present in some fractions that have a
lower boiling point, and in their higher dis-
tillates and distillation residue. Three com-
positional features are particularly perti-
nent here: the extreme complexity and the
uniformity in the concentration of adjacent
compounds within the many hydrocarbon
series, the frequent occurrence of com-
pounds with saturated five-member rings
and the presence of compounds in which
the substituent groups show considerable
steric strain, that is, show bond angles dis-
torted beyond their normal range.

The complexity and the uniformity in the
concentration of adjacent compounds char-
acterize the origin of this crude-oil fraction;
it is not a biochemical pattern but the result
of extensive geochemical scrambling of or-
ganic compounds by nonselective reactions.
In the formation of petroleum some linear
carbon structures are transformed into sat-
urated five- and six-member rings. Such
reactions are possible because they stabi-
lize the source material thermodynamically.
The six-member saturated rings thus creat-
ed are readily transformed by aromatiza-
tion—the loss of hydrogen—into the still
stabler aromatic systems. Those systems
can grow through the accretion and aroma-
tization of new saturated six-member rings.

The five-member rings, on the other
hand, are not readily converted into aro-
matic structures, so that with the passage of
time two, three or more such rings may
accrete around an aromatic nucleus, there-
by blocking its further growth into a large
aromatic system. The average number of
five-member rings around an aromatic nu-
cleus is far greater in petroleum than it is in
hydrocarbon series formed at higher tem-
peratures. That fact reflects the much great-
er time available for petroleum formation;
the marshaling of rings can continue, al-
though at low intensity, for millions of
years. In pyrolysis at higher temperatures
five-member rings in the aromatic struc-
tures are less abundant either because the
reaction time is short, because the source
material is rapidly converted into stable six-
member and aromatic systems or because
the temperature is high enough to break the
carbon-carbon bonds in saturated rings.

Highly strained molecules in which a
single CH; group forms a bridge between
two aromatic carbon atoms, as in 4,5-
methylenephenanthrene [see illustration on
this page], form with different relative abun-
dances in various pyrolysates. They are
most abundant in wood tar, lower by one
order of magnitude in soils and sediments
and by two orders of magnitude in crude
oils. In idrialite and curtisite such com-
pounds are nearly absent. The distorted
bond angle at the CHj, bridge implies that
such molecules have a higher energy con-
tent than molecules with less strain and
therefore less stability. We attribute the for-
mation of strained CH, bridges in pyrolysis
to energetic reactions and their survival ei-
ther to rapid quenching (as in tar and
smoke) or to low temperatures (as in petro-

4,5-METHYLENEPHENANTHRENE

1,10-ETHYLENEPHENANTHRENE

INCREASING STRAIN

Ha

DECREASING STABILITY

INCREASING ABUNDANCE IN

WOOD TAR <— SOILS AND SEDIMENTS <—— CRUDE OIL <—— CURTISITE MINERALS

STRAINED FIVE-MEMBER RINGS are formed by pyrolysis (exposure to high tempera-
tures) from alkyl side chains. Only one alkyl carbon is needed (left) if the parent structure sup-
plies three of the five sides of the ultimate ring. In other cases (right) two alkyl chains may be
needed. Because the carbon-carbon bonds are under greater strain in five-member rings than
in six-member ones they have a greater energy content and hence a lower stability. Five-
member rings survive most readily if the pyrolytic mixture is quickly quenched, as it is in the
case of smoke from a wood fire, or if the pyrolysis continues for a long time at low temperature.

leum formation) that depress the rate at
which structural rearrangement can pro-
ceed. CH bridges have disappeared from
idrialite and similar minerals because they
were exposed to high temperatures for long
periods after the initial pyrolysis.

These examples will serve to show the
richness of information that is encoded in
the structure of organic compounds in na-
ture. The parameters I have discussed here
reflect the character of the source materials,
the processes of formation, the tempera-
tures at which the compounds form and the
reaction time. The relations among these
parameters suggest that the compounds
could be used as geological “‘thermometers”
and ‘clocks.” Their calibration, however,
presents a difficult problem. There must be
a complex interdependence among the pa-
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rameters, since time and temperature both
influence the survival of unstable struc-
tures. Yet even at the present level of our
understanding, detailed chemical analysis
has helped us to recognize a wide range of
environmental processes and has guided us
to a unified view of materials that are re-
mote in terms of sources and formation
processes.

Not all natural mixtures of polycyclic
aromatic hydrocarbons have a single
predominant origin. Often there is a more
complex situation where more than one hy-
drocarbon source contributes to the sample.
For instance, a recent marine sediment may
contain fossil fuels from an oil spill in addi-
tion to the hydrocarbons we attribute to the
fallout of soot particles from forest and
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prairie fires. The different patterns of com-
position should make it possible to recog-
nize these multiple sources.

With my co-worker Jeremy Sass I have
studied one such instance. An oil spill in
Buzzards Bay off Massachusetts has con-
taminated the near-shore bottom sediment
with a fuel oil that has a comparatively low
boiling point. Extraction and isolation of
the higher-boiling-point polycyclic aromat-
ic fraction and subsequent analyses reveal
the normal background pattern we observe
not only throughout the bay but also in the
soil of the adjacent land. The unsubstituted
aromatics predominate and the alkyl distri-
bution pattern is the one characteristic of
woodsmoke, that is, of the hydrocarbons we
attribute to the fallout of soot. Within the
range of boiling points of the compounds in
the spilled fuel, however, alkyl derivatives
are more abundant than the unsubstituted

hydrocarbons. That is the petroleum pat-
tern, and it is remarkable that it can still
be observed now, almost six years after the
spill.

A particularly interesting example of a
dual source comes from our earlier investi-
gation of hydrocarbons in a fossil sea lily
from the Jura Mountains of Switzerland.
This fossilized deep-sea animal is vividly
colored by pigments that are dispersed
throughout the rock matrix of the fossil.
Present as tiny crystals, the pigment is a
true organic mineral; we named it fringelite
after Fringeli, the mountain where we dis-
covered it. Since similar compounds are still
found in living relatives of this animal spe-
cies, we assume that the pigment, or at least
its close precursors, were part of the animal
that lived in the Jurassic Sea 150 million
years ago.

Fringelite and its close relatives are aro-

matic compounds. When we attempted to
resolve the fossil pigments by chromatogra-
phy, we noted in the fraction that washed
out of the column ahead of the pigments
some intensely fluorescing but nearly col-
orless materials. Further study revealed
a continuous polycyclic series with from
three to seven aromatic rings. The lower
members of the series are not particularly
abundant and closely resemble aromatic
mixtures that are found in many other geo-
logical specimens. They may be the survi-
vors of compounds that were synthesized in
the geologic past or, what is more likely,
they may be geological transformation
products, originating in deep sediments that
were not sufficiently rich in organic materi-
al to yield petroleum. At higher molecular
weights we find unusual hydrocarbons, nev-
er before isolated from sediments, that ex-
hibit precisely those features we had pre-

STRUCTURAL FEATURES

STRUCTURAL PREFERENCE

CONDITION OF FORMATION
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RING ARRANGEMENT (LINEAR, ANGULAR, CLUSTER)

| NUMBER OF FIVE-MEMBER RINGS

LOW DEGREE OF ALKYLATION

ANGULAR RING ARRANGEMENT

HIGH DEGREE OF RING STRAIN

MULTIPLE FIVE-MEMBER RINGS

HIGH FORMATION TEMPERATURE

HIGH CARBON CONTENT IN SOURCE
MATERIAL

LONG EQUILIBRATION TIME
HIGH EQUILIBRATION TEMPERATURE

SHORT EQUILIBRATION TIME
LOW FORMATION TEMPERATURE

LONG REACTION TIME
LOW FORMATION TEMPERATURE

CONFIGURATION OF HYDROCARBON STRUCTURES found
in geochemical mixtures provides rich information about the condi-
tions under which the structures formed. The type and spatial ar-
rangement of the alkyl chains and of the saturated and aromatic rings
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can vary over a wide range. The presence of preferred structures in
natural mixtures of polycyclic aromatic hydrocarbons reflects the
composition of the source material, the temperatures of formation
and transformation and the duration of chemical processes involved.

© 1976 SCIENTIFIC AMERICAN, INC



dicted for substances of biochemical rather
than geochemical origin. The number of
such compounds is limited, the chemical
structures are select and unusual, and the
concentrations are far higher than the nor-
mal background [see illustration at right].

More detailed structural analysis sup-
ports this interpretation. The exotic hydro-
carbons are the bare aromatic ring systems
on which the fringelite pigments are based.
We are not certain whether those hydro-
carbons were already present in the living
animals and therefore represent genuinely
biochemical products or whether they are
geochemical transformation products of
biochemical precursors closely related to
the fringelite pigments. Either would sup-
port the predictive value of the relations I
have suggested between chemical structure
and biological origin.

Our original view of aromatic hydrocar-
bons in nature has now changed dra-
matically. The picture of a dozen or so sim-
ple compounds distributed over the earth in
similar ratios has given way to the realiza-
tion that the mixture is exceedingly com-
plex and variable and that its origins are
diverse. The mixture is not yet fully ana-
lyzed; indeed, it may not be fully resolvable
at the present state of the analytical art. Yet
even our incomplete analyses reveal the op-
eration of a number of fundamental chemi-
cal processes, and we are learning to read
in the hydrocarbon structures a code that
can be deciphered in terms of sources and
processes of formation, transformation and
mass movement. We have spanned a wide
range of samples, and the evidence for a
thermal origin of polycyclic aromatic hy-
drocarbons in nature is overwhelming. The
biosynthesis of selected aromatic assem-
blages under special circumstances has not
been ruled out, but neither has it been dem-
onstrated convincingly.

Polycyclic aromatic hydrocarbons from
pyrolysis have been present on the earth for
a long time. Man has been in contact with
combustion products throughout his histo-
ry, and natural fires and reactions in sedi-
ments formed polycyclic aromatic hydro-
carbons long before the advent of man.
Moreover, we now know that the hydrocar-
bons in smoke, in fallout from the air, in
sediments and in fossil fuels include, in
addition to already recognized compounds
that can give rise to cancer and mutations,
new carcinogens and mutagens. That raises
a new question: Have such materials con-
tributed significantly to the role of mutation
in the evolution of species? They might then
rank among other natural mutagens such as
ultraviolet radiation and background nucle-
ar radiation.

Polycyclic aromatic hydrocarbons now
enter the environment in larger amounts
than they did in the human and geologic
past, and from some new sources. Among
the dominant sources are the incomplete
combustion of wood, coal and petroleum
and the spillage of raw or refined petroleum.
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TWO GROUPS OF HYDROCARBONS are found in the fossil sea lily Millericrinus. The less
abundant group consists of fairly small structures of three to six fused benzene rings also widely
found in ancient sediments. The more abundant group consists of much larger polycyclic struc-
tures (color) that have never been found in other deposits. Their structures are so similar to the
fringelite pigments that a common origin seems very likely. This is one of the few cases where
at least part of a natural mixture of polycyclic aromatic hydrocarbons does not originate with
pyrolysis but can be traced back to a substance that was synthesized by a living organism.

Attempts have been made to assess the ef-
fects of this new influx of aromatic hydro-
carbons into the environment, yet these at-
tempts predate the recent realization that
the environmental mixture of aromatic hy-
drocarbons is exceedingly complex, that it
has many sources, that it is difficult to ana-
lyze and that many components have never
been tested for their biological activity. It
seems important to reexamine the question
of the environmental effects of the new in-
flux of aromatic substances in the light of
our present knowledge and of our remain-
ing ignorance.

Since Dumas’s first study of idrialite and
Kern’s discovery of chrysene in soil, our
knowledge of polycyclic aromatic hydro-
carbons in the environment has developed
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in step with the analytical art: slowly during
periods of analytical stagnation, rapidly
with the confluence of many modern ana-
lytical methods. I see a similar development
in other areas of environmental organic
chemistry. In each our best techniques fail
to approach the complete resolution of
chemical compounds. The question “How
complex is nature?” is an important one and
has many implications. As a geochemist I
see an almost limitless opportunity to inter-
pret a complex world in terms of the proc-
esses that have shaped it. As a part-time
environmental biologist I am frustrated by
the difficulty, if not impossibility, of pre-
dicting the effect of organic chemicals in
nature without a fuller understanding of
their structure.
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The Meteorology of Jupiter

The visible features of the giant planet reflect the circulation

of its atmosphere. A model reproducing those features should

apply to other planetary atmospheres, including the earth’s

of the planet Jupiter is a cloud: the

dark belts, the light-colored zones
and the Great Red Spot. The solid surface,
if indeed there is one, lies many thousands
of kilometers below the visible surface. Yet
most of the atmospheric features of Jupiter
have an extremely long lifetime and an or-
ganized structure that is unknown in atmo-
spheric features of the earth. Those differ-
ences, and the fact that atmospheric fea-
tures are easy to observe on Jupiter, make
the giant planet a laboratory where terres-
trial meteorologists can test theories about
atmospheric dynamics in ways not possible
on the earth.

Jupiter’s diameter is 11 times larger than
the earth’s; its surface gravity is 2.4 times
stronger; it rotates on its axis 2.4 times fast-
er (once every 10 hours). There is little or no
change of season on Jupiter because the axis
of the planet’s rotation is nearly parallel to
the axis of its orbit around the sun.

Jupiter’s atmosphere and interior are
mostly hydrogen, with other elements such
as helium, carbon, oxygen and nitrogen
mixed with the hydrogen in the same pro-
portions as they are in the sun. Because that
mixture does not solidify at the tempera-
tures and pressures that have been calculat-
ed to exist on Jupiter, the planet is probably
gaseous or liquid throughout its interior.
The mixture is gently stirred at all depths by
convection currents that carry heat from
the interior to the surface. Theoretical cal-
culations indicate that the internal heat is
most likely left over from Jupiter’s initial
gravitational contraction, when it con-
densed out of the nebula that also gave rise
to the sun and the other planets. The
amount of internal energy Jupiter releases
at present is approximately equal to the
amount of energy it absorbs from the sun.

From the point of view of meteorology
the most important differences between Ju-
piter and the earth lie in the fact that Jupiter
has an appreciable internal energy source
and probably lacks a solid surface. The oth-
er differences—in radius, gravity, rate of ro-
tation and so on—are mainly differences of
degree. Even the chemical composition of
Jupiter’s atmosphere is similar to the chem-
ical composition of the earth’s as far as its
effect on meteorology is concerned. The at-

l zvery feature that is visible in a picture
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mospheres of the two planets consist chiefly
of noncondensable gases: hydrogen and he-
lium on Jupiter, nitrogen and oxygen on the
earth; mixed in are small amounts of water
vapor and other gases that do condense,
forming clouds. In terms of the temperature
changes that would occur on the two plan-
ets if the condensable vapors were entirely
converted into liquid or solid form, thus
releasing all their latent heat, Jupiter’s at-
mosphere would be somewhat less affected
by condensation than the earth’s. Clouds,
condensation and precipitation are none-
theless important in the dynamics of both
atmospheres.

Our picture of the average composition
and vertical structure of the Jovian
atmosphere is based partly on observation
and partly on theory. Spectroscopic studies
from the earth have established that the
atmosphere is mostly molecular hydrogen
(Hy), with smaller amounts of methane
(CH4), ammonia (NHj3) and a growing list
of other gases. In those studies absorption
features in the infrared spectrum of Jupiter
are compared with absorption features in
the spectrum of gases in the laboratory.
Since each gas has characteristic wave-
lengths at which it absorbs radiation, ab-
sorption spectra of the Jovian atmosphere
make it possible to positively identify most
of the gases in it even in very small concen-
trations. The exception is helium, which ab-
sorbs radiation only in the ultraviolet region
of the spectrum at wavelengths that can-
not be observed through the earth’s atmo-
sphere. Helium was recently detected, how-
ever, by an ultraviolet spectrometer on the
spacecraft Pioneer 10, and the effect of the
helium on the infrared spectra of other gas-
es in the Jovian atmosphere has also been
observed.

From the relative strengths of the absorp-
tion spectra of hydrogen, methane and am-
monia the relative abundances of those gas-
es can be determined. On Jupiter the ratio
of the number of carbon atoms to hydro-
gen atoms is about 1:3,000 and the ratio
of nitrogen atoms to hydrogen atoms is
1:10,000. Those abundances are close to
the abundances of the same elements in the
sun. Within wide limits the ratio of helium
to hydrogen in Jupiter is consistent with the
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inferred ratio of helium to hydrogen in the
sun (1:15). It is the abundance ratios, to-
gether with the low density of Jupiter as a
whole, that suggest that the planet is very
much like the sun in its composition.

The amount of heat Jupiter radiates im-
plies that the interior of the planet is hot. If
it were cold, there would not be enough
heat in the interior to have lasted until the
present time. A consequence of the hot-in-
terior model of Jupiter is that solids cannot
form in it. According to current thinking,
the planet is mostly liquid, with a gradual
transition to a gaseous atmosphere in the
outermost few thousand kilometers.

Spectroscopic data at infrared and radio
wavelengths also yield information about
the temperature and pressure in the Jovian
atmosphere. At the deepest levels the tem-
perature decreases with altitude at the rate
of some two degrees Celsius per kilometer.
That rate is close to the adiabatic lapse rate,
which is the value of the temperature gradi-
ent in a well-mixed atmosphere. In such an
adiabatic atmosphere parcels of gas move
vertically without exchanging heat with
neighboring parcels. They get cooler or
warmer, but they do so only because their
pressure changes as they ascend or descend.
Neighboring parcels at the same level in the
atmosphere are indistinguishable from one
another. An adiabatic temperature gradient
also usually implies that the atmosphere is
stirred by convection.

The temperature in Jupiter’s atmosphere
is 165 degrees Kelvin (degrees C. above ab-
solute zero) at the level where the pressure
is one atmosphere (the pressure of the
earth’s atmosphere at sea level). The tem-
perature continues to decrease with height
until it reaches a minimum value of 105
degrees K. at the level where the pressure is
.1 atmosphere. At that point it begins to rise
slightly once again. By analogy with the
earth’s atmosphere this minimum marks
the beginning of the Jovian stratosphere. In
that layer of the Jovian atmosphere the tem-
perature is controlled largely by radiation
rather than by convection.

There are thin clouds on Jupiter as high
as the base of the stratosphere. Broken thick
clouds, with holes opening into deeper lev-
els, begin to be present where the pressure is
between .6 and one atmosphere. The pres-



sure at the cloud tops on Jupiter is thus
similar to the pressure at the cloud tops on
the earth. The temperatures at those levels
on Jupiter are much lower, however, since
Jupiter is five times farther from the sun
than the earth is.

he composition of the Jovian cloud par-

ticles and the nature of the material that
endows them with their remarkable colors
cannot be determined from spectroscopy
alone. Here theoretical calculations by John
S. Lewis of the Massachusetts Institute of
Technology have been useful. Lewis began
by assuming that Jupiter’s atmosphere has
the same composition as the sun’s at the
ranges of temperature and pressure ob-
served on the planet, and that all its constit-
uents are at chemical equilibrium. He then
calculated the amount of solid and liquid
matter in the atmosphere as a function of

height above an arbitrary base level. His
calculations show that the deepest and
thickest clouds are condensed water, since
both oxygen and hydrogen are abundant
in the atmosphere. Above those clouds
are clouds of ammonium hydrosulfide
(NH,SH) and above those in turn are
clouds of pure ammonia (NH3). The level of
each cloud depends on the vapor pressure of
the particular condensate, which is a strong
function of temperature. The less volatile
substances such as water condense at higher
temperatures (deeper in the atmosphere)
than the more volatile substances such as
ammonia. The relatively low vapor pressure
of water at the temperatures characteristic
of the Jovian cloud tops also explains why
water vapor was found there only recently:
water cannot be detected spectroscopically
unless it is in the form of a vapor. In 1974
Harold P. Larson and his co-workers at the
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University of Arizona detected water on Ju-
piter for the first time by observing radia-
tion that emerged through holes in the up-
per cloud layers from water molecules at
deeper levels.

Lewis’ model, which assumes that all the
substances are at chemical equilibrium at
each level, cannot account for the colors of
the clouds. The cloud particles in that mod-
el are white, whereas the Jovian clouds are
subtle shades of red, brown, white and blue.
With convection bringing up exotic materi-
al from deeper levels, however, and with
ultraviolet radiation from the sun energiz-
ing chemical reactions at the top of the at-
mosphere, it is not surprising that portions
of Jupiter’s atmosphere do depart from
local chemical equilibrium. Only small
amounts of coloring material are needed
to explain the observations, and an atmo-
sphere with the same composition as the
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TURBULENCE OF JOVIAN ATMOSPHERE is depicted in a
computer simulation devised by Gareth P. Williams of Princeton
University, who used one model that attempts to account for Jupi-
ter’s east-west bands. The lines plotted are streamlines along which
the atmosphere flows. Flow is fastest where the lines are closest to-
gether. The relative direction of the flow is indicated by the graph at
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the far right. Where the curve travels to the right of the vertical line
the net flow is eastward, or faster than the planet’s mean rotational
velocity. Where the curve travels to the left of the vertical line the net
flow is westward, or slower than the mean rotational velocity. The
relative velocity of the flow, which is up to 50 meters per second, is in-
dicated by the magnitude of the deviation of curve from vertical line.
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sun’s would contain all the necessary ele-
ments in a wide variety of compounds. It is
currently believed that the clouds are basi-
cally as Lewis has predicted, with the colors
explained by the addition of small amounts
of sulfur, red phosphorus and complex or-
ganic molecules.

Data on the horizontal structure and mo-
tions of the Jovian atmosphere are obtained
mainly from photographs at visible wave-
lengths. The data include ground-based ob-
servations beginning at the end of the 19th
century, together with the high-resolution
images made from the spacecraft Pioneer 10
and Pioneer 11. The ground-based observa-
tions before 1955 are summarized by B. M.
Peek in his classic work The Planet Jupiter.
It is evident from surveying these observa-
tions that most of the principal features of
Jupiter’s atmosphere have existed for dec-
ades or longer. Such longevity of cloud pat-
terns is remarkable by terrestrial standards.
On the earth cloud patterns rarely last long-
er than one or two weeks, unless they are
directly connected with underlying topog-
raphy such as mountain ranges. On Jupiter
there is no underlying topography as far as
anyone knows. Hence it would be of great
interest to know why the Jovian cloud pat-
terns are so long-lived.

Perhaps the simplest and most direct
explanation of the longevity of Jupiter’s
clouds is one provided by Peter J. Gierasch,
who is now at Cornell University, and Rich-
ard M. Goody of Harvard University. Gier-
asch and Goody point out that on Jupiter
the radiative time constant is extremely
long. The radiative time constant is the time
it takes for a mass of air to warm up or cool
off by radiating in the infrared portion of
the spectrum. On the earth the radiative
time constant is a few weeks, which is com-
parable to the lifetime of flow features in the
atmosphere. On Jupiter the radiative time
constant is longer than a year. The differ-

INFRARED FEATURES of the atmosphere
of Jupiter (top) photographed from the
spacecraft Pioneer 10 reveal the distribution
of the temperature at the cloud tops. Light
areas are regions of low infrared emission and
are evidence of thick, high clouds. Dark areas
are regions of high infrared emission and are
evidence for holes in upper cloud layer expos-
ing warmer layers below. When infrared im-
age is compared with an image made in visible
light (bottom), it is evident that the regions of
high clouds correspond to the light-colored
“zones” and that the regions of few clouds
correspond to the dark-colored “belts.”
Since clouds usually form on warm, rising
currents in an atmosphere and disperse on
cooler, sinking currents, the zones must cor-
respond to regions of warm rising gas and the
belts to cooler sinking gas. Great Red Spot
can be seen at the lower left in both images; it
is an area of particularly low infrared emis-
sion and resembles the zones more closely
than the belts. On image made in visible light
the comblike feature at top left, two square
black dots near Great Red Spot and apparent
discontinuity running across photograph are
artifacts of way in which picture was made.



ence is the result of the lower temperatures
in Jupiter’s atmosphere, the smaller amount
of heat the planet receives from the sun
(only 4 percent of the amount the earth
receives) and the fact that the gases of Jupi-
ter’s atmosphere emit less infrared radia-
tion than the gases of the earth’s atmo-
sphere. Furthermore, if the masses of gas in
the Jovian atmosphere store their heat at
altitudes as low as the base of the clouds,
then the radiative time constant may be
even longer than a year because of the large
volume of gas that must be heated or
cooled. Thus the long lifetime of atmo-
spheric phenomena on Jupiter could be
largely due to the low rate at which temper-
ature differences are radiated away.

An equally remarkable aspect of Jovian
cloud features is their organization and spa-
tial regularity. At any one time there are
usually at least 10 bands, the belts and the
zones, each circling the planet on a line of
constant latitude. Such a high degree of
symmetry around the axis of rotation does
not appear in satellite photographs of ter-
restrial clouds.

The belts are either brown or brown
tinged with blue, and the zones are either
white or white tinged with red. The reddest
features, such as the Great Red Spot and
smaller spots, are usually located in the
zones. Infrared observations that measure
the temperature of the cloud tops suggest
that there is a basic difference between the
zones and the red spots on the one hand and
the belts on the other.

n Jupiter, as on the earth, the most
dramatic differences in temperature
within a limited area are found between one
level of the atmosphere and another. Since
in general temperature decreases with alti-
tude, a high infrared temperature indicates
that at high altitudes there are only thin,
transparent clouds or no clouds at all, and a
low infrared temperature indicates that at
high altitudes there are relatively thick,
opaque clouds. On the earth weather satel-
lites utilize that principle for photographing
clouds both in the daytime and at night at
infrared wavelengths: a convective storm
such as a hurricane always appears as a
region of low infrared temperature because
of its extensive cover of high clouds.
Pioneer 10 made two infrared images as it
sped past Jupiter on December 3, 1973. Pio-
neer 11 made four infrared images a year
later. A comparison of one of the infrared
images with a similar image made in the
visible region of the spectrum reveals that
the zones are regions of low infrared tem-
perature and the belts are regions of high
infrared temperature. The Great Red Spot
has a particularly low infrared temperature,
and therefore it is similar to the zones rather
than to the belts. Hence by analogy with the
earth one can infer that the red spots and
white zones are regions of active convection
and rising motion in the atmosphere,
whereas the brown belts are regions of
cloud dispersal and sinking motion.
Although the infrared observations help
to classify Jupiter’s atmospheric features,
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REGIONS OF HIGH AND LOW PRESSURE on Jupiter are compared in a cross section of
the atmosphere made along a meridian of longitude. Atmospheric pressure increases toward the
center of the planet. At great depths, where the atmosphere rotates uniformly with planet’s
mean rotation period, “surfaces” of constant pressure (darker colors) in the atmosphere are
horizontal. At intermediate depths the higher temperatures of the zones cause the surfaces of
constant pressure (lighter colors) to bulge upward, creating higher pressures in the zones
(right) than in the belts (left). Coriolis forces generated by the rotation of the planet then cause
the atmosphere to flow in a direction out of the page (westward) along the equatorward edges of
the zones, and into the page (eastward) along poleward edges of zones. Slower, secondary cir-
culation is produced in atmosphere as warmer gas rises in zones and cooler gas sinks in belts.

they do not answer the more basic question
of why such features exist. Some clues to the
answer to that question are provided by ob-
serving the motions of the clouds. From the
earth observers can chart the position of
small spots with respect to the belts and
zones and other large features. Photograph-
ic records of the features go back about 100
years. The smallest spots that can be seen
from the earth are about 3,000 kilometers in
diameter, which is about a fiftieth the diam-
eter of Jupiter or approximately the diame-
ter of a large storm system on the earth.
Such storm systems on the earth generally
move with the mean wind direction; for ex-
ample, in North America they move from
west to east. As the storm systems evolve
and decay, however, their apparent motion
with respect to the mean motion of the wind
sometimes changes. Hence there are prob-
lems in using cloud features to track winds
on a large scale. Such features are nonethe-
less the best wind data we have for Jupiter
at present.

Observed over a period of a few weeks the
smaller spots around the Great Red Spot
always move counterclockwise; therefore
the winds around the Great Red Spot prob-
ably blow in that direction. Moreover, the
direction and magnitude of the winds are
typical of those observed in the same region
decades earlier. Elsewhere on Jupiter the
wind blows along lines of constant latitude;
the largest relative velocities are at the
boundaries between belts and zones.

As on the earth, the relative velocities are
small compared with the mean velocity of
the atmosphere associated with the planet’s
rotation. The rotation of Jupiter’s interior

© 1976 SCIENTIFIC AMERICAN, INC

can be determined from the rotation of the
planet’s magnetic field, which has a period
of nine hours 55 minutes 29.7 seconds. The
same rotation period is typical of the clouds
in Jupiter’s middle latitudes, although the
winds at the edges of belts and zones cause
small regions to depart from the mean rota-
tion period by as much as five minutes.
Within a band of latitudes extending some
eight degrees on each side of the Jovian
equator the rotation period of the atmo-
sphere is about five minutes shorter than the
rotation period of the magnetic field. The
shortest rotation period of all is found away
from the equatorial region. It is associated
with the boundary between a prominent
belt and a zone in the northern hemisphere.
There the winds complete a circuit of the
planet once every nine hours 49 minutes. At
that boundary the velocity of the clouds
relative to the velocity of Jupiter’s rotating
interior is about 120 meters per second, or
more than 270 miles per hour.

henever atmospheric motions persist

for intervals that are long compared
with a planet’s period of rotation, the Co-
riolis force must play an important role in
the dynamics of the atmosphere. In the
northern hemisphere of Jupiter or the earth
the Coriolis force acts to the right of the
direction of motion. In order to balance the
force there must be a pressure force to the
left, that is, there must be a high-pressure
area to the right of the flow direction. Thus
on the earth the wind blows counterclock-
wise around a low-pressure center (forming
a cyclone) in the Northern Hemisphere and
clockwise around a high-pressure center
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EARTH’S ATMOSPHERE IS BAROCLINIC on a global scale, that is, there are large hori-
zontal temperature differences between the Equator and the poles. As a result of the differences
a longitudinal wave forms in the atmosphere in both hemispheres, traveling from west (left) to
east (right) and transporting heat from the Equator to the poles. The troughs (equatorward ex-
cursions) of the wave are associated with low-pressure regions (L) and the crests (poleward ex-
cursions) of the wave are associated with high-pressure regions (H). The flow of air around
low-pressure regions is cyclonic and flow of air around high-pressure regions is anticyclonic.

JUPITER’S ATMOSPHERE IS BAROTROPIC on a global scale, that is, there is very little
horizontal temperature difference between the equator and the poles. Regions of high pressure
(H) and low pressure (L) are linear features along parallels of latitude: the zones (white) and
the belts (gray). High-speed winds flow at the boundaries between the bands; where relative
wind motion is westward (toward the left) the winds are known as retrograde jets. Above a lati-
tude of 45 degrees in both hemispheres banded pattern breaks down (see illustration on page
54). Color oval in southern hemisphere is Great Red Spot. Winds around it are anticyclonic.
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(forming an anticyclone). The pattern is re-
versed in the Southern Hemisphere. For
winds moving in latitudinal zones (as at
the boundaries between Jupiter’s belts and
zones) the highs and lows are found in
bands between the regions of maximum and
minimum zonal velocity.

On Jupiter the zones and the Great Red
Spot are high-pressure regions (anticyclon-
ic) and the belts are low-pressure regions
(cyclonic). That was first pointed out in
1951 by Seymour L. Hess of Florida State
University and Hans A. Panofsky of New
York University. Hence the zones and the
Great Red Spot seem to be fundamentally
different from terrestrial storms, which are
usually cyclonic at sea level. The difference
is not, however, as fundamental as it seems.
Since clouds tend to form in rising air, and
since rising air tends to be warm, it is rea-
sonable to assume that the zones and the
Great Red Spot are warmer than their sur-
roundings at any particular level within the
clouds. In that respect they resemble tropi-
cal cyclones (hurricanes) and mature ex-
tratropical cyclones on the earth, most of
which are also warm. The resemblance is
significant because terrestrial air masses
that are warm tend to have high-pressure
centers and anticyclonic circulation at high
altitudes, the altitudes to which the Jovian
observations refer.

he reason that such storms are anticy-

clonic at great heights is that the pres-
sure drop with altitude in a warm air mass is
less than the pressure drop with altitude in
a cold one. This fact is a consequence of
the hydrostatic relation between pressure
change and density: when the density is
low, as it is when the air is warm, the
pressure drop with altitude is also low.
Thus a warm air mass tends to become a
high-pressure (anticyclonic) region with in-
creasing altitude. If the pressure is very
much lower than the surroundings at low
altitudes, as it is with a terrestrial cyclonic
storm, the transition to anticyclonic circu-
lation may not arise. In general, terrestrial
hurricanes are strongly cyclonic at sea level
and weakly anticylonic at high altitudes. In
other words, the observed anticyclonic cir-
culation of the Jovian zones and the Great
Red Spot is consistent with the evidence
from infrared observations that they are
warm centers of rising motion. Hence in
one way they are similar to warm convec-
tive storms on the earth.

As we have seen, however, there is a fun-
damental difference between the earth and
Jupiter in that the earth’s atmosphere is
bounded at the bottom by a relatively unde-
formable surface of water and land. The
surface can support large differences in air
pressure at sea level from one place to an-
other, and so there can be strong winds
close to the ground. We have little informa-
tion about the atmosphere below the visible
clouds on Jupiter, but it is reasonable to
assume that below some level it rotates uni-
formly with a period equal to the rotation
period of the magnetic field. The situation is
equivalent to saying that the atmosphere
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CHARACTERISTICS OF FEATURES in the Jovian atmosphere
are summarized. The zones and the Great Red Spot are similar in
all important respects except shape. The belts are the reverse of

has a fluid lower boundary that deforms
easily when pressure is applied from above.
The deformation prevents the buildup of
pressure differences at deep levels and
therefore keeps the circulation at those lev-
els weak. Thus whereas a warm air mass on
the earth can have either cyclonic or anticy-
clonic circulation at low altitudes, on Jupi-
ter the low-altitude circulation must be
zero. In that respect the circulation on Jupi-
ter may resemble currents in the earth’s
oceans more closely than currents in its at-
mosphere. Ocean currents tend to be weak
at great depths and are always anticyclonic
near the surface if the water between the
two levels is warm.

There have been several attempts to put
these arguments on a quantitative basis. In
1969 Jeffrey Cuzzi, who was then a gradu-
ate student at the California Institute of
Technology, and I decided to study the ob-
served zonal wind patterns on Jupiter. We
first rediscovered the qualitative relation
discussed by Hess and Panofsky in 1951.
We then made a rough estimate of how
great a difference in temperature between
zones and belts would be needed to account
for the observed winds. Actually the quanti-
ty one wants to determine is not the temper-
ature difference alone but rather the prod-
uct of the average temperature difference
and the depth to which the difference ex-
tends. If the observed zonal motions refer to
the tops of the ammonia clouds in Lewis’
model of the Jovian atmosphere, then the
depth must be measured downward from
that level.

On the basis of the observed Jovian winds
the value of the product of the temperature
difference and the depth is about 150 kilo-
meter-degrees. In other words, the actual
depth over which there are appreciable tem-
perature differences between the zones and
the belts is unknown, but if the depth were
15, 150 or 1,500 kilometers, the tempera-
ture difference at those depths would have
to be respectively 10 degrees, 1 or .1 degree
C. in order to account for the observed
winds. The magnitude of the temperature
difference is related to the heat sources and
heat sinks that are maintaining the atmo-
spheric circulation. The critical depth is the
thickness of the source-sink region. To dis-
cuss the situation further we need to consid-
er the source-sink mechanism.

In 1971 Gierasch, who was then at Flori-
da State University, and Albert 1. Barcilon
suggested that Jupiter’s atmosphere is simi-
lar to the earth’s atmosphere over the Trop-
ics. There the sun heats the surface of the

ocean, causing the water to evaporate. The
moist air close to the surface becomes un-
stable, leading to convection and the forma-
tion of cumulus clouds. Large-scale, orga-
nized motions are present over the Tropics
because the small-scale cumulus convec-
tion, which is the principal means by which
heat is transferred from the ocean to the
atmosphere, varies in response to the large-
scale motions. The maximum horizontal
temperature difference from one place to
another in the Tropics is found between air
that has been heated by condensation and
air that has not.

According to Gierasch and Barcilon, the
temperature difference between the zones
and the belts on Jupiter is due to the release
of latent heat, as are the temperature differ-
ences over the earth’s Tropics. Lewis’ mod-
el of the clouds is assumed to apply to the
Jovian zones; the belts are assumed to be
dry, without any condensable vapors. The
zones are then about two degrees hotter
than the belts at all levels above the level
where water vapor condenses. (Compared
with the clouds composed of water, the
clouds of ammonium hydrosulfide and of
ammonia have only a small effect on the
temperature.) Thus a temperature differ-
ence of about two degrees extends over a
depth of about 75 kilometers, which is the
total thickness of the water-ammonia cloud
system. Moreover, the product of the tem-
perature difference and the depth agrees
with the 150 kilometer-degrees deduced
from the wind observations.

Gierasch and Barcilon did not offer a
mechanism by which condensable vapors
remain concentrated in the zones. In a trop-
ical hurricane on the earth the cyclonic
winds exert a cyclonic stress (force per unit
area) on the ocean surface. That stress, in-
teracting with the Coriolis force, causes air
to flow inward toward the low-pressure cen-
ter of the hurricane just above the surface
and causes water to flow outward just below
the surface. On the earth the flow in the
ocean can be ignored, but the convergence
of moist air toward the center of the hurri-
cane renews the hurricane’s supply of latent
heat and maintains its circulation.

On Jupiter the cloudy regions are anticy-
clonic and rotate in a direction opposite to
that of cloudy regions on the earth. There is
no ocean; the lower fluid is simply the atmo-
sphere below the clouds. An anticyclonic
stress from above on the lower fluid causes
the lower fluid to flow inward and the upper
atmosphere to flow outward. Here, howev-
er, it is the convergence of the lower fluid
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the zones in all respects. Taken together the data suggest that all
the features are not different and isolated phenomena, and that they
all must be linked together as part of one global weather pattern.

toward the center that matters. The conver-
gence occurs below the base of the clouds,
at levels where precipitation is evaporating.
It is this convergence that continuously re-
supplies the zones with condensable va-
por. Such a process is one possible mecha-
nism by which the temperature difference
between zones and belts is maintained.

o far I have said nothing about the circu-
lation of the atmosphere in middle lati-
tudes on Jupiter and on the earth. On the
earth the basic energy source of the atmo-
sphere at middle latitudes is the horizontal
temperature gradient. The gradient arises
because the sun heats the Equator far more
than it heats the poles. An atmosphere with
such horizontal temperature differences at
any given altitude is said to be baroclinic. It
is usually unstable. The instability mani-
fests itself as a wavelike pattern in the ba-
sic eastward flow of the atmosphere. Each
trough of the wave is the point where the air
makes its maximum excursion toward the
Equator and each crest is where it makes its
maximum excursion toward the poles. The
wave transports heat both upward in the
atmosphere and toward the poles. The up-
ward heat transport, in which hot air rises
and cold air sinks, tends to lower the center
of mass of the atmosphere, since a given
volume of cold air is denser and therefore
heavier than the same volume of hot air.
The heat transport thereby releases gravita-
tional potential energy. The troughs and
crests of the baroclinic wave are respective-
ly the cyclones and anticyclones that domi-
nate the earth’s weather at the middle lati-
tudes.

An important question is whether or not
such baroclinic waves are present on Jupi-
ter. If the heat flux from Jupiter’s interior
were uniform from the equator to the poles,
the total heat supplied to the atmosphere
from both the sun and the interior would
still be twice as great at the equator as at the
poles, because of the difference in the degree
to which those regions are heated by the
sun. Such a difference in heating could
cause a considerable amount of baroclinic
instability if Jupiter were like the earth at
middle latitudes.

The axially symmetrical, banded appear-
ance of Jupiter suggests, however, that Jupi-
ter must be quite different from the earth at
those latitudes. Mixing across circles of lati-
tude is an essential aspect of baroclinic in-
stability. And although there are some dis-
turbances resembling baroclinic waves on
Jupiter, they are confined to narrow bands
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of latitude and do not seem to give rise to
large-scale mixing between one band and
another. In addition, if heat transport
toward the poles by baroclinic instability
were the only means of balancing the extra
amount of solar heating at Jupiter’s equa-
tor, an appreciable temperature difference
between the equator and the poles would
develop.

Peter H. Stone of M.I.T. has a general
theory of baroclinic instability in any plane-
tary atmosphere. For Jupiter he estimates
that the equator would be 30 degrees hotter
than the poles if the solar heat were trans-
ported poleward by baroclinic instability
alone. His estimate was recently tested
when the infrared radiometers on Pioneer
10 and Pioneer 11 obtained the first good
heat measurements of the Jovian poles.

The measurements showed that the heat
emitted by Jupiter is about the same over
both the poles and the equator. This implies
that the poles are at about the same temper-
ature as the equator at the same levels of
pressure in the atmosphere. In fact, the ob-
served temperature difference is no greater
than three degrees, as compared with the
value of 30 degrees predicted by Stone’s
baroclinic-instability model. The implica-
tion is that Jupiter is not like the earth at
middle latitudes, and that the transport of

heat in the Jovian atmosphere by baroclinic
instabilities is insignificant.

If that is the case, the difference in solar
heating between the equator and the poles
of Jupiter must be balanced by heat from
the planet’s interior. Recently I suggested a
mechanism whereby the difference could be
equalized by the convective flow of the in-
ternal heat. The mechanism works like a
thermostat. Where the actual vertical tem-
perature gradient in the atmosphere is equal
to the adiabatic value the convective heat
flux is zero. Where the temperature falls
with altitude at a rate slightly higher than
the adiabatic rate, however, the convective
heat flux is large. Thus a slight cooling of
the poles relative to the equator because of
the difference in amount of solar energy
absorbed soon leads to a large increase in
the convective heat flux to the poles relative
to the flux to the equator. The convective
thermostat ensures that Jupiter is very near-
ly adiabatic throughout. Hence the relation
between temperature and pressure at both
the equator and the poles must be very near-
ly equal. The possibility that there is greater
convective flow of internal heat at the Jovi-
an poles seems to be confirmed by the ap-
pearance of convectionlike patterns north
of a latitude of about 45 degrees.

The internal heat source might also play

a role in supplying energy for the circula-
tion observed within the Jovian belts and
zones. It has been suggested that the belts
and zones are simply surface manifestations
of giant convection cells. The giant cells
might be as deep as they are wide, and
therefore they might extend an appreciable
fraction of Jupiter’s radius downward
toward the center of the planet.

here are several arguments against the
convection-cell hypothesis, although
none of them is conclusive. First, if Jupiter’s
atmosphere is indeed analogous to the
earth’s tropical atmosphere, it does not
need a deep, large-scale circulation below
the clouds. Condensable vapor could be
concentrated in the zones and dispersed in
the belts in a shallow layer just below the
base of the clouds. The temperature differ-
ences arising from the condensation within
the clouds seem fully capable of accounting
for the observed winds. Therefore the belts
and zones could well be a superficial phe-
nomenon, extending only slightly deeper
than the base of the deepest clouds.
Second, if the belts and zones were asso-
ciated with the large-scale convection of in-
ternal heat, one would expect that the infra-
red emission from Jupiter would be strong-
est in the zones, since the zones are the site
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VERTICAL CLOUD STRUCTURE of the atmosphere of Jupiter
has been computed from a theoretical model devised by John S. Lew-
is of the Massachusetts Institute of Technology. In an atmosphere
composed primarily of the noncondensable gases hydrogen and heli-
um there are distinct layers of clouds. The color line indicates the
temperature of the atmosphere at various depths and pressures; it
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is based on an analysis of infrared data made by Glenn S. Orton
of the Jet Propulsion Laboratory of the California Institute of Tech-
nology. The black broken line indicates the theoretical temperature
of the atmosphere at the same depths and pressures if the atmosphere
were perfectly adiabatic (completely mixed by convection). The
planet’s atmosphere is nearly adiabatic except at uppermost levels.



of rising motion. It is true that we can ob-
serve the heat flux only at the top of the
atmosphere; nevertheless, the zones do not
seem to be the principal regions of infrared
emission. In fact, it is the belts that both
emit the greater amount of infrared energy
and absorb the greater amount of solar en-
ergy. On the other hand, the net flux, that is,
the difference between the amount of energy
emitted and the amount absorbed, is about
equal in the zones and the belts. This equali-
ty implies that the internal heat flux at the
base of the clouds is the same in the belts
and the zones, provided that there is no
latitudinal heat transport within the clouds.
The point is that the radiative-flux data pro-
vide no evidence to support the convection-
cell hypothesis, even though they do not
rule it out.

Third, the convection-cell hypothesis has
more than its share of theoretical difficul-
ties. Convection is typically a small-scale
phenomenon. In the sun or in the earth’s
atmosphere the size of the dominant ener-
gy-carrying cells is on the order of one scale
height, that is, the vertical distance in which
the density and the pressure increase by a
factor of e, or 2.718. On Jupiter the scale
height is a few tens of kilometers, and the
belts and zones are some 10,000 kilometers
wide. Moreover, on a rotating body convec-
tion patterns tend to develop a longitudinal
structure, just the opposite of what is ob-
served on Jupiter. Such arguments suggest
that small-scale convection is the dominant
mode of heat transfer, at least below the
clouds, where radiation and condensation
are unimportant.

here are other ways, however, in which

Jupiter’s belts and zones might be part
of a deep pattern of convection extending
down a significant fraction of the planet’s
radius. Several theoretical and laboratory
studies have shown that convection in a ro-
tating sphere usually takes the form of long,
thin columns, the axes of which are parallel
to the axis of rotation. The two ends of each
column intersect the visible surface of the
sphere at opposite latitudes in the northern
and southern hemispheres. Friedrich H.
Busse of the University of California at Los
Angeles has suggested that the belts and
zones are the surface manifestation of such
long, thin columns. So far the columns have
been shown to exist only in laboratory ex-
periments with comparatively viscous lig-
uids. Extending the hypothesis to cover the
compressible gases on a rotating sphere the
size of Jupiter is therefore somewhat specu-
lative.

Whether the belts and zones are a shal-
low phenomenon confined to the cloud lay-
ers or are part of a deep convection pattern,
there is still no satisfactory explanation of
why they are oriented in the east-west direc-
tion. The earth’s tropical atmosphere also is
banded, with a cloudy zone around the
Equator and clear belts to the north and
south. The equatorial intertropical conver-
gence zone is a band of cumulus clouds and
thunderstorms that generally occupies a
strip some five to 10 degrees north of the
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RADIATION BALANCE in the atmosphere of the earth (top) and of Jupiter (bottom) shows
dramatic differences between the planets. For both planets the amount of thermal radiation
emitted (color) is nearly independent of latitude, whereas the amount of sunlight absorbed
(black) is strongly affected by the oblique angle of the sun at the poles. The earth has a negligi-
ble source of internal heat, and so the areas under the two curves for the earth are equal. The ex-
cess amount of solar heating at the earth’s Equator is carried poleward by currents in the at-
mosphere and ocean. Jupiter has an appreciable source of internal heat: it emits 1.9 times as
much energy as it receives from the sun. Thus the area under the color curve for Jupiter is 1.9
times larger than the area under the black curve. In addition very little heat is carried poleward
by currents in Jupiter’s atmosphere. Hence Jupiter’s internal heat must reach the surface
preferentially at the poles. The smaller bumps in the curves for Jupiter are created by the belts
and zones; more thermal radiation is emitted and more sunlight is absorbed in the belts than in
the zones. Curves for both planets are averaged relative to longitude, time of day and season.
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Equator. It is a region of net upwelling in
the atmosphere, even though heat is carried
upward to the base of the stratosphere by a
system of both updrafts and downdrafts.
On each side of the intertropical conver-
gence zone there is a dry belt extending to
30 degrees north and south of the Equator.
There the motion is almost everywhere
downward; updrafts are confined to a thin
layer close to the ground. The skies are gen-
erally clear and heat is transferred vertically
mainly by infrared radiation. The north-
ward offset of the intertropical convergence
zone is apparently due to the fact that the
continents and oceans are distributed differ-
ently in the Northern and Southern hemi-
spheres.

The difference between Jupiter and the
earth seems to come at higher latitudes. On
Jupiter the banded pattern repeats itself sev-
eral more times; on the earth the pattern
breaks up into baroclinic instabilities. The
difference may be due to the thermostatic
effect of the internal heat source on Jupiter.
On the earth baroclinic instabilities provide
the only way for the atmosphere to balance
the solar heating: the air over the Equator
heats up relative to the air over the poles,

instabilities develop and soon the middle-
latitude circulation is dominated by cy-
clones and anticyclones. On Jupiter the
equatorial regions heat up only slightly rel-
ative to the polar regions, and the internal
heat flux readjusts itself by an amount that
is sufficient to balance the difference in the
solar heating.

The instability of the belts and zones is an
interesting question in its own right. Any
equilibrium state of an atmosphere, except
the state of uniform rotation, has kinetic
energy and gravitational potential energy.
A small-amplitude disturbance may be able
to extract some of that energy and grow at
the expense of the basic state. The basic
state is stable only if all the disturbances
remain small. It is unstable if there is at
least one kind of disturbance that continues
to grow. In any real situation all kinds of
disturbances are always present to some ex-
tent, so that an unstable basic state always
breaks up or evolves in a finite time.

The simplest basic state is one in which
an atmosphere flows strictly from west to
east and the wind velocity varies only with
latitude. Superficially that is the case on
Jupiter, although it may not be valid to

neglect the dependence of velocity on alti-
tude. The only available energy in that basic
state is kinetic, and it is associated with the
different velocities at the different latitudes.
There are no horizontal temperature gradi-
ents from one place to another at the same
level. The atmosphere is said to be baro-
tropic, as opposed to baroclinic, where the
available energy is mainly gravitational and
is associated with horizontal temperature
gradients.

he different velocities of the eastward

winds can be plotted with respect to
latitude to yield a velocity profile. For a
barotropic atmosphere an instability is pos-
sible only when the curvature of the velocity
profile exceeds a certain critical value. That
value is equal to twice the cosine of the
latitude times the planet’s rotation rate
divided by the radius. In 1969 Cuzzi and
I applied the stability criterion to Peek’s
long-term data on Jupiter’s rotation period
with respect to latitude. We found that ac-
cording to this criterion there are only a few
latitudes on Jupiter where an instability is
even marginally possible. The instabilities
are found at the center of retrograde jets in

PATTERN OF BANDS BREAKS DOWN at high latitudes on Jupi-
ter, as is shown by this high-resolution image of the planet’s north-
ern hemisphere made from Pioneer 11. The equator is the second
light zone from the bottom. The disturbed region to the north is at a
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latitude where the basic flow between a belt and a zone is theoretical-
ly expected to be unstable. Farther north such an instability domi-
nates at all latitudes. Borders of picture are distorted because of rota-
tion of planet and motion of spacecraft during time picture was made.



Jupiter’s atmosphere: latitudes where the
rotation period is the longest. The distur-
bance that grows the fastest is a longitudi-
nally oscillating wave. Thus we expect the
basic east-west flow to break up into a wavy
pattern in the vicinity of the retrograde jets
whenever the stability criterion is exceeded.
When the stability criterion is not exceed-
ed, the east-west flow pattern remains con-
stant in time.

A confirmation of sorts was provided by
Pioneer 11 in its closeup pictures of the Jovi-
an northern hemisphere. The pictures show
several bands where a wavelike pattern sug-
gests the location of an instability. The most
prominent patterns are seen on the equator-
ward edges of zones (the poleward edges of
belts). According to Peek’s data, those same
positions are the location of the retrograde
jets. In other words, the instability seems to
be developing where the barotropic-stabili-
ty criterion says it should.

The Pioneer 11 pictures also suggest that
the parallel flow of the belts and the zones
breaks down entirely at latitudes higher
than about 45 degrees. That is at least quali-
tatively consistent with the barotropic-sta-
bility criterion, because the critical value of
the curvature is proportional to the cosine
of the latitude, and the cosine of the latitude
drops to zero at the poles. Hence according
to the stability criterion, a pattern of east-
west bands at the poles would be unstable,
and therefore such a pattern could not be a
permanent atmospheric feature.

A north-south pattern is different. The
most general north-south pattern is a mix-
ture of waves that also propagate westward
at various speeds. The difference between
the north-south flow patterns and the east-
west ones seems to explain the recent com-
puter results of Gareth P. Williams of the
Geophysical Fluid Dynamics Laboratory at
Princeton University. He began with the
barotropic model of Jupiter’s atmosphere
and introduced into the equations a term
that described a randomly varying force
and a term that described the dissipation of
energy attributable to the viscosity of the
atmosphere. He found that initially both
the east-west and the north-south motions
appeared in his model. Later the north-
south motions continued to form and de-
cay, whereas the east-west pattern grew
slowly to the limiting amplitude imposed by
the stability criterion. By adjusting the bal-
ance between the randomly-varying-force
term and the dissipation term, Williams
was able to produce a quite realistic-looking
computer model of Jupiter [see illustration
on page 47).

Itisstill hard to understand why the bar-
otropic model should be so successful in
explaining Jupiter’s atmospheric features.
The deep atmosphere must rotate with the
interior, so that the speed of the currents at
the boundaries of the belts and the zones
must vary with depth. Associated with such
a variation with depth there must be tem-
perature differences between the belts and
the zones on horizontal surfaces. In other
words, the Jovian atmosphere should be
baroclinic, not barotropic. The barotropic
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COMPUTER MODEL OF GREAT RED SPOT (fop) in Jupiter’s atmosphere duplicates
several of the atmospheric flow features that are observed. It shows the counterclockwise winds
around the spot and the proper directions of the east-west flow of the gas north and south
of the spot. Moreover, it shows pointed tips at the east and west edges of the spot. A variation
of the model (bottom) shows how smaller dark spots that occasionally approach the Great Red
Spot can sometimes suddenly change latitude and begin to recede, carried by a current of gas
back in the direction from which they came. In both versions of the model the horizontal
scale of the diagram has been compressed by a factor of three with respect to the vertical scale.

model would still be a valid approximation
if the actual lapse rate were very much less
than the adiabatic lapse rate, or if tempera-
ture increased with altitude. Those, howev-
er, are unlikely possibilities; both theory
and observation suggest that the actual
lapse rate is close to the adiabatic lapse rate
except in the stratosphere, which is above
the region of cloud motions. Perhaps the
success of the barotropic model is due to
our overzealous efforts to match the obser-
vational data with a theory that is based on
terrestrial experience. The real mechanisms
at work on Jupiter might still be eluding us.

Et us now turn to the Great Red Spot and
similar spots in Jupiter’s atmosphere.
For a number of years the only theory that
seemed capable of explaining the Great Red
Spot was the Taylor-column hypothesis put
forward by Raymond Hide, who was then
at MLI.T. [see “Jupiter’s Great Red Spot,”
by Raymond Hide; SCIENTIFIC AMERICAN,
February, 1968]. Because of the Great Red
Spot’s long lifetime, its constancy in lati-
tude and its uniqueness it seemed that it
must be connected with an underlying solid
object or topographic feature that was giv-
ing rise directly to the flow patterns at the
visible surface. A Taylor column is the cyl-
inder of stagnant fluid that was believed to
join the solid object to the red cloud we see
at the top of the Jovian atmosphere.

Since it now seems likely that Jupiter has
no solid surface at any depth, the Taylor-
column hypothesis is not as compelling.
Moreover, the recent observations have
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brought out the similarity between the
Great Red Spot and the zones. In fact, the
spot’s long lifetime and its constancy in lati-
tude are no more unique than the long life-
time and the constancy of latitude of the
zone in which it is embedded. The Great
Red Spot also drifts irregularly westward
relative to Jupiter’s magnetic field, which
would presumably be rooted in the solid
surface of the planet if there were one. Fi-
nally, other zones seem to have their own
red spots, suggesting that the Great Red
Spot is not unique.

The prevailing view now is that all the
red spots, like the zones, are basically
a meteorological phenomenon. Since the
Great Red Spot has higher clouds and a
more strongly anticyclonic circulation than
any of the zones, it could be called a super-
zone. If the zones and red spots are driven
by the latent heat of condensation, then it
could also be called a Jovian hurricane.

As with a terrestrial hurricane, there is
probably a net rising motion within the
Great Red Spot and a relatively uniform
sinking motion in the regions immediately
outside it. By far the highest velocities,
however, are associated with the horizontal
flow around the spot; the vertical motion of
the atmosphere and its associated spreading
motion at the cloud tops are too small to be
measured. Perhaps the vertical heat trans-
fer and energy release, and the energy dissi-
pation as well, are small. Therefore to a first
approximation one might neglect all the
dissipative processes and ask whether there
is an adequate model of the horizontal flow
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SMALLER RED SPOT resembling the Great Red Spot is shown in this image made from Pioneer
10. Such spots, lasting for about two years, are not uncommon and are usually found in the
zones. Their similarity to the Great Red Spot suggests that all such features are purely long-
lived meteorological phenomena and are not associated with any solid feature within Jupiter.

GREAT RED SPOT, photographed from Pioneer 11, is now believed to resemble a terrestrial
hurricane. The observed flow of the atmosphere in the zone and around the spot is anticyclonic,
implying that the pressure within the spot is high. The flow near the top of a terrestrial hurri-
cane is also anticyclonic, implying that it too is a high-pressure region at high altitudes. The
Great Red Spot has been a feature on Jupiter for some three centuries. Hydrodynamic models
of the spot show that in the absence of the dissipation of energy such a flow feature could
in principle last forever. Even a small amount of dissipation will not affect it appreciably,
and on Jupiter the energy that would need to be dissipated could be completely provided
by the release of latent heat from the rising gas within the zone condensing to form clouds.
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around the spot. Once again the simplest
case is for a barotropic atmosphere. The
aim of such a study would be to see if there
are any special conditions under which red
spots can or cannot exist, and to see if the
model can predict any details of the flow
pattern of such spots that can be compared
with observation.

The Great Red Spot is embedded in a
zone in the Jovian southern hemisphere,
and it rotates counterclockwise like a wheel
between two oppositely moving surfaces.
Northward (equatorward) of the spot,
along the northern edge of the zone, the
flow is to the west. Southward (poleward) of
it the flow is to the east. In 1970, working
with a computer model, I found that the
rolling-wheel configuration was the only
one that gave a steady (time-independent)
configuration of flow. The configuration
shows that anticyclonic spots such as the
Great Red Spot can exist only in an anticy-
clonic linear feature such as a zone. That
aspect of the computer model is confirmed
in the association between red spots and
zones in both the northern and the southern
hemisphere. The computer model also pre-
dicts that the Great Red Spot should have
pointed tips at its east and west ends where
the opposing wind currents of the zone di-
vide. That aspect is confirmed in the close-
up pictures of the spot, where the pointed
tips are clearly visible. Recently Tony Max-
worthy and Larry G. Redekopp of the Uni-
versity of Southern California have dupli-
cated additional features of the flow around
the Great Red Spot, including the interac-
tion of other large spots with it over a long
period of time. The basic flow is assumed to
be barotropic, so that this model suffers
from the weakness common to barotropic
models: the actual lapse rate must differ
from the adiabatic lapse rate by an amount
that is inconsistent with other data on Jupi-
ter’s atmosphere.

11 the studies of the Great Red Spot dem-
onstrate that such flow features are
possible in a steady state without a solid
surface to define the shape of the pattern. In
the absence of energy dissipation such a
flow feature will last forever. Introducing a
small amount of dissipation, as is appropri-
ate for Jupiter, will not change the flow
patterns appreciably. The energy that
would need to be dissipated might be com-
pletely provided by the convergence be-
tween moist and dry gas and the release of
latent heat.

Someday I should like to develop a com-
puter model that works for both Jupiter and
the earth. With the appropriate energy
sources and sinks, with more stringent
boundary conditions, with allowances
made for Jupiter’s internal heat source and
so on the model should realistically predict
the behavior of the atmosphere of either
planet. Having such a model would mean
that we understood terrestrial meteorology
at a much deeper level, since the universali-
ty of the principles involved would have
been tested by their applicability in two in-
dependent atmospheric systems.
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Silver halide imagery, among other
uses, illuminates mankind’s path from
its past towards its future. Few traces
of our forebears are as obvious as
Stonehenge. Nor does aerial pho-
tography merely lead the ethnographers
and archaeologists to interesting sites.
They need it as much to see why the
sites were chosen. Their disciplines are
useful, with pertinence to any regional
planning commission caught between
the environmentalists and the booster
types.

Homo sapiens uses grass fires or nu-
clear fission, a lichen uses rock-dissolv-
ing acids, and both organisms change
the surface of Earth in pursuing their
respective needs. Seeking a longer per-
spective and better guide to understand-
ing human needs than the bottom line
on an accountant’s balance sheet, schol-
ars study photographs of our old plan-
et’s surface for subtle clues left in geo-
logically recent times by our kind. The
aerial camera is the tool for surface
study, just as the shovel and brush are
for vertical exploration, but the price
of air-survey contracts sometimes frus-
trates scholars when dealing with peo-
ple interested in balance sheets.

-

be useful...and even

interesting

Kenting Earth Sciences Limited, Ottawa, Canada

Let them take heart. All existing
aerial photography has not yet been
drained of ethnographic excitement.
For the sparks to fly, the photography
and a specific conceptual framework
must strike together. If you've got the
concepts, we may have hints on where
to find the photography. Just please
don’t explain the concepts. Our mind is
on a balance sheet. State question to
E. G. Tibbils, Aerial Mapping Markets,
Kodak, Rochester, N.Y. 14650.

Silver halide itself is to colloid science
and surface chemistry almost what the
colon bacillus and the fruit fly are to
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genetics. For doing science, a disper-
sion like this of near-perfect AgBr
cubes—ranging narrowly in edge length
size around 4 micrometers—has come a
long way from the wild type of AgX
crystal on which practical photography
based itself until rather recently. This is
quite aside from the uniquely retentive
memory that such a crystal has for a
few photons of light. The practical con-
sequences thereof have kept numerous
scientists the world around in meat and
potatoes. So intensely has interest been
focused on this stuff that scientists pur-
suing pure, fundamental studies in ad-
sorption phenomena, dielectric loss,
electrophoresis, light scatter, etc. like to
work with silver halide and its extensive
literature. If you want the name of
someone whose interests run in that di-
rection, try Dr. A. H. Herz, Kodak
Research Laboratories, Rochester,N.Y.
14650.
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Before you buy any computer
or peripheral, read about these men.

They ve bought hundreds from Digital.

|
|
-

ErES=ak

“Wedepend onover
100 computers so New
Yorkers can depend on us.’

That’s Al Feyler speaking for
the Planning and Mechanization
Department of the New York
Telephone Company, New York
City region.

“Our region handles 7 million
main stations and some 30 million

“After 4 solid months
of competitive testing,we
found nothing could
compete with Digital’

The business is leasing data
communications equipment. The
company is Leasco Data Com-

munications Corp., a subsidiary
of Reliance Group.

Leascohas put thousands of
datacommunications systemsin
hundreds of companies allacross
the country. As part of its agree-
ment, Leasco provides fast main-
tenance service, no matter where

“We didn'tget acomputer, =

we got acompany.’

Tano Corporation is one of the
hundreds of OEM customers that
put Digital computers in their
products. James Reiss, President
of the company, explains the rea-
sons for going with Digital.

“Our company designs com-
plex electronic control systems
tor oiland gas pipelines, chemical
plants, utilities and municipal
services. We needed a company
that could provide sophisticated
hardware and software to match.”

Attheir present rate of growth,
Tano expects to double their
already significant PDP-11 pur-

Saving managers millions.

Low costcomputers that pay
for themselves over and over
again is what has made Digital
one of the two computer com-
panies in the world to install over
50,000 computers.

And what this means to you is
that right at the time you need it
most you have access to an enor-
mous reservoir of experience and

ideas for cutting costs while
getting more done.

Digital is the pioneer in mini-
computers, the leaderin the
development of small- to large-
scale timesharing systems, and
the company that has made
many of the major breakthroughs
in computerizing techniques.

Because of Digital, interactive
computing, computer hierarchies
and networks, data communica-
tions systems and new uses of
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computer systems are growing
atan unprecedented rate.

And every year Digital places a
remarkably comprehensive selec-
tion of computer tools within the
financial reach of thousands and
thousands of new users.

Todayanyone whohas agood
applications idea for a computer
canafford one. And justasimpor-
tant, they can get the help they



phone calls daily. Computer
power helps us provide our cus-
tomers with the best possible
service.”

In only 4 years, Mr. Feyler’s
department has installed over
104 computers. 76 from Digital
Equipment Corporation.

“Our computers performa
wide number of administrative
and maintenance operations.

Among other things, they report
network and switching problems,
monitor traffic flow, analyze trunk
call data, make equipment assign-
ments, switch messages, and
report coin box troubles.
“Inshort, they helpkeep one
of the world’s most complicated
communications networks
running smoothly.”
As far as the future for New
York Telephone and New York

Telephone customers is con-
cerned, Mr. Feyler explains:
“Right now, we're planning a far
more complex network by 1985.
In fact, we'll be using about

600 minicomputers in all phases
of our operation.”

Why so many Digital com-
puters? “Cost, architecture and
overall reliability were the big
factors in our decision.” il

theunitis. Since every service
call results in a direct loss to the
company, the obvious goal is
to minimize service calls. Accord-
ing to Executive Vice President,
Carl English, one of the best
ways to handle thatis to select the
most reliable equipment.

“Before we §1ose aperipheral

vendor, we put four competitive
teleprinter terminals through a
grueling four-month test. Then
we had a team of technical experts
evaluate the results and the
equipment to determine which
teleprinter would ultimately be
the most reliable. Digital was the

unanimous choice.”

Since June, Leasco has bought
hundreds of DECwriter Tele-
printers from Digital. With hun-
dreds more on order.

“Qur customers want contin-
uous use of their machines,”
English says, “and Digital gives
ittothem.” W

chases in the coming year.

“We depend on timely delivery
to keep our production going.
That’s why we picked Digital.
They’ve'given us the true produc-
tion line, high volume operation
we need.

“What’s more, they back their

hardware and software with
good service.

“When we're trying to sell a
system to somebody for a remote
area, the first question asked
is, whatif it breaks down. Wejust
give himthetelephone number
and address of the local Digital
field service office. That's a
powerful selling point. And one

that no other minicomputer
company can match.

“After buying 150 Digital com-
puters, I can’t say enough about
them. Hardware, software, sup-
port — they have everything.” Il

need from a company with over

4000 field representatives in

25 countries around the world.
To find out how Digital can

help you save money, send for
your free copy of 50,000 Com-

puters Saving ManagersMillions.”

Fill out the coupon below, or call

I Please send me your free book 50,000 Computers Saving Managers
| Millions” to show me how I can get more work done at lower cost.

| My computer application is
| Name
: Company

Title
Address
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or write Digital Equipment Cor-
poration, Maynard, Mass. (617)
897-5111, Ext.4089. European
headquarters: 81 route del’Aire,
1211 Geneva 26. Tel: 4279 50.
Digital Equipment of Canada,Ltd.

50,000 computerssaving
managers millions.



Once...just once

have the automobile you want.
The Mercedes-Benz450SL.

ou've learned the hard way.

You've suffered through the rest

— the cramped, little whippets, the

ellowing brawlers, the high-strung

blue bloods. Small wonder that the

Mercedes-Benz 450SL seems too
}_luud to be true.

Suspend your skepticism. The
450SL can’t be lumped in with the
rest. Conventional sports cars have
little in common with it. You owe it
to yourself to try the 450SL.

Anatomy of an ideal

The 450SL captivates your senses.

It’s supposed to. Your eyes linger on
the lean body design.

Settle into the cockpit of this
Mercedes-Benz and you immediate-
ly feel at home. The anatomically
designed seat cradles you. You read
critical gauges at a glance.

By design, everything falls into
place. It’s a study in ergonomics.

Three cars in one
Clearly, this is the complete sport-
ing automobile. Standard equip-
ment includes a removable hard-
top as well as a custom-tailored
soft top that's always on board.
Hardtop. Soft top. No top. The
450SL - practically three carsinone,

Now, take the 450SL on a thor-
ough ‘test drive. It’s time for the
moment of truth. Tum the key and
you dispel the last of your doubs.
The 450SL's engineering creden-

© 1976 SCIENTIFIC AMERICAN, INC

tials make it a match for any sport-
ing automobile in the world.

Go ahead. Enjoy yourself. Feel
this Mercedes-Benz tum an ordi-
nary back road into an indelible
driving experience.

Performance? Ride? Handling?
Incomparable. And exactly what
you'd expect from a car whose pro-
genitors dominated the racing cir-
cuits of the world.

At last, it's happened. The car
you want is here. The Mercedes-
Benz 450SL. But stand forewarned.
Don’t sample the unique 450SL
until you're really ready
to buy one. It's that kind
of automobile.

Mercedes-Benz

Engineered like no other car
in the world.




SCIENCE AND THE CITIZEN

Meter by Meter

he pace of conversion to the metric

system in the U.S. can be expected

to quicken under the impetus of the
Metric Conversion Act of 1975, which was
signed by President Ford in December. The
act provides for the creation of a United
States Metric Board of 17 members (to be
nominated by the President and approved
by the Senate), who will have the responsi-
bility for coordinating a “voluntary conver-
sion” by means of “a broad program of
planning, coordination and public educa-
tion.” The legislation puts into effect, with
modifications, the recommendation of the
U.S. Metric Study (made between 1968 and
1971 under legislation passed by Congress
in 1968) that the U.S. adopt the metric sys-
tem “through a coordinated national pro-
gram over a period of 10 years.” The 1975
act provides for the coordinated national
program but does not specify that the con-
version should be completed within a cer-
tain period of time.

The system of measurement that the
Metric Board will be fostering is formally
known as the International System of Units
(often abbreviated SI, for Systéme Interna-
tional d’Unités). The SI has seven base units
(the meter for length, the kilogram for
mass, the second for time, the ampere for
electric current, the kelvin for temperature,
the mole for the amount of a substance and
the candela for luminous intensity) and two
supplementary units (the radian for a plane
angle and the steradian for a solid angle).
Units for all other quantities are derived
from these nine.

In deriving units the SI emphasizes that
they should be formed from the base and
supplementary units in a coherent manner.
One result of this principle is a series of 16
prefixes that should be applied to the basic
units to indicate large or small quantities.
For large quantities they are deka (10?),
hecto (102), kilo (103), mega (105), giga
(109), tera (1012), peta (1015) and exa (1018).
For small ones they are deci (101), centi
(10-2), milli (10-3), micro (10-6), nano (10-9),
pico (10-12), femto (10-15) and atto (10-18).
Another result is that certain units widely
regarded as being part of the metric system
are not part of the SI. They include the liter
(the ST’s derived unit for volume is the cubic
meter, and in strict terms one should order
fuel and beer in fractions or multiples of
that unit) and the metric ton (1,000 kilo-
grams, properly expressed as one mega-
gram). The National Bureau of Standards
takes the position, however, that units such
as the liter, and also the minute, the hour
and the day, ‘“‘are used so widely that it is
impractical to abandon them.”

Among the SI’s derived units with special
names are those for frequency (the hertz,
or cycles per second), force (the newton,
or meter-kilogram per second per second),
pressure or stress (the pascal, or newton per

square meter), energy, work or quantity of
heat (the joule, or newton-meter), power or
radiant flux (the watt, or joule per second),
electric charge or quantity of electricity (the
coulomb, or ampere-second), electric po-
tential, potential difference or electromotive
force (the volt, or watts per ampere), capac-
itance (the farad, or coulombs per volt),
electric resistance (the ohm, or volts per
ampere), conductance (the siemens, or am-
peres per volt), magnetic flux (the weber, or
volt-second), density of magnetic flux (the
tesla, or webers per square meter), induc-
tance (the henry, or webers per ampere),
luminous flux (the lumen, or candela-stera-
dian), illuminance (the lux, or lumens per
square meter), radioactivity (the becquerel,
or spontaneous nuclear transitions per sec-
ond) and absorbed dose of radiation (the
gray, or joules per kilogram).

It seems likely that a number of units that
are not part of the SI will continue in use no
matter how extensively the metric system is
adopted in the U.S. For some units the rea-
son will be familiarity, and for others it will
be the possibility that an SI unit would im-
pede communication. In addition to the
units that the Bureau of Standards says it
would be impractical to abandon because
they are so familiar, certain other units wiil
be acceptable “for a limited time” because
“their usage is already well established.”
They include the nautical mile, the knot,
the barn (a unit employed in nuclear phys-
ics to express the effective cross section of
an atomic nucleus) and the gal (a unit em-
ployed in geodesy and geophysics to express
the acceleration due to gravity). According
to the bureau, “it is believed by many per-
sons familiar with metrication efforts on the
part of business, industry and the nation’s
school systems that metric will be the pre-
dominant, although not exclusive, measure-
ment system within 10 years.”

Slowdown

n the view of the U.S. nuclear-power in-
dustry 1975 was ‘““a year of consolida-
tion—a corporate euphemism for rotten
business.” That assessment sums up both
the content and the tone of the annual re-
view of the U.S. nuclear-power program is-
sued by the Atomic Industrial Forum, an
official organ of the industry. “While other
sectors of the economy began to shake off
recessionary symptoms,” the Forum ob-
serves, the nuclear program “barely held its
own in the face of sluggish overall demand
for electric energy and unabated inflation.”
Moreover, “the continuing struggle to forge
an integrated, commercial fuel cycle. .. was
complicated by a cautious Federal bureauc-
racy, a skeptical Congress and a clamorous
band of critics.”

The dimensions of what is described as
“the statistical decimation of nuclear power
in 1975” are summarized in the review. Up
to 1974 the consumption of electric power
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in the U.S. had grown for some time at an
average rate of 7 percent per year. In 1974
that annual growth rate was cut to zero.
Nonetheless, economists for the electric-
utility companies projected a renewed
growth rate of 5 percent for 1975. The actu-
al growth rate for the year turned out to be
less than 2 percent. Although residential
and business consumption of electricity in-
creased substantially, industrial consump-
tion fell below even the 1974 level.

As a result the utilities chose to continue
the “recession-inspired wave” of cutbacks
in the construction of nuclear and non-nu-
clear power plants, a trend that seemed to
the nuclear industry “to have spent itself in
early 1975.” Approximately 180,000 mega-
watts of projected new electric-generating
capacity had been deferred in 1974, some
two-thirds of it nuclear. In 1975 the utilities
deferred an additional 40,000 megawatts of
capacity, this time half of it nuclear. Eight
power-reactor projects were canceled alto-
gether.

According to the Atomic Industrial Fo-
rum, “the disproportionate impact of utility
retrenchment on nuclear power plants is
not difficult to understand,” since nuclear
plants tend to be the largest and most costly
additions to utility systems. It has been esti-
mated that a 1,000-megawatt power reactor
ordered in 1975 will cost $868 million ($868
per kilowatt) to build, exclusive of fuel, and
will be ready for operation in 1984. The
same plant, if it had been ordered in 1969,
would have cost $226 million and would
probably have been in operation today.

Turning to the problems of the nuclear
fuel cycle, the Atomic Industrial Forum
notes that at “the front end, it was suddenly
a seller’s market for uranium.” Although
this is expected to ‘“‘rekindle” the pace of
exploration in 1976, the result in terms of
new uranium discoveries is “less easily dis-
cernible.” In any case “the ultimate urani-
um supply may be determined as much by
the tail end of the cycle as by the availability
of the raw material.” Here, the Atomic In-
dustrial Forum observes, “there was great
commotion but little forward movement in
1975.” Plans to recycle plutonium in the
spent reactor fuel, a stratagem that could
reduce uranium requirements by as much
as 40 percent, have been held up pending
approval of the concept by the Nuclear
Regulatory Commission. Meanwhile the
question of whether or not private industry
is to enter the uranium-enrichment business
is the subject of Congressional debate. The
Energy Research and Development Ad-
ministration (ERDA) has recently an-
nounced that it must know by the end of
March whether private uranium enrich-
ment is to be expected or whether the Fed-
eral Government will need to expand its
own enrichment capacity in order to pre-
vent a possible shortage of reactor fuel by
about 1984.

In spite of the generally “dismal” per-
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of
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night
sky

A set of four programs,
one for each season will
take you on a mythological
and scientlific journey
through the night sky.

Includes:

Two cassette lapes

(four 25 minute programs),
supplementary booklet,
four night sky maps.

Ideal for teachers, campers,
children, anyone who wants
to know more about the
wonders of the night sky.

SPECIAL OFFER

Also included is a one-year
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ASTRONOMICAL SOCIETY
OF THE PACIFIC

(a nationwide organization).
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formance of the industry in 1975, the At-
omic Industrial Forum states that ““the year
had its compensations,” among them the
fact that the year ended with 58 power reac-
tors licensed to operate in the U.S., 69 un-
der construction and 101 more ““in the pipe-
line.” Nuclear power plants had about
40,000 megawatts of generating capacity in
1975, accounting for roughly 8 percent of
the total U.S. capacity. That percentage is
still projected by ERDA to rise to more
than 23 percent by 1985, 40 percent by 1995
and 45 percent by 2000.

Anatomy of an Antigen

he immune response and all other phe-

nomena of immunochemistry depend
on the highly specific manner in which an
antibody “‘recognizes” and binds to its anti-
gen. It has been clear for some time that
what a combining site on an antibody mole-
cule recognizes is the pattern of an antigenic
determinant, or reactive region: a rather
small patch on the outside of the protein,
polysaccharide, nucleic acid or other large
molecule that acts as an antigen. In the case
of protein antigens those regions must be
short stretches of amino acid units on the
complexly folded chains of amino acids that
constitute a protein molecule.

Now for the first time the complete an-
tigenic structure of a protein has been
worked out. In an immunological tour de
force M. Z. Atassi has precisely mapped the
five antigenic reactive regions on the mole-
cule of myoglobin, the oxygen-transporting
protein of muscle. The task, which took 11
years to accomplish at the State University
of New York at Buffalo School of Medicine
and at the Wayne State University School
of Medicine, was described in more than 50
step-by-step reports by Atassi and a succes-
sion of co-workers and has been reviewed in
the journal Immunochemistry by Atassi,
who is now at the Mayo Medical School.
“In retrospect,” he writes, “protein chemis-
try was not . . . sufficiently developed” to do
the job early in the 1960’s; he and his col-
leagues developed new reactions and other
techniques as they went along.

Atassi chose myoglobin because it was
then the only protein whose three-dimen-
sional structure was known; the sequence of
most of its amino acids was also known.
The 153 amino acids of myoglobin form a
single chain that is folded into a compact
molecule in which straight helical segments
alternate with sharp bends, and within
which is nested a single iron-containing
heme group: the oxygen carrier. One could
not simply take the chain apart and check
each peptide, or segment of two or more
amino acids, for antigenicity. That had been
attempted with some proteins, but the re-
sulting information revealed little about the
active sites of a native, or folded and intact,
protein molecule. Atassi relied instead on
five distinct approaches, the results of each
serving to correct or confirm the results of
the others.

First he studied the effect of changing the
conformation of the native protein by sub-
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stituting variously modified heme groups
for the normal one (which had been shown
not to be in an active region) and testing the
antigenicity of the resulting molecules in
the presence of a number of different anti-
bodies. (The antibodies had been prepared
by injecting myoglobin into goats and rab-
bits.) The results showed that the overall
shape of the molecule affects antigenicity, at
least in the case of myoglobin. Then Atassi
examined the effect of modifying specific
amino acids in the molecule, one by one and
in combinations. Some modifications affect-
ed the antigenicity of the molecule and oth-
ers did not; the location of those that did
(without causing any conformational
change in the protein) provided the first
evidence for the approximate locations of
reactive regions.

The next stage was to dissect the mole-
cule into overlapping peptide fragments,
taking care (on the basis of the preceding
step’s results) not to cleave the chain within
an indicated reactive region. An isolated,
unfolded peptide does not always display
antigenicity even if it comprises a reactive
region, but under certain conditions it may.
Positive results with two or more overlap-
ping segments, for example, indicated that
the reactive region was within the overlap-
ping one. Then the immunochemically ac-
tive peptides were modified at individual
amino acids; again if a modification affected
reactivity, the modified amino acid must be
within a reactive region.

By combining the results of these four
procedures Atassi was able to define five
segments of the chain within which there
appeared to be reactive regions. Some of
those segments could not, for technical rea-
sons, be precisely dissected out of the myo-
globin molecule for final testing and nar-
rowing down. The final step was therefore
to prepare synthetic peptides that mimicked
amino acid sequences within the suspected
segments and test each of those peptides for
antigenicity. And so the reactive regions
were eventually mapped: five sequences,
each of them six or seven amino acids in
length, situated either at or near bends in
the chain (but not at all bends). Essentially
the same regions (with a shift of no more
than one amino acid unit in a few cases)
were recognized by antibodies from several
different goats and rabbits.

Energy Plantations

Only 100 years ago wood supplied more
than half of the energy used in the
U.S. The material is now being reconsid-
ered as perhaps the cheapest way to capture
solar energy. The Energy Research and De-
velopment Administration (ERDA) has re-
cently written several large contracts for the
study of biomass energy systems, which
would have trees, grasses or other crops
grown on “‘energy plantations” as a source
of either electric power or synthetic fuels.
Plausible estimates suggest that B.t.u.’s
from plant cellulose would be competitive
with low-sulfur coal in parts of the U.S. and
substantially cheaper than oil everywhere.



For example, the Green Mountain Power
Company of Burlington, Vt., which now
pays more than $50 per ton for low-sulfur
coal, is seriously considering fueling its next
generation of power stations with wood
chips, provided by systematic pruning and
clearing of existing forests.

Proponents of energy plantations are
confident that unless there are unforeseen
reductions in the cost of solar-collection
systems, which depend on solid-state solar
cells, thermal panels or sun-tracking mir-
rors, the natural process of photosynthesis
offers by far the simplest and cheapest way
of trapping solar energy on a large scale. A
major advantage of energy plantations over
artificial systems is that the solar energy is
captured and stored simultaneously. It is
estimated that a movable-mirror-and-boiler
collection system, perhaps the cheapest of
the proposed technical methods, would re-
quire an investment of roughly $2,500 per
installed kilowatt. The capital investment in
equipment and starting material for an en-
ergy plantation, according to one estimate,
should be no more than $150 per kilowatt,
assuming that the land was rented at a rate
that would yield the owner a return of 10
percent. To this must be added perhaps an-
other $750 per kilowatt for the power plant
itself. (A nuclear power plant would cost
from 15 to 20 percent more.)

Two general kinds of crops are consid-
ered suitable for energy plantations: warm-
season grasses (such as Bermuda grass and
Sudan grass) and certain deciduous trees
(such as poplar, eucalyptus, alder, cotton-
wood and sycamore). The ideal crop would
be a perennial that reproduces from cut-
tings (since seed requires costly collection
and sowing), that grows rapidly when
young and that resprouts vigorously after
harvesting. Warm-season grasses, including
sugarcane and sorghum, may be preferable
to trees in the Gulf Coast states, where rain-
fall is plentiful. Farther north trees may
provide higher yields.

Grasses would be harvested every few
weeks. Trees would be planted several
inches apart (up to 10,000 per acre) and
would be harvested every three or four
years on a continuous rotating schedule.
The stumps should sprout many times be-
fore replanting is necessary.

Yields considered realistic for either
warm-season grasses or trees are seven to 11
tons of dry matter per acre per year, which
corresponds to the capture and net conver-
sion of .6 to .8 percent of the incident sun-
light. (More optimistic estimates project
yields two or three times larger.) The typi-
cal conversion efficiency for wild forests is
.1to .2 percent and for trees grown on pulp-
wood farms about .3 percent. Each acre of
an energy plantation should supply enough
fuel for two kilowatts of installed generat-
ing capacity. Thus a 500-megawatt power
plant would consume the output from
250,000 acres, or about 400 square miles. It
is estimated that there are between 70 and
100 million acres in the U.S., now little used
and unsuitable for food or fiber production,
that could be converted into energy planta-
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tions. The potential biomass harvest from
100 million acres would provide enough
fuel for 200,000 megawatts of electric-gen-
erating capacity, equivalent to about 40
percent of the nation’s present installed ca-
pacity. Alternatively, depending on the
economics, the biomass from energy plan-
tations could be converted into synthetic
gaseous and liquid fuels.

Clocks

he first three-quarters of this century

have witnessed a revolution in prehisto-
ry: the progressive substitution of absolute
chronologies for relative ones. Early in that
period the archaeologist’s only precise
chronological technique was one borrowed
from the earth sciences: relative strati-
graphic position. Admirably accurate at
any one stratified site, particularly if the
uppermost strata included remains from
historical periods, relative stratigraphy was
almost useless when it came to comparing
data from widely separated places. Soon af-
ter World War I a powerful new dating
technique—tree-ring analysis—enabled ar-
chaeologists in the southwestern U.S. to
construct the first extensive regional abso-
lute chronology, reaching back from the
present to the centuries just before Europe-
an contact with the New World. Soon after
World War II the introduction of carbon-
14 dating gave archaeologists a tool for the
establishment of absolute chronologies over
a range of thousands of years around the
world. Since then new absolute methods
have appeared, not least among them the
combining of tree-ring and carbon-14 anal-
yses to detect irregularities in the carbon-14
clock and to recalibrate it. The journal
World Archaeology recently invited contrib-
utors to summarize developments in abso-
lute dating techniques. The highlights are as
follows.

Tree-ring chronologies in the Old World
now include a sequence based on samples of
juniper wood at Gordion in Turkey cover-
ing the years from 1500 to 700 B.C., a Euro-
pean sequence based on subfossil oaks from
streambed gravel deposits that may extend
to about 7000 B.C. and shorter sequences in
England and Ireland that overlap with the
Roman, Viking and medieval periods. Tree-
ring chronologies in the U.S. now include
sites in Alaska and the Mississippi valley;
the longest southwestern sequence now
goes back to 332 B.c. Of major importance
is the chronology based on living and dead
bristlecone pines from the White Moun-
tains of California. It provides an unbroken
record going back to 6000 B.C. and may
soon be extended by another 2,000 years. It
is the bristlecone chronology that made
possible recalibration of the absolute dates
derived from carbon-14 analysis; these
proved to be as much as 1,000 years in error
for the period from 4000 to 5000 B.C.

Carbon-14 dates based on wood and
charcoal samples begin to accumulate ex-
cessive probability errors when the samples
are more than 35,000 years old. A new car-
bon-14 technique, based on samples of bone
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collagen, retains tolerable margins of error
up to 50,000 years. Sample enrichment may
be able to extend the bone-collagen range
back to 75,000 years.

Another new absolute dating technique is
based on the fact that after an animal has
died some of the amino acids in its bones
gradually shift from their natural “left-
handed” molecular structure into a “right-
handed” structure that is unknown in living
organisms. Age determinations based on
this amino acid racemization have proved
to correlate well with carbon-14 findings
from samples of the same specimens. Fu-
ture prospects for the technique seem prom-
ising on two grounds. First, the bone sam-
ple required is much smaller than that need-
ed for bone-collagen extraction. Second, the
probability errors remain within acceptable
limits until the specimens are more than
100,000 years old.

An established technique that determines
the age of mineral specimens on the basis of
their proportional content of potassium and
argon has been greatly refined in recent
years. The method is based on the fact that a
natural isotope of potassium decays radio-
actively into argon. Thus over a period of
time the proportion of argon to potassium
increases. Absolute dates can be determined
in a range from less than 50,000 to more
than 50 million years.

Absolute dating by means of fission-track
analysis has come to be recognized as per-
haps the most versatile of the new methods.
In crystals and even in amorphous materi-
als such as glass, obsidian and amber micro-
scopic tracks are produced by the spontane-
ous fission of trace amounts of uranium.
The abundance of the tracks, which are re-
vealed by etching, is proportional to the
time elapsed since the material was first
formed or, in the case of certain artifacts,
was last exposed to high temperatures.

The method has now been used to date
materials ranging from glass only a century
old to 2,000-year-old pottery from Japan,
zircon inclusions in volcanic ash from Val-
sequilla in Mexico (where certain ambigu-
ous human artifacts have been unearthed)
that are as much as 500,000 years old, and
pumice from Olduvai Gorge in Tanzania as
much as 2.3 million years old. A potassi-
um/argon finding on samples from the
same pumice formation, indicating that its
age was 1.75 (plus or minus .05) million
years old, is in good agreement with the
fission-track finding.

Catastrophe Theory

A)y object or concept can be represented
as a form, a topological surface, and
consequently any process can be regarded
as a transition from one form to another. If
the transition is smooth and continuous,
there are well-established mathematical
methods for describing it. In nature, howev-
er, the evolution of forms is rarely smooth;
it usually involves abrupt changes and per-
plexing divergences.

Such discontinuous and divergent phe-
nomena have long resisted mathematical
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analysis, and in most cases quantitative de-
scription is still unattainable. In the past
few years, however, a method for the con-
struction of qualitative, topological models
has been developed. The method was de-
vised by René Thom of the Institut des
Hautes Etudes Scientifiques at Bures-sur-
Yvette in France, and numerous applica-
tions of it have been proposed by other in-
vestigators. Thom’s treatise, Structural Sta-
bility and Morphogenesis, has recently been
published in an English translation by D.
H. Fowler.

Thom proved that in a space having no
more than four dimensions (such as the
four-dimensional space-time of the real
world) there are just seven kinds of trans-
formation. Because these transformations
represent sudden disruptions of otherwise
continuous processes he termed them the
seven elementary catastrophes. They are
represented by graphs that have folds and
pleats and other more complicated surfaces;
discontinuities are represented in the topo-
logical models by sudden jumps from one
surface to another.

One of the early applications of the theo-
ry, which Thom discussed extensively, was
to the growth and differentiation of the em-
bryo. Since all the cells in an embryo con-
tain the same genetic information, it is not
obvious how the cells differentiate into ecto-
derm, endoderm and mesoderm, or how
some of them later specialize to form partic-
ular organs. Without proposing explicit
biochemical mechanisms, Thom suggested
that the process of differentiation is a series
of catastrophes. In principle the model
could describe each point of bifurcation,
where the development of a cell diverges
from that of its immediate neighbors.

E. C. Zeeman of the University of War-
wick in England has employed the theory to
describe a number of other phenomena, in-
cluding some that are quite commonplace.
The course of an argument between two
people, for example, often involves an esca-
lation of emotion, making rational discus-
sion impossible. In the model this diver-
gence becomes a catastrophe: the most
probable behavior is either aggression or
submission, and sudden, catastrophic shifts
from one attitude to the other are not un-
common. A similar model extends the prin-
ciple to international politics: a threatened
nation may offer concessions or may declare
war. Both models explicitly account for the
observation that a man or a nation “pushed
too far” may suddenly lash out. The adage
about the straw that broke the camel’s back
might also be cited; indeed, the sudden
buckling of a flexible beam, whether it is the
spine of an animal or the girder supporting
a bridge, is readily explained as one of the
elementary catastrophes.

Catastrophe theory has been particularly
interesting in its applications to the biologi-
cal and social sciences, perhaps because
discontinuous and divergent phenomena
abound there. For example, Thom suggests
applications not only in embryology but
also in the theory of evolution, in reproduc-
tion, in the process of thought and in the



generation of speech. For the living cell and
for the organism as a whole life is one catas-
trophe after another.

Booming Dunes

sand dune would not seem to be a very

likely candidate as a natural sound
generator. The fact is that dunes in many
parts of the world squeak, roar or boom.
Acoustic sands have been described in des-
ert legend for at least 1,500 years, but they
have received little scientific attention. Re-
cently, however, David R. Criswell of the
Lunar Science Institute in Houston, Tex.,
John F. Lindsay of the University of Texas
at Galveston and David L. Reasoner of the
Marshall Space Flight Center in Huntsville,
Ala., conducted the first quantitative analy-
sis of the properties of an acoustic dune.

The dune they investigated was Sand
Mountain near Fallon, Nev., which has of-
ten been heard to boom. In order to obtain
simultaneous recordings of both seismic
and acoustic emissions from the sand, the
experimenters and two assistants set up a
geophone for monitoring vibrations trans-
mitted through the sand and a microphone
for receiving sounds transmitted through
the air. After trying several different meth-
ods they found that the sand boomed loud-
est when a trench was rapidly dug in it with
a flat-bladed shovel. The sound was like a
short, low note on a cello; it lasted for less
than two seconds and was readily audible at
a distance of 30 meters. The booming could
also be produced by pulling the sand down-
hill with the hand; in that case strong vibra-
tions reminiscent of a mild electric shock
could be felt in the fingertips.

When the sand was disturbed, the sound
was detected by the air microphone about a
quarter of a second before seismic vibra-
tions were detected by the geophone. When
the disturbance was stopped, both types of
vibration ceased simultaneously. The ex-
perimenters interpret this to mean that the
disturbance induced multiple modes of vi-
bration in the ground, the earliest of which
was not detected by the geophone.

Although the appearance of booming
sand dunes is indistinguishable from that of
ordinary silent dunes, examination of sands
in the scanning electron microscope re-
vealed that the individual grains of booming
sand are more highly polished than the
grains of silent sand. Twenty-nine of the 31
known booming dunes are composed pri-
marily of quartz sand; the exceptions are
two dunes in Hawaii that are principally
calcite sand.

The tonal quality of the booming is re-
markably pure, comparable to an organ
tone. “One must be amazed that as unlikely
a medium as sand can produce such pure
oscillations,” the experimenters comment
in Journal of Geophysical Research. “A
quantitative theory of the booming process
is not presently available. . .. The problem is
intriguing and very likely far more compli-
cated physically and mathematically than
the simple processes controlling oscillations
in an organ pipe.”
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Will the Universe Expand Forever?

The recession of distant galaxies, the average density of matter,

the age of the chemical elements and the abundance of deuterium

together suggest that the expansion cannot be halted or reversed

by J. Richard Gott III, James E. Gunn, David N. Schramm and Beatrice M. Tinsley

( :osmological inquiry is ancient, but
only in the past 50 years or so have
we begun to understand how the

universe began and what its ultimate fate
may be. The crucial perception came in the
1920’s, when Edwin P. Hubble demonstrat-
ed that the spiral nebulas are not local ob-
jects but independent systems of stars much
like our own, and thereby showed that the
universe is a much larger place than had
been imagined. Hubble showed further that
the entire observable system of galaxies is in
orderly motion. As is now well known, the
nature of that motion is expansion: all dis-
tant galaxies are receding from us.

That the universe is expanding is today
considered established. A question that re-
mains unsettled is whether the expansion
will continue forever or whether the reced-
ing galaxies will someday stop and then re-
verse their motion, eventually falling to-
gether in a great collapse. The answer to
this question determines the geometrical
character of the universe, that is, it deter-
mines the nature of space and time. If the
expansion continues perpetually, the uni-
verse is “open” and infinite; if it will some-
day stop and reverse direction, the universe
is “closed” and of finite extent.

In order to choose between those possi-
bilities, astronomers construct mathemati-
cal models of the universe and then attempt
to find observable features of the real uni-
verse that would confirm one of the models
and exclude all others. So far no single mea-
surement has been made with enough preci-
sion to settle the question unambiguously.
Several independent tests are possible, how-
ever, and pieces of the puzzle have been
supplied by many workers employing quite
different techniques. It now seems feasible
to assemble the pieces. Taken together, the
available evidence suggests that the uni-
verse is open and that its expansion will
never cease.

Isotropic Expansion

Hubble detected the recessional motion
of the distant galaxies through measure-
ments of their optical spectra. The spectra
of most stars (and hence of galaxies) are
interrupted by dark lines representing the
absorption of particular wavelengths by at-
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oms in the cooler, outer layers of the stellar
atmosphere; each chemical element gener-
ates a characteristic pattern of lines whose
wavelengths are precisely known from labo-
ratory measurements. When the galaxy is
moving away from the observer, the wave-
length of each spectral line is increased as a
result of the Doppler effect, so that all the
lines appear to be displaced toward longer
wavelengths and in particular toward the
red end of the visible portion of the spec-
trum. The displacement is called a red shift,
and by measuring its magnitude the veloci-
ty of recession can be calculated. When an
object is moving toward the observer, the
wavelengths of the spectral lines are de-

creased by the Doppler effect and the lines
appear to be displaced toward the blue end
of the spectrum, an effect called a blue shift.
All the distant galaxies whose spectra were
measured by Hubble and by later observers
show red shifts; they are therefore assumed
to be receding from us.

The recessional motion has several re-
markable properties. Hubble showed that
the velocity with which a galaxy recedes is
proportional to its distance from us, so that
a constant ratio of distance to velocity can
be calculated. Theratiois such that a galaxy
10 million light-years from us recedes with
a velocity of 170 kilometers per second; an-
other galaxy twice as far away recedes twice
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FATE OF THE UNIVERSE is described through mathematical models of its behavior. Two
classes of models are generally considered plausible; in both the universe begins in a compact
state of infinite density (the big bang). In one class of models the universe expands continuous-
ly and indefinitely, albeit at an ever lower rate (upper series of drawings). In the other class
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as fast, or 340 kilometers per second [see
illustrations on next two pages]. Small de-
partures from this rule are commonly ob-
served because most galaxies are members
of groups or clusters and have orbital mo-
tions with a component along the line of
sight connecting the earth with the gal-
axy. Those motions are essentially random,
however, so that in any large sample of gal-
axies they cancel one another. Nonrandom,
systematic variations from the ratio have
been found only for galaxies at the most
extreme distances; as we shall see, these var-
iations do not invalidate the rule but pro-
vide important information about the histo-
ry of the universe.

A second characteristic of the cosmic ex-
pansion is its isotropy: it is the same in all
directions. No matter where in the sky a
galaxy is found, its recessional velocity is
related to its distance by the same propor-
tionality. This observation seems to suggest
that the universe is remarkably symmetrical
and, what is even more extraordinary, that
we happen to be at its very center. The
crystal spheres of medieval cosmologies
were no more geocentric.

There is, of course, another explanation,
which can be understood most readily by
considering a simple two-dimensional mod-
el of an expanding universe. Imagine a
spherical balloon with small dots painted
on its surface, each dot representing a gal-
axy. As the balloon is inflated the distance
between any two dots (always measured on

the surface of the sphere) increases with a
speed proportional to the distance between
them. No matter which dot is designated
the center, all the other dots recede from it
uniformly in all directions. Thus each dot
observes the same expansion and no one of
them has a privileged position. Such an ex-
pansion has no center; more precisely, every
point is its center.

It follows from this analysis of the expan-
sion that the geometrical configuration of
the dots cannot change. A balloon bearing a
picture of Mickey Mouse continues to bear
the same picture as it is inflated. All dis-
tances between points on the balloon are
multiplied by the same factor. Similarly, in
the real universe eight galaxies that happen
to lie at the corners of a cube in one epoch
will remain at the corners of a cube, albeit a
larger one, as the universe expands.

The Big Bang

Since Hubble’s original discovery in-
creasingly precise observations have shown
that it is not only the cosmic expansion that
is isotropic; all the large-scale features of
the universe are indifferent to direction. For
example, the distribution of galaxies on the
celestial sphere and the distribution of ex-
tragalactic radio sources appear to be quite
uniform. The most compelling evidence of
isotropy was discovered in 1965 by Arno A.
Penzias and Robert W. Wilson of the Bell
Laboratories; it is the microwave back-

ground radiation that seems to bathe the
entire universe. The microwave radiation
has since been shown to be highly isotropic;
it varies by less than one part in 1,000 over
the entire area of the sky.

The observation of such remarkable isot-
ropy has led to the adoption of a powerful
generalization called the cosmological prin-
ciple. It states that the universe appears iso-
tropic around all observers participating in
the expansion everywhere and at all times.
In other words, our galaxy is indeed at the
center of the universe, but so is every other
galaxy.

The cosmological principle also governs
the behavior of the two-dimensional model
universe represented by a spherical balloon.
If the painted dots are distributed with uni-
form density over the surface of the balloon,
the neighborhood of any chosen point is
statistically the same as that of any other
point and no direction has any special sig-
nificance. Indeed, it is not necessary to pos-
tulate independently that the dots (or, in the
three-dimensional universe, the galaxies)
are uniformly distributed. If the universe is
isotropic for all observers, then the distribu-
tion must be homogeneous; ifit were not, an
observer at the edge of a density fluctuation
would not see a uniform distribution inde-
pendent of direction.

For the purposes of this discussion we
shall adopt the cosmological principle, but
it must be remembered that its appeal is
mostly philosophical. It has not been ade-
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the universe expands to a maximum size, then begins to contract,
eventually reaching infinite density again (lower series of drawings).
The alternatives are illustrated here in an arbitrary region of space in
which the cosmic expansion is represented by a decrease in average
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density. The expansion is isotropic, that is, the same in all directions.
As a result an observer at any point perceives himself as being at
the center of the expansion, and the shape of any pattern (such as
the arbitrary pattern of colored dots) will be preserved in all epochs.
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quately tested, and indeed adequate tests
may never be possible.

Given our knowledge of the universe as
we observe it today, what can we deduce
about its history? A simple, hypothetical
model with which to begin is one where the
recessional velocity of every galaxy has re-
mained unchanged through all time. It is
then apparent that any galaxy now receding
from us was once arbitrarily close, and that
the time that has elapsed since then is equal
to the ratio between the galaxy’s distance
and its velocity. Since the ratio is the same

for all galaxies, all of them must have been
nearby at the same time; in other words, at
some unique time in the past all the matter
in the universe was compressed-to an arbi-
trarily great density. The time calculated to
have elapsed since that compact state exist-
ed, assuming the rate of expansion has not
changed, is called the Hubble time. Its re-
ciprocal, by which one multiplies the dis-
tance of a galaxy to obtain its recessional
velocity, is called the Hubble constant.
Measurements of the Hubble time are com-
plicated by uncertainties as to the distance

to galaxies, and the measurements have
been repeatedly revised since Hubble’s first
estimate of about two billion years. The
Hubble time is now thought to be between
12 and 25 billion years, and the most likely
value is about 19 billion years.

If the motions of the galaxies are extrapo-
lated into the past as far as possible, a state
is eventually reached in which all the galax-
ies were crushed together at infinite density.
That state represents the big bang, and it
marks the origin of the universe and every-
thing in it. By the simple mathematics of
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COSMIC EXPANSION seems to place the observer at the center of
the universe, from which all distant galaxies are fleeing. The velocity
with which a galaxy recedes is proportional to its distance from the
observer, a relation first established in the 1920’s by Edwin P. Hub-
ble from observations made with the 100-inch telescope at the Mount
Wilson Observatory. The principle that the ratio of velocity to dis-
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tance is constant has since become known as Hubble’s law. It can be
interpreted most simply as evidence that the expansion of the uni-
verse began with the big bang, since the relation implies that in the
past all the galaxies were packed together with infinite density. Dis-
tances are given here in millions of light-years; velocities are repre-
sented by the lengths of arrows, measured on the scale at lower right.
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proportionality, if the recessional velocities
have not changed, the date of the big bang
must be exactly one Hubble time ago. Actu-
ally the rate of expansion has almost cer-
tainly not been constant, but that does not
alter the fact of the big bang; it merely
changes the date.

That the universe began with a big bang
is an inevitable conclusion if the known
laws of physics are assumed to be correct
and in some sense complete. It is conceiv-
able, however, that there are laws of nature
whose effects are negligible on the scale of
the physics laboratory, or even on the scale
of the solar system, but that might predomi-
nate in determining the behavior of the uni-
verse as a whole. One theory requiring new
laws of nature was the steady-state cosmol-
ogy, in which the universe is unchanging
and infinitely old. In order to explain the
cosmic expansion the steady-state theory
postulated the continual creation of matter
from the void.

In the steady-state model of the universe
it was particularly difficult to account for
the microwave background radiation. This
radiation field has the spectral characteris-
tics of the thermal radiation emitted by a
body at a temperature of 2.7 degrees Kel-
vin. It seems to be satisfactorily explained
only as a relic of an epoch when the universe
was very hot and very dense. A steady-state
universe cannot have had such conditions,
since in that model all conditions, by defini-
tion, have not changed.

In big-bang models the background radi-
ation is a natural consequence of conditions
in the early universe. The initial state in
these models is one of high temperature and
density, a state sometimes called the cosmic
fireball. At this stage the matter and the
electromagnetic energy composing the uni-
verseare thought to have been in thermody-
namic equilibrium, and as a result the radia-
tion spectrum was that of a very hot body.
As the universe has expanded the radiation
has cooled, reaching the low-temperature
spectrum observed today. The cooling can
be understood as an enormous red shift;
since all galaxies are constantly receding
from the radiation, its spectrum is constant-
ly displaced toward the longer wavelengths
associated with lower energies and lower
temperatures. In 1946 George Gamow pre-
dicted the existence of a thermal back-
ground radiation entirely from the theoreti-
cal framework of the big-bang model. He
estimated its present temperature as being
about five degrees K. The general agree-
ment between Gamow’s prediction and the
observations of Penzias and Wilson is the
most compelling evidence for the big bang.

Thus it appears that the universe began
from a state of infinite density about one
Hubble time ago. Space and time were cre-
ated in that event and so was all the matter
in the universe. It is not meaningful to ask
what happened before the big bang; it is
somewhat like asking what is north of the
North Pole. Similarly, it is not sensible to
ask where the big bang took place. The
point-universe was not an object isolated in
space; it was the entire universe, and so the

RECESSIONAL VELOCITY (KILOMETERS PER SECOND)
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DISTANCE (MILLIONS OF LIGHT-YEARS)

30 40

HUBBLE’S LAW is established by measuring the ratio of velocity to distance for many gal-
axies. The best estimate of the ratio (solid colored line) is about 17 kilometers per second per
million light-years. Individual galaxies (white dots) depart from that value because most are
members of clusters and have orbital velocities. The inverse of the ratio is the Hubble time: the
time it would have taken for any given galaxy at its present velocity to reach its present po-
sition, or in other words the time since the big bang if the velocities have not changed. Actu-
ally it is thought that the recessional velocities have declined under the influence of gravita-
tion; as a result the ratio is thought to increase at extreme distances (broken colored line).

only answer can be that the big bang hap-
pened everywhere.

In most models of the evolving universe
the receding galaxies are assumed to follow
ballistic trajectories, roughly analogous to
those of a thrown ball or an artillery shell.
The galaxies were propelled apart by forces
acting at the moment of the big bang, but
since then they have moved in free flight,
without further propulsion. They should
therefore continue in uniform motion if no
other forces acted on them. Actually the
galaxies continue to interact as they fly
apart. If only the familiar forces that ex-
press the known laws of physics are to be
allowed in our models, then only one force
can have a significant effect on the expan-
sion: gravitation. We can therefore hope to
understand the dynamics of an expanding
universe if we can describe the gravitational
interactions of all its components.

Gravitational Deceleration

The gravitational force affects all matter,
it is always attractive and its range is infi-
nite. Moreover, gravitation has a peculiar
geometrical property that significantly aids
analysis: A hollow sphere exerts no net
gravitational forces on masses in its interi-
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or. (Actually, of course, the mass of the
hollow shell attracts the masses in the inte-
rior, but all the forces exactly cancel, so that
at every point in the interior the resultant
force is zero.) This proposition was first
proved by Newton, but it applies equally
well to more recent theories of gravitation,
such as the general theory of relativity.

If a spherical region of the universe is
selected for examination, the rest of the uni-
verse surrounding it can be regarded as a
hollow spherical shell, since the cosmologi-
cal principle requires that the surrounding
matter be uniformly distributed in all direc-
tions. The selected sphere can then be stud-
ied as if it were isolated and not subject to
forces from the outside. The cosmologi-
cal principle also ensures that any selected
sphere of galaxies will expand or contract
by the same factor as the universe as a
whole, regardless of the sphere’s location or
size. In order to characterize the dynamics
of the universe, therefore, we need only ex-
amine the dynamics of a representative
sphere within it. If the sphere chosen is a
small one, the velocities of the galaxies will
be much smaller than the speed of light, and
their motions can be described in terms of
Newtonian mechanics.

A galaxy at the edge of such a small
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spherical region feels only the gravitational
forces generated by the matter inside the
sphere. If that matter is distributed homo-
geneously, then the resultant force acting
on the galaxy attracts it to the center of the
sphere. As a consequence the test galaxy
does not recede with constant velocity; in-
stead its recessional motion is at all times
decelerated. It is thus obvious that in the
past the test galaxy and all other galaxies
must have been moving faster than they are
today. Ignoring the deceleration leads to an
overestimate of the age of the universe. That
age is one Hubble time only if the rate of
expansion has not changed; since the rate
has slowed under the influence of gravita-
tion, the big bang must have taken place
more recently than one Hubble time ago.
The magnitude of the gravitational decel-
eration clearly depends on the amount of
mass inside the selected sphere. If the
sphere contains a great deal of matter,
the test galaxy must eventually stop and
fall toward the center; the representative
spherical region begins to collapse and, on
the cosmological principle, so does the en-
tire universe. If there is little matter, the test

galaxy will decelerate continuously but nev-
er stop. Both the spherical region and the
universe as a whole will expand indefinitely.
The situation is analogous to that of a pro-
jectile shot upward from the surface of the
earth: the projectile decelerates but never-
theless will not return to the surface if its
velocity exceeds a certain critical value, the
escape velocity.

The escape velocity for objects leaving
the earth is determined by the mass of the
earth; for a test galaxy at the edge of an
arbitrary sphere in space the escape velocity
is determined by the total mass within the
sphere. From the ratio of velocity to dis-
tance the actual velocity of the test galaxy
with respect to the center of the sphere is
known. Its ultimate fate therefore depends
on the value of the escape velocity and
hence on the mass within the sphere.

Since the universe is assumed to be ho-
mogeneous, the determining quantity is the
average density of matter in the universe. If
the density is smaller than some critical val-
ue, the effect of gravitation is too small to
halt the cosmic expansion, and all galaxies
will recede forever (although ever more

PRESENT

SCALE OF THE UNIVERSE

!%———-HUEI.BLE TIME —)\I

TIME—>

MODELS OF COSMIC EVOLUTION describe changes in the scale of the universe with the
passage of time. All models must be consistent with the scale and the rate of expansion observed
today, so that all their graphs must be tangent at the present moment. If the rate of expansion is
unchanging (broken black line), the age of the universe is the Hubble time. Decelerating uni-
verses are younger, and both their history and their destiny depend on the magnitude of the de-
celeration. With modest deceleration the expansion can continue indefinitely, albeit at an ever
lower rate (solid black line). Greater deceleration implies that the cosmic expansion must stop
and then reverse, leading to an eventual collapse (colored line). The infinitely expanding uni-
verse is said to be “open” and the collapsing universe, which is also the youngest, “closed.”
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slowly). If the density is greater than the
critical density, gravitation will prevail, and
the expansion will slow to a stop and begin
an accelerating contraction ending in a final
cataclysm: what might be called the big
crunch. The actual value of the critical den-
sity depends on the Hubble time, which is
not precisely known. If the Hubble time
is 19 billion years, the critical density is
5 X 1030 gram per cubic centimeter, the
equivalent of about three hydrogen atoms
per cubic meter. That seems to be an ex-
ceedingly small density, but it should be
remembered that on the average the uni-
verse is quite empty.

The effect of gravitation on the cosmic
expansion can be incorporated into mathe-
matical models most conveniently by intro-
ducing a dimensionless number called the
density parameter and denoted by the
Greek letter omega (1). The density param-
eter is defined as the ratio of the actual
density of the universe to the critical densi-
ty. If the universe is to expand forever, that
ratio must be less than or equal to 1; if
equals exactly 1, the universe is expanding
everywhere at just the escape velocity, and
if 1 is greater than 1, the universe must
eventually collapse.

The Geometry of Space

The foregoing discussion could have been
derived entirely from the Newtonian theory
of gravitation, although it is also valid in the
general theory of relativity. In the general
theory, however, the value of the density
parameter has further consequences; in par-
ticular it determines the geometry of space.
In the high-density universe fated to col-
lapse, gravitation is sufficiently strong to
*“‘close” space. The total volume of the uni-
verse is finite at all times, although there is
nevertheless no boundary or edge to the
universe. A two-dimensional analogue of
such a three-dimensional space is the sur-
face of a sphere, which similarly is finite in
area although it has no boundary.

If Q) equals 1, so that the universe ex-
pands with exactly the escape velocity, the
geometry of space is “flat”; it is the familiar
Euclidean geometry, and it is represented in
two dimensions by an infinite plane.

The geometry of a perpetually expanding
universe in which (Q is less than 1 is more
difficult to illustrate. The two-dimensional
analogue is the surface of a figure called
a pseudosphere, and a complete pseudo-
sphere cannot be constructed in three-di-
mensional space. A saddle-shaped surface
has some of the properties of such a space,
but it is a defective model in the important
respect that it has a center, whereas the real
space defines no preferred position [see il-
lustration on page 70]. Perhaps the best two-
dimensional representation of such a space
is a projection of a pseudosphere onto a
plane, a device that is employed in several of
the works of the Dutch artist M. C. Escher
[see illustration on page 71}.

The three possible kinds of three-dimen-
sional space are distinguished by several ge-
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GEOMETRY OF SPACE
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OPEN AND CLOSED MODELS of the universe are distinguished
mainly by the average density of matter and by the value of the cos-
mic deceleration. Density is a crucial factor because in models de-
scribed by the general theory of relativity it is the sole determinant of
the gravitational forces that slow the cosmic expansion. Density is
most easily treated as a dimensionless parameter, the ratio of the
actual density to the critical density just needed to halt the expan-
sion. Deceleration can also be expressed as a dimensionless number,

ometric properties, some of which can be
represented in the two-dimensional models.
A flat plane, of course, is the basis of Eu-
clid’s geometry, and on it all the Euclidean
axioms and the theorems derived from
them are obeyed. On a plane exactly one
line can be drawn through a given point
parallel to another line; the sum of the in-
cluded angles in a triangle is always 180
degrees; the circumference of a circle in-
creases in proportion to the radius, and the
area of a circle increases in proportion to
the square of the radius.

On the surface of a sphere no two lines
are parallel, provided that a straight line is
defined as one taking the shortest path be-
tween two points. Such lines are called geo-
desics, and on the sphere they are the great
circles, any two of which always intersect.
Similarly, on a sphere the sum of the includ-
ed angles in a triangle is always greater than
180 degrees; the circumference of a circle
increases more slowly than in proportion to
the radius, and the area of a circle increases
more slowly ihan in proportion to the
square of the radius.

The surface of a pseudosphere possesses
properties opposite to those of a sphere.
Through a given point infinitely many lines
can be drawn that are parallel to another
line, or geodesic. The sum of the angles of a

triangle is less than 180 degrees. The cir-
cumference of a circle increases faster than
in proportion to the radius, and the area of a
circle increases faster than in proportion to
the square of the radius. The geometry of
the three-dimensional space represented by
a pseudosphere was first studied in 1826 by
Nikolai Lobachevski.

In the simple cosmological models dis-
cussed here the geometry of space is unique-
ly related to the future behavior of the uni-
verse. It is notable that in models with Q
greater than 1 the universe is closed in both
space and time. The volume of space is fi-
nite, and there are definite temporal limits,
beginning with the big bang and ending
with the big crunch. Models in which Q is
less than or equal to 1 are open in both space
and time. Such models have a definite start-
ing point (the big bang), but they are always
infinite in extent and they expand indefinite-
ly into the future.

Measurements of Deceleration

There are several possible ways of deter-
mining whether the actual universe is open
or closed. All of them lead ultimately to an
estimate of the rate at which the cosmic
expansion is decelerating. One method is
simply to measure the deceleration directly,

© 1976 SCIENTIFIC AMERICAN, INC

the deceleration parameter, which in the models considered here is
always equal to half the density parameter. These two parameters
determine not only the future of the universe but also the geometry of
space. The open universe is of infinite size at all times, and in it space
has hyperbolic, or negative, curvature. In the universe with critical
density, in which the density parameter is exactly 1, space has zero
curvature, it is the flat space of Euclidean geometry. The closed uni-
verse is of finite size; in it space has spherical, or positive, curvature.

by observing distant galaxies. It is also pos-
sible to measure the age of the universe, and
by comparing it with the Hubble time (the
age if there were no deceleration) to derive
an estimate of how much the velocity of
expansion has changed. Since the decelera-
tion is a gravitational phenomenon, an
equivalent measure is the average density of
matter; comparing the actual density with
the critical density gives the ratio Q. Final-
ly, the present abundance of certain chemi-
cal elements represents a kind of fossil rec-
ord of conditions in the very early universe,
including the density, and from that infor-
mation too the value of ( can be calculat-
ed. Evidence from each of these methods
has contributed to our present knowledge of
the state of the universe.

The deceleration of the cosmic expansion
is usually expressed in terms of a dimen-
sionless number called the deceleration pa-
rameter and symbolized q,. Since the decel-
eration is a gravitational effect, the deceler-
ation parameter is closely related to the
average density of matter. In the cosmologi-
cal models considered here, which are con-
structed according to the general theory
of relativity, qo is always equal to exactly
half the density parameter . Thus if q¢ is
greater than 1/2, the universe is decelerat-
ing rapidly enough, because of its high den-
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sity, to stop expanding and subsequently
collapse. If gg is less than 1/2, the expan-
sion cannot stop because the density is too
low to halt it.

An obvious approach to determining the
rate of deceleration would be to measure the
radial velocity of a single galaxy at two
times in order to see how much it has
slowed down in the interval. Unfortunately
the change in velocity expected in a human
lifetime is far too small to be detected; in-
deed, the experimental errors involved in
the determination are many orders of mag-
nitude larger. Because of the finite speed of
light, however, it is possible to measure the
velocities of galaxies in the remote past and
to compare them with velocities represent-
ing more recent eras. The comparison is
possible because as we look at increasingly
distant objects in the sky we also see farther
and farther into the past. The relation is
obvious when distances are measured in
light-years: if a galaxy is a billion light-years
away, the light we receive from it today was
emitted a billion years ago, and the Doppler
shift in its spectrum must reflect the distant
galaxy’s velocity then with respect to our
own velocity now. Thus if the cosmic ex-
pansion is decelerating, the constant ratio of
velocity to distance discovered by Hubble is
not expected to hold for the most distant
galaxies. At extreme distances the ratio
should increase, or in other words the veloc-
ities should be greater than those predicted
by Hubble’s law.

In order to measure the deceleration by
this method it is necessary to have an inde-
pendent measure of the distances of the gal-
axies. For all but the nearest galaxies the
only practical method of estimating the dis-
tance to a galaxy is from its apparent lumi-
nosity. If all galaxies at all times had the
same intrinsic luminosity, then their appar-
ent brightness would vary simply as the in-
verse of the square of their distance, and the
calculation of distance would be a straight-
forward procedure. Of course, they do not
all have the same intrinsic luminosity.

Random variationsinbrightness (caused,
for example, by differences in size) may pro-
duce errors in any individual measurement.
Because of such variations it is necessary to
acquire a large volume of data and to sub-
mit it to statistical analysis, but in principle
random variations are not a serious con-

GEOMETRY OF SPACE characteristic of
each model universe has an analogous surface.
The properties of the surfaces are defined by
the Euclidean axioms and theorems on paral-
lel lines, on the included angle of a triangle
and on the circumference and area of a circle.
The flat space of a critical universe is repre-
sented by a plane, and the positively curved
space of a closed universe corresponds to the
surface of a sphere. Some of the properties of
the negatively curved space of an open uni-
verse can be demonstrated on a saddle-
shaped surface, but the saddle is an imperfect
analogue because it has a center. The best rep-
resentation of an open universe is an infinite
surface called a pseudosphere, which cannot
be constructed in a three-dimensional space.



SURFACE OF A PSEUDOSPHERE is represented in an etching, Circle Limit IV, by M. C.
Escher. In the etching the surface is projected onto a plane. As in any map projection, the scale
is not constant; on the pseudosphere itself the figures of angels and demons would all be the
same size. If a single figure is regarded as a unit of measure, it is apparent that the circumfer-
ence of a circle increases much faster than in proportion to the radius. Similarly, each figure de-
fines a triangle (with the vertexes at the feet and the wing tips); from the number of triangles
that meet at each vertex it can be shown that on the pseudosphere the sum of the angles of a tri-
angle is less than 180 degrees. The pseudosphere is an infinite surface of negative curvature,
analogous to space in a universe that expands forever. It has no privileged position that could be
considered a center, and projection would be unchanged if it were centered on any other point.

cern, since in any large sample they can be
expected to cancel out. Systematic varia-
tions, however, require explicit correction.

Theories of stellar evolution suggest that
the combined light from all the stars in an
isolated galaxy probably declines at a rate
of a few percent per billion years. Galaxies
were therefore probably brighter in the
remote past. If the change in brightness
were neglected in making measurements of
the deceleration, the calculated distances
would be too small and as a result the rate of
deceleration would be overestimated. The
decline in brightness would seem to be quite
modest, but it changes the calculated value
of the deceleration parameter qo by about
1, which is more than enough to decide
between an open universe and a closed one.
The best current observations, which take
into consideration the changes in luminosi-
ty resulting from stellar evolution, suggest
that g is closer to zero than to 1/2 and
therefore that the universe is open and per-
petually expanding.

There is a further large uncertainty in the
determination of the deceleration. Most of

the observed galaxies are situated in rela-
tively dense clusters, and possible interac-
tions between galaxies ought to be taken
into account. For example, it has recently
been shown that in clusters large galaxies
swallow smaller ones, with a consequent
change in luminosity and size. It is not yet
possible to predict the magnitude of the
change, or even to be sure whether it makes
the measured luminosity increase or de-
crease. Adding stars to a galaxy should
make it brighter, but in cosmological obser-
vations only the luminosity of the central
part of the galaxy is measured. If the canni-
bal galaxy swells significantly, the number
of stars in the central region might be re-
duced and the galaxy would appear fainter.

The Age of the Universe

As a result of statistical uncertainties and
our imperfect knowledge of galactic evo-
lution the value of g derived from mea-
surements of recessional velocity is very un-
certain. From this test alone one cannot
conclude that g is less than 1/2 and that
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the universe is open; on the other hand, very
large values of go, such as g equals 2, do
seem to be excluded.

The second approach to determining the
fate of the universe is to measure its age. If
the expansion were not decelerating at all,
the age would be equal to the Hubble time.
Since it is decelerating it must be somewhat
younger than the Hubble time. By finding
the difference between the actual age and
the Hubble time it is possible in principle to
calculate the deceleration parameter qo.

The age of the universe can be estimated
by two methods; both actually yield only
lower limits, since they measure the ages of
objects in the universe, but those objects
were probably formed within the first bil-
lion years or so after the big bang. The first
method consists in determining the age of
the oldest stars that can still be observed
today. The oldest stars close enough for de-
tailed observation are thought to be those in
the globular clusters associated with our
own galaxy. Models of stellar evolution in-
dicate that they are between eight and 16
billion years old.

The age can also be estimated from mea-
surements of the relative abundance of cer-
tain heavy elements. All the elements heavi-
er than iron, including several radioactive
ones, are thought to have been formed in
supernovas, which have probably been ex-

ploding in the galaxy since its formation.
Because each radioactive element decays at
a constant rate, the ratio of the abundance
of each radioactive element to the abun-
dance of its decay products can reveal the
average age of the heavy elements. The ra-
tios indicate that the age of the galaxy is
between six and 20 billion years. The two
calculated ages are thus consistent, and
they suggest that the big bang took place
between eight and 18 billion years ago.

Average Density

Whether a given age within the allowed
range corresponds to an open universe or a
closed one depends on the value of the Hub-
ble time, and as we have seen that value is
not easily determined. Moreover, even if the
Hubble time is assumed to equal the recent
best estimate of 19 billion years, neither the
age limits nor the exclusion of go values
greater than 2 is sufficient to decide whether
the universe is open or closed [see illustra-
tion on page 72B]. The issue can be decided
only by imposing further constraints.

The third test consists in measuring the
average density of matter in the universe
and thereby deriving the density parameter
Q. A lower limit to the density can be ob-
tained by considering only the mass associ-
ated with visible galaxies. The density is
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DECELERATION of the cosmic expansion can be detected in the recessional velocities of gal-
axies in the remote past. It is possible to look into the past by observing the most distant gal-
axies, since light reaching us now was emitted a length of time ago given by the galaxy’s dis-
tance in light-years. The deceleration is thus perceived as a departure from Hubble’s law; if
there were no deceleration, the ratio of velocity to distance would be constant (black line); with
deceleration the ratio increases at extreme distances (colored line). Because of the difficulty of
estimating the distance to galaxies it has not been possible to measure the rate of deceleration
precisely, but values of the deceleration parameter greater than about 2 have been excluded.
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found by counting the galaxies in a given
volume of space, multiplying by the masses
of the galaxies and dividing by the volume.

Weighing a galaxy is not as difficult as it
might at first seem. Few galaxies are com-
pletely isolated; most are found in small
groups or in large clusters, and their mass
can be deduced from observations of the
gravitational effects they exert on one an-
other. Two galaxies in orbit around each
other, for example, must have a gravitation-
al attraction just sufficient to balance the
centrifugal force. If their separation and
their velocities with respect to each other
are known, the determination of their com-
bined mass becomes a simple exercise in
Newtonian mechanics. The procedure for
clusters of many galaxies is only slightly
more complicated. Significantly, the mass
calculated in this way includes not only the
mass of the galaxies but also the mass of any
other matter in the cluster. Constituents
that would not be visible, such as black
holes or extragalactic dust and gas, are au-
tomatically taken into account.

Estimates of the mass of a great many
galaxies, combined with counts of the gal-
axies in large volumes of space, give an indi-
cation of the value of the density parameter
Q. If the mass associated with galaxies rep-
resents all the mass in the universe, then Q
is only about .04 and the universe must
definitely be open and infinitely expanding.
This value could be uncertain by a factor
of 3, so that a value of () as great as .12
would still be consistent with observations,
but that is still well below the value of 1
required to close the universe.

The density of the universe can also be
estimated by comparing the behavior of dis-
tant galaxies with the behavior of those in
the local supercluster, the aggregate of gal-
axies that includes our own local group in
addition to many other small groups and
the somewhat larger Virgo cluster. Within
the local supercluster the mean density of
galaxies is two and a half times greater than
that in the universe as a whole. If all mass is
associated with galaxies, then the average
density of matter must also be two and a
half times greater in the supercluster than
outside it. The difference in density should
give rise to a difference in the rate of expan-
sion; because the local density is greater,
nearby galaxies should be more strongly de-
celerated. The magnitude of the difference
depends on the value of ; if Q is large,
there should be a considerable difference.
If Q is small, then the deceleration every-
where is small, and even a local enhance-
ment in density by a factor of two and a
half would cause little change. In fact, the
difference is undetectable, being smaller
than the probable observational errors.
The most straightforward- conclusion is
that 0 is very small, probably no larger
than .1.

Both methods of estimating density are
explicitly confined to the matter associated
with galaxies, and an obvious objection to
them is that there might be substantial
amounts of matter elsewhere in the uni-
verse. That possibility cannot be excluded,



A MITS Altair Computer Report

Technology of Three Altair
Computers

MITS Altair Computers are built
around recently developed “micro-
processor” integrated circuits. These
compact, wafer shaped “chips” are
about 2 inches long, 1/2 inch wide,
and 1/16 inch thick. They represent
over 10,000 electronic components,
and they contain all the logic circuitry
of a full-blown computer.

1. The Altair 8800 Computer is an
“open-ended” general purpose com-
puter built around the 8080 micro-
processor chip. Its basic configura-
tion includes a CPU (Central
Processing Unit) circuit board, front-
panel control board, power supply,
and case. Up to 16 circuit boards can
be added inside the computer simply
by plugging them in. These boards
could include a wide variety of
memory boards, interface boards,
and processor option boards.

The Altair 8800 Computer can be
programmed from the front panel
indicator lights (LED’s) and switches,
or it can be interfaced to any number
of computer peripherals. These
peripherals include teletypewriters,
line printers, floppy disks, paper tape
reader/punch, CRT terminals, and
more.

Since the Altair 8800 can be con-
figured to meet the needs of the user,
its applications are virtually unlimited.

2. The Altair 680 Computer is built
around the 6800 microprocessor
chip. Itis smaller and more compact
than the Altair 8800, measuring just
11 inches wide by 11inches deep by
4-11/16 inches high.

While the Altair 680 was designed
primarily for dedicated programming
—such as industrial process control,
several hundred Altair 680’s have
been sold to hobbyists for experi-
mentation. One reason for this is that
the Altair 680 is a complete com-
puter in itself. Its main component
board contains the CPU, 1,024 words
of memory (RAM), a PROM monitor
for loading paper tapes and an 1I/O
port that can be wired for one of four
different types of peripherals. Like
the Altair 8800, it too can be pro-
grammed from the front panel.

3. The Altair 8800B Computer,
MITS’ newest computer, is basically
a second generation design of the
Altair 8808. This machine incorpo-
rates some of the most recent
advances in computer technology.
More information can be obtained
from the factory.

The Advent of the Computer Club

Since the introduction of the
Altair 8800 Computer in January of
1975, computer clubs have been
springing UE across the country. The
largest of these, the Southern Cali-
fornia Computer Society, now has a
membership of over 2000.

Computer clubs are groups of indi-
vidual computer owners who meet
regularly to discuss mutual problems
and carry out joint projects. In addi-
tion to using computers for tradi-
tional applications such as computer
games, computer art, and educa-
tional programming, many computer
hobbyists are experimenting with
more bizarre applications. These
applications include voice input/out-
put and biofeedback controlled
peripherals.

The Computer as a Household Pet

One computer hobbyist has an
Altair based computer, named Ralph,
which he regards as a household pet.
Besides being inexpensive to feed
and care for, Ralph can perform a
number of entertaining and practical
tricks. These include playing black-
jack, balancing a checkbook, teach-
ing basic mathematics, turning on
the coffee pot in the morning, con-
trolling the tem?erature and humidity
of the house, flipping on the yard-
lights at dusk, and acting as a burglar
alarm if need be.

Computer Costs

Altair computers, marketed in both
kit and assembled units, have helped
to bring about drastic cuts in the
Friu- of computing. The Altair 680,
or instance, is currently selling for
$345 in kit form. A complete Altair
8800 system with 16K of memory, a
floppy disk, Teletype, and Extended
BASIC language software sells for
under $4,000.

[J Please send me a free catalog
O Enclosed is a check for $

Altair Coupon
Please send me a copy of your Altair Documentation Notebook.
Enclosed is $5 plus $1to cover postage and handling.

These low costs have opened the
doors to thousands of individuals
and small businesses. And they have
made it practical to use the computer
for a wide range of new applications.

Altair Customers

While the majority of Altair owners
have some sort of technical back-
ground, they include a broad range
of people from engineers to retail
managers to artists, teachers, doctors,
editors, housewives, musicians, lab
technicians, businessmen, attorneys,
and factory workers. In addition to
some of the above mentioned appli-
cations, they are using their Altairs
for such applications as medical elec-
tronics, instrument control, model
train and airplane control, text edit-
ing, mailing list maintenance, soft-
ware development, music synthesis,
interface to larger computers,
graphics display, OSCAR tracking,
bookkeeping, and timeshare services.

More Information

Space does not permit us to pre-
sent a complete discussion of low-
cost computing here, but we have
prepared a complete Altair documen-
tation notebook forthose of you who
wish to investigate the matter further.
This notebook includes a catalog of
all Altair products, technical litera-
ture, a more complete discussion of
the home computer, a list of com-
puter clubs, a list of authorized Altair
dealers, a sample Altair Computer
Notes newsletter, and much more in
a sturdy 3-ring binder. Until April 30,
1976, it will sell for $5 plus $1 for
postage and handling.
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MITS/2450 Alamo SE/Albuquerque, NM 87106/505-265-1951

MITS/2450 Alamo SE/Albuquerque, NM 87106/505-265-1951
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but there is no evidence to substantiate it.

Current theories show that clusters of
galaxies could have formed from a universe
in which matter was distributed much more
smoothly than it is now. Debris left over
from the formation of galaxies would also
be collected by the clusters. Thus any parti-
cles that are not now in the clusters must
have preferentially avoided them, that is,
the particles must have had the special and
unusual initial positions and velocities that
would enable them to escape capture. Even
if a large amount of matter were distributed
uniformly outside the clusters now, it

would fall into them in a few billion years.

Alternatively, the necessary mass could
consist of some uniformly distributed medi-
um with enough internal pressure to be un-
affected by the gravitation of galaxies. It
might, for example, be made up of large
numbers of neutrinos or of gravitational
waves. There is, however, a strong argu-
ment against such a pervasive “radiation-
like” medium: it would almost certainly
have prevented galaxies and clusters of gal-
axies from ever forming.

The density of all matter in the universe,
whether or not it is associated with galaxies,

can in principle be determined, but only by
extrapolating from conditions in the pres-
ent universe to those a few minutes after the
big bang. The simplest assumptions about
that early period suggest that the tempera-
ture and density were high enough for some
subatomic particles to interact and form
sizable amounts of some of the lighter nu-
clei. In particular a proton and a neutron
could fuse to make a nucleus of deuterium,
and most of the deuterium nuclei would
quickly combine to form helium nuclei,
composed of two protons and two neutrons.
The proportion of deuterium and helium
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INITIAL CONSTRAINTS on the state of the universe are provided
by determinations of its age and of the deceleration parameter. Esti-
mates of the age of the oldest stars and of the average age of heavy
elements suggest that the universe is between eight and 18 billion
years old; the corresponding limits to the Hubble time depend on the
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density. Observations of distant galaxies provide an upper limit for
the deceleration parameter: it cannot exceed 2, and the density pa-
rameter therefore cannot be greater than 4. The constraints derived
from these measurements alone do not determine whether the uni-
verse is open or closed, since they encompass both kinds of model.



In 1853, Commodore Perry lifted
the original Bamboo Cartain.
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For centuries,Japan was a distant and mysterious
country tothe rest of the world.

But after Commodore Matthew C. Perry
sailed into a Japanese port and instigated the first

“Japanese-American’ friendship treaty, Japan
has become one of the most productive and in-
fluential countries in the world.

As the United States celebrates its Bicenten-
nial, the Navy proudly points to those Navy men
like Commodore Perry who played such a large
part in the growth of this country and the world.

At the same time, we're looking for good
men to join the Navy, and carry on our history-
making tradition.

If you'd like to know more about the careers
and opportunities in the Navy, just send us the
coupon below, see your Navy recruiter, or call
toll free 800-841-8000 (in Georgia, 800-342-5855).

Who knows, maybe someday the Navy could
be saluting you.

Build your future on a proud tradition.

r
I Capt. H.C. Atwood, Jr.,, U.S. Nav P026
NAVY OPPORTUNITY INFORMATION CENTER

| PO.Box2000

Pelham Manor, N.Y. 10803

| YES. I'd like to build my future on a proud tradition! Please tell me more
I about the opportunities awaiting me in today’s Navy. (G)
L

First Middle Last
Address

City tate Zios

Date of Birth Fhone

month/day/year area code/number
Years of Education

1
|
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Name |
|
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The new IBM 5100.
An ideal personal computer

for scientists and engineers.

Available with three language options:
BASIC, APL or both.

The new IBM 5100 is a sophisti-
cated problem-solving aid incorpo-
rating the very latest in semi-con-
ductor technology.

It features an alpha-numeric key-
board, a 15 key calculator pad, 14
interactive command keys and a
video display screen that shows
1024 characters in sixteen, 64 char-

The 5100 goes to work wherever you need it
to help solve the most complicated problems.

acter lines. In addition, the 5100
display screen has a scrolling ca-
pability that allows you to move
information up or down for easy
editing.

The 5100 uses a tape data car-
tridge which holds more information
than the cassettes used in other
small computers.

Still another advantage of the
5100 is its large main storage ca-
pacity, up to 64K bytes.

The 5100 also features an optional
80 character per second bi-direc-
tional printer, an auxiliary tape unit
that reads up to 2850 characters per
second and an optional communica-
tions adapter that turns the 5100
into a terminal capable of transmit-
ting information to a larger
processor.
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The most powerful language
in small computers

The 5100 is available with three
language options: BASIC, APL or
both. BASIC is a generally well
known, easy-to-use language using
English-like commands to solve en-
gineering and scientific problems.

But it is APL that really sets the
IBM 5100 Portable Computer apart.
APL is the most powerful language
in small computers today. It uses
concise symbols to solve complex
problems, including matrix com-
mands that use a single symbol to
solve multiple equations. APL rou-
tines are as close to the original
mathematics as possible and take

— —
Just flip a switch to go from BASIC to APL.

up just a fraction of the space re-
quired forthe same routines written
in other high level languages.

The IBM 5100 Portable Computer
is alsoavailable with extensive prob-
lem-solver libraries. These IBM de-
veloped programs are highly inter-
rogativeto help you focus on getting
answers instead of how to run the
program.



Statistical library

The statistical library provides a
comprehensive capability covering
the most commonly used statistical
techniques. It covers such areas as:

Elementary Statistics

Histogram

Cross Tabulation

Transformation, alters columns
in matrices

Tally

Moment

Correlation

t-Test

Chi-square Test

Survival Rate

Probit Analysis

Time Series Analysis

Moving Average

Seasonal Analysis

Cyeclical Analysis

Autocovariance and
Autocorrelation

Triple Exponential Smoothing

Crosscovariance and
Crosscorrelation

Regression and Design Analysis
Simple Regression
Multiple Regression
Polynomial Regression
Stepwise Regression
One-way analysis of variance
Factorial Design

Multivariate Analysis
Discriminant Analysis
Canonical Correlation
Factor Analysis

Non-Parametric Statistics
Kendall Rank Correlation
Kendall Coefficient of

Concordance
Sign Test
Wileoxon Matched Pairs
Signed Rank Test
Mann-Whitney U-Test
Friedman Two-way Analysis of
Variance
Cochran Q-Test
Biserial Correlation
Point Biserial Correlation
Tetrachoric Correlation
Phi Coefficient

Plus there are four data
generation routines that pro-
vide facilities to enter and
display or print data. Or cor-
rect, modify, generate or
smooth it.

The IBM data cartridge holds up to
204,000 characters on highly-reliable
quarter-inch magnetic tape.

Mathematical library

The mathematical library pro-
vides pre-programmed routines fea-
turing a conversational interactive
capability that allows you to define
a problem through a series of ques-
tions and answers. The areas cov-
ered include the following:

Solutions to Simultaneous Linear
Equations

Matrix Eigenproblem

Eigenvalues and Eigenvectors

Integration

Differentiation

Interpolation, Approximation and
Smoothing

Zeroes and Extrema of Functions

Ordinary Differential Equations

Finite Fourier Transform

Special Functions

Linear Programming

Business Analysis Library

There are 30 interactive routines
inthebusinessanalysislibrary.They
all utilize the BASIC language and
can be used to solve problems with-
out the help of specialized data
processing personnel. Included in
the library are easy-to-use proce-
dures for:

Spread Sheet Analysis
Investment Analysis
Break Even Analysis
Depreciation Analysis
Time Series Analysis
Graphic Presentation

Or, you can program the 5100
yeurself. It comes with a self-study
training package that makes it easy
to learn and easy to use without
taking any classes or relying on spe-
cially trained experts.

The IBM 5100 Portable Computer.
It can help solve complicated prob-
lems wherever they happen to be.
Because unlike most other so-called
small computers the 5100 is truly
portable, weighing about 50 Ibs.

To arrange for a demonstration,
call your local IBM Gerneral Systems
Division office or fill out this coupon.

IBM.

[ e e e e e e e e

IBM General Systems Division

My major area of interest is:

[ Business/Financial Analysis

P.0.Box 2068, Atlanta, Georgia 30302

[O1 would like more information about IBM’s new 5100.
1 would like a demonstration of IBM’s new 5100.

[ Engineering/Scientific [J Statistical Analysis

Name

Title

Company

Address

City

State ) ZE

Phone

—————— N ——————— -
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Some of the best science books
come from W. H. Freeman and Company

Gravitation

by CHARLES W. MISNER, University of Maryland,

KIP S. THORNE, California Institute of Technology, and

JOHN ARCHIBALD WHEELER, Princeton University

“A definitive, stunning introduction to geometrodynamics (general rela-
tivity) in the crisp modern symbolism of differential geometry. ... An
unrivalled exposition of one of the supreme theories of mathematical
physics.”” —American Mathematical Monthly, April 1974

“‘Gravitation is one of the great science texts of our day. ... "

—Journal of the British Astronomical Association, October 1974

“A pedagogic masterpiece. . .. In this era of intense interest in gravita-
tion we may be grateful to Misner, Thorne, and Wheeler for guiding us
through its intricacies with such insight.”

—D. W. Sciama, Science, March 22,1974

"Required reading for all those working in, or wondering about, the
fascinating new field of gravitational physics. .. rarely has a scientific
field been so well served.” —American Scientist, January/February 1974

1973, 1279 pp., 137 illus., 163 boxes, cloth: ISBN 0-7167-0334-3, $49.50;
paper: ISBN 0-7167-0344-0, $22.50

by ARTHUR KORNBERG, Stanford University

Written by a Nobel Laureate in Medicine, this is the first comprehensive
treatment of DNA synthesis emphasizing its biochemical aspects and
recent developments. DNA Synthesis contains discussions of the struc-
ture and function of DNA, its precursors, enzymology, repair, recombi-
nation, restriction, transcription, and the synthesis of genes. The 194
illustrations include electron micrographs and many colored figures.
There is an extensive and up-to-date bibliography.

“An excellent book about a complex area of investigation, written with
great clarity by a master of the subject. . . . Will long remain as a stimu-

lating and useful work. ... "
—Times Higher Education Supplement, December 20, 1974

1974, 399 pp., 194 illus., 69 tables, ISBN 0-7167-0586-9, $19.00

Astronomy and Cosmology . o cousse

76

by FRED HOYLE

Fred Hoyle has created a unique and exciting introduction to astron-
omy. In it he abandons the traditional encyclopedic approach to the
subject in favor of a fuller treatment of such topics as the large-scale
structure of the universe, the history of matter, the origin of the plan-
ets, and the origin of life. “’l have tried to emphasize,” he writes, ‘‘the
uncertainties and tensions to which the astronomer and physicist are
exposed when they work at the frontiers of their sciences.”

Astronomy and Cosmology contains over 600 illustrations, including a
special section of photographs in full color. The reader needs no more
than a knowledge of elementary algebra to follow the arguments of this
provocative and profound book.

1975, 711 pp., 617 illus., 45 tables, ISBN 0-7167-0351-3, $15.95

i W.H. FREEMAN AND COMPANY
Ml 660 Market Street, San Francisco, California 94104, U. S. A.
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formed in this way depends on the density
of the universe at the time when it was
hot enough for the reactions to take place.
From the early density and from the present
temperature of the microwave background
radiation it is possible to deduce the density
today.

Primeval Density

Mathematical models indicate that for
the entire possible range of densities in the
early universe between 20 and 30 percent of
the matter is converted into helium. The
helium abundance measured in a variety
of astronomical objects is in this narrow
range, which strongly supports the funda-
mental assumption that the universe went
through a period of extreme temperature
and density shortly after the big bang. The
present abundance of deuterium depends
strongly on the early density [see illustra-
tion at right]. The relative abundance of
deuterium in nearby interstellar space has
been measured by the third Orbiting Astro-
nomical Observatory satellite, named Co-
pernicus. After taking account of the deu-
terium depleted by nuclear reactions in
stars, the measured abundance yields an av-
erage present density of about 4 X 10-31
gram per cubic centimeter. The measure-
ment is a sensitive indicator of density: if
the universe were 10 times denser, the big
bang would have made less than a thou-
sandth the observed abundance of deuteri-
um. For this reason uncertainties in the
measurement do not result in large uncer-
tainties in the estimated density.

Whether the density determined by the
deuterium abundance represents an open
universe or a closed one depends on the
Hubble time. As we have seen, if the Hubble
time is 19 billion years, the critical density
is 5 X 10-30 gram per cubic centimeter, so
that 2, the ratio of actual density to critical
density, is about .08. For any value of the
Hubble time between 13 and 19 billion
years, the value of Q) derived from the deu-
terium abundance is consistent with that
derived from the density of galaxies. Con-
versely, for any plausible value of the Hub-
ble time, a value of ) as great as 1 is incon-
sistent with the density required for the
manufacture of deuterium.

The abundance of deuterium would seem
to provide powerful evidence that the uni-
verse is open; unfortunately the arguments
supporting that conclusion are somewhat
insecure. In extrapolating from the present
state of the universe to conditions soon after
the big bang the simplest possible model has
been employed; other models might allow
the observed amounts of helium and deute-
rium to be made in a much denser, closed
universe. Those models are more compli-
cated, even somewhat contrived, but they
cannot be excluded. Moreover, the signifi-
cance of the deuterium abundance depends
entirely on the assumption that all the deu-
terium in the universe was made shortly
after the big bang. Other sources, such as

VALUE OF THE DENSITY PARAMETER IF HUBBLE TIME IS 19 BILLION YEARS
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DENSITY OF THE EARLY UNIVERSE influenced the synthesis of deuterium and helium,
and from the relative abundances of those elements the present density can be inferred. Deute-
rium is thought to have been formed by the fusion of protons and neutrons in the first few minutes
after the big bang, but if the density then was too great, most or all of the deuterium would have
been converted into helium. The abundances of both elements are shown as fractions (by mass)
of all the matter in the universe. If the simplest models of the early universe are correct, and if
deuterium has not been formed in more recent events, the observed abundance suggests that
the density of the universe cannot be greater than about 4 X 10-31 gram per cubic centimeter.

supernovas, have been suggested, but so far
no mechanism has been found that would
create a significant amount of deuterium
without violating other constraints.

Plausible Models

The measurements of the deceleration
parameter, of the age of the universe, of the
density of galaxies and of the abundance
of deuterium all impose independent con-
straints on the state of the universe. If the
measurements are consistent, there must be
some class of models of the universe that is
allowed by all the constraints. Indeed there
is, and moreover it is a relatively small class,
so that interesting predictions about the fu-
ture of the universe are possible [see illustra-
tion on page 79)]. If the universe is not too
old, and if its density is at least equal to that
observed in galaxies but not too great to
make deuterium, the value of ) must
be between .04 and .09. That isfarbelow the
value required for a closed universe.

Two additional observations are consist-
ent with the allowed values of 1 and the
Hubble time. The calculated age of the stars
in globular clusters is sensitive to the abun-
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dance of helium, and as we have seen that in
turn is determined by the density of the
universe. It is therefore encouraging to find
that the age and the helium abundance al-
lowed by the combined constraints are com-
patible with what is known of the globular-
cluster stars.

The constraints also require that the
Hubble time itself be between 13 and 20
billion years. The direct determination of
the Hubble time is difficult, but in recent
years much effort has been expended on the
problem by Allan R. Sandage and Gustav
A. Tammann of the Hale Observatories.
Their best value is 18 £ 2 billion years.
Robert P. Kirshner and John Kwan of the
California Institute of Technology have em-
ployed a different technique, relying on the
properties of exploding stars in distant gal-
axies, to make an independent measure-
ment of the Hubble time. They place the
value between 13 and 22 billion years.

The consistency of the results obtained
by such diverse methods is gratifying, and it
encourages confidence that the cosmologi-
cal model is well determined and the fate of
the universe is known. Because of uncer-
tainties in the data and in the theory em-
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: AFRAID TD DRIVE Im.

Any man who has traveied the highway to success shouldn't feel he
has to detour around potholes.

: Yet it seems many big, expensive cars today are better prepared

for country club driveways than city streets and back roads.

The elegant new Volvo 264 is not your commonplace rich
mans car. It offers more than luxury. Its engineered to afford

you the privilege of abusing it.

p. A new front suspension combining springs and struts
absorbs jolts and increases stability by reducing roll.
Thousands upon thousands of spot-welds (each one
strong enough to support the entire weight of the car)
fuse body and frame into one solid, silent unit.
The Volvo 264 is extremely agile. A new light
alloy, fuel-injected overhead cam V-6 cuts weight.

(The 264 is 1,100 pounds lighter and almost a foot

shorter than the new “small” Cadillac Seville.
Not to mention almost $4,000 smaller in price.)

The 264 GL is also the most lavishly equipped
Volvo we make. Leather everywhere you sit. A heated
driver’s seat. Power front windows. Sunroof.
And air conditioning.

: So if you're thinking about buying a
=== luxury car, give some thought to the
Volvo 264.

You've worked hard to afford the best.
You deserve a car that can take the worst.

VOLVO 264

The car lor people who think.
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ployed to interpret them, however, the
apparent agreement may yet prove to be
fortuitous.

A firm prediction of the models consid-
ered here is that the deceleration parameter
equals half the density parameter, and as we
have seen this prediction cannot yet be test-
ed. If in the future it is found to be wrong,
more complicated cosmological models will
be required. For example, one class of mod-
els employs a modification of general rela-
tivity once suggested by Einstein, in which a
parameter called the cosmological constant
is introduced. In these models space itself

generates an attractive or repulsive gravita-
tional force, and as a result the deceleration
is no longer related in a simple way to the
density.

Taken one at a time, each of the con-
straints we have discussed has possible
loopholes. In particular, some of our col-
leagues would disagree with the small den-
sity derived from estimates of the mass as-
sociated with galaxies, and with the inclu-
sion of a constraint on density derived from
the production of deuterium. Our argu-
ments and conclusions, however, derive
their credibility from the fact that a consist-

ent cosmological model can be constructed
by the most straightforward interpretation
of each piece of evidence. It is remarkable
that such diverse factors as the age of stars,
the mass of galaxies, the abundance of
chemical elements and the observed rate of
expansion of the universe can all be inter-
preted naturally in terms of one of the sim-
plest cosmological models. This model de-
scribes a universe that is infinite in extent
and that will expand forever. The case for
an open universe is by no means closed, but
it is strongly supported by the weight of the
evidence.

T T ‘l |
OPEN | CLOSED
|
z
A
afe 7 -
s Z
=y
e
? S
-\-.
7, =
e
7 |
10 _
— / ‘\‘ [
1)) .
o -\ i
< " [
w X,
> \ [
w X
o }
% \'\1 :
o] - - =
g 1 e |
2 - = ;
) = [
w o= N r
s o .
= ’
E % W [
= [
2 ! =
2 DENSITY OF 4~ =l
GALAXY //’ \ ABUNDANCE OF -
6= CLUSTERS ; DEUTERIUM \}F-, - -1
TOO SMALL ;," TOO SMALL K
N 7
~ _"_'-T“_"_-'_"-_’?“v/' [ =
= A ]
Z :‘ s
E \
/ .h"‘- ; .?'\.
% - 3 L \
7 > i
30 ? S i El
7 =7
% /
1 i 1 — Vs
.001 .01 A 1 10 100

ADDITIONAL CONSTRAINTS combine to suggest that the uni-
verse will expand forever. The abundance of deuterium implies an up-
per limit to the density of all matter in the universe, and therefore also
limits the density parameter, although the numerical value of that
limit depends on the Hubble time. A maximum value of the Hubble
time itself is defined by the estimates of the ages of stars and the

DENSITY PARAMETER (Q)
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heavy elements. Finally, calculations of the mass associated with
clusters of galaxies supply a lower limit to the density parameter.
Barring seemingly improbable complications, these constraints con-
fine all allowed models to a small range of values of the density pa-
rameter and the Hubble time (colored area); all models in that range
describe a universe that is open, infinite and perpetually expanding.
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The Resources
of Binocular Perception

Studies with stereograms that change at random reveal that the

perceptual system extracts depth and motion information from

the visual input even before we are conscious of what we see

hen we view objects in three-di-
mensional space with two eyes,
our visual system does far more

than simply combine the images projected
on the two retinas. It is well known that
binocular depth perception depends on the
disparities between the images formed by
the two eyes. In addition to binocular per-
ception’s exquisite sensitivity to disparities
in relative position it displays a remarkable

MIRROR

by John Ross

capacity for decision making. The visual
system in effect constructs three-dimension-
al scenes from the two-dimensional images
formed on the retinas by fitting the visual
information into a conceptual framework.
Among the major questions that arise are
the following: What are the information-
processing capacities involved in binocular
perception? And what are the resources at
the disposal of those capacities?

PERCEIVED
FACE

MIRROR MIRROR

BINOCULAR COMBINATION of two different faces results in a
curious blending of the two, often with a distinct improvement in the
facial features. The mirrors are arranged so that the observer’s left
eye sees the face on the left and his right eye sees the face on the right.
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With the invention of the stereoscope
by Charles Wheatstone in 1838, it became
possible to create three-dimensional effects
with two photographs of a scene taken from
slightly different viewpoints. The stereo-
scope presents one of the photographs to
the right eye and the other photograph to
the left. When the two pictures are viewed
simultaneously, they combine to form a
three-dimensional scene. Since each eye

MIRROR
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Unusual effects can be obtained when one face is a man’s and the oth-
er is a woman’s. The selective blending of features that occurs in bin-
ocular combination indicates that the visual system apparently has
the ability to accept or to reject information on aesthetic grounds.



sees a complete picture, early investigators
of binocular depth perception thought that
such perception resulted from an optical
combination of the monocular images, or at
least depended on recognition of monocu-
larly perceptible features.

Other investigators, however, did not ac-
cept the monocular-combination hypothe-
sis. In 1877 A. L. Austin of Invercargill
in New Zealand wrote to Charles Darwin
about a curious discovery he had made:
“Although a perfect stranger to you, and
living on the reverse side of the globe, I have
taken the liberty of writing to you on a small
discovery I have made in binocular vision in
the stereoscope. I find by taking two ordi-
nary carte-de-visite photos of two different
persons’ faces, the portraits being about the
same sizes, and looking about the same di-
rection, and placing them in a stereoscope,
the faces blend into one in a most remark-
able manner, producing in the case of some
ladies’ portraits, in every instance, a decided
improvement in beauty.”

Darwin passed the letter on to Francis
Galton, who confirmed Austin’s observa-
tions. Galton also knew of a rather egocen-
tric mathematician who had combined two
photographs of himself in a stereoscope,
“the one,” Galton reported, “taken with an
assumed stern expression, the other with a
smile, and this combination produced a cu-
rious and effective blending of the two.”
Galton disagreed with the monocular-com-
bination explanation because the binocular
perception of two different faces was so un-
like a true optical combination of the faces.

A similar effect is produced when two
real faces are viewed by means of mirrors so
that one face is seen by the left eye and the
other face is seen by the right eye [see illus-
tration on opposite page]. The point I want
to make here is that binocular combination
reveals some critical faculty in the visual
system that is capable of making decisions
and of rejecting information, apparently on
aesthetic grounds.

ust how resourceful binocular percep-

tion can be was demonstrated by Bela

Julesz of Bell Laboratories with his ran-
dom-dot stereograms [see “Texture and Vi-
sual Perception,” by Bela Julesz; SCIENTIF-
IC AMERICAN, February, 1965]. With the
aid of a computer he created patterns of
random dots that, when they are viewed
with a stereoscope, combine to form three-
dimensional scenes. When the same stereo-
grams are viewed monocularly, they appear
to be of completely random texture and
show no recognizable forms or shapes. Ju-
lesz had demonstrated conclusively that it
is possible for binocular depth perception to
occur in the absence of recognizable mo-
nocular cues.

In our laboratory at the University of
Western Australia, John H. Hogben and I,
working in close collaboration with Monte
Sala, an electronics engineer, have devel-
oped a computer system that extends Ju-
lesz’ random-dot-stereogram method. The
delivery end of our system consists of a pair

RANDOM-NUMBER

GENERATOR
Y
—
g
DIGITAL COMPUTER
Y Y
DIGITAL-TO-ANALOGUE DIGITAL-TO-ANALOGUE
CONVERTER CONVERTER
OSCILLOSCOPE OSCILLOSCOPE

MIRRORS

' POSITION
INTERRUPT CONTROL )

/ ' Y
\_ / LENSES :.A’d_h\b_dbﬂ \ ’I

., : | 0 ==

e B

COMPUTER SYSTEM for generating completely random stereograms is shown in schematic
form. A random-number generator delivers the coordinates for the points of light that are to be
displayed, and a computer adds depth information to the stream of random points. The points of
light appear briefly in pairs on the oscilloscopes. For each point on the left screen there is a cor-
responding point on the right screen. The observer sees thousands of points of light appearing
and disappearing at random. In spite of the fact that the scene is continually changing, the vi-
sual system is capable of matching the pairs of points on the left and right screens. The observer
perceives the displays as a single scene in vivid depth, with objects standing free in space.

81
© 1976 SCIENTIFIC AMERICAN, INC



DEPTH INFORMATION IS ADDED to random-point patterns by
a horizontal shift of the points in the regions to be seen in depth. To
create a raised central square, for example, points are shifted to the
right in the left image and to the left in the right image (top). Where

of point-plotting oscilloscopes that are opti-
cally separated so that one is visible to the
left eye of an observer and the other is visi-
ble to the right. Points of light are displayed
briefly in pairs on the oscilloscopes, one
point on the left oscilloscope and one on the
right. Each eye of the observer views a rapid
succession of points of light, each of which
is independent of those that went before or
those that follow. When the observer shuts
one eye, all he sees is a swarm of dots of
light apparently in motion over the entire
square display area, rather like the “snow”
seen on a television receiver.

The sequence of points of light is not
made up in advance, nor does it repeat it-
self. A specially designed random-number
generator delivers pairs of coordinates for
points on the 256-by-256 grid of the oscillo-
scope screens. Each point of light is thus
generated at random.

Depth information is added to the ran-
dom stream by a computer that controls the
display oscilloscopes. The computer holds a
blueprint of the scene to be portrayed. As
each random point is intercepted the com-
puter determines the shift, if any, in the
location of the point that is to be applied.
The principles governing the shifts are
those of classical stereoscopy. Points of a
near surface are shifted to the right in the
left eye’s field and to the left in the right
eye’s field. The reverse is done for points
of a far surface. The greater the
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shift, the greater the perceived depth. To
ensure a uniform distribution of points in
regions where the shift creates an overlap of
points, the background points are eliminat-
ed by the computer. In regions where the
shift creates a blank the computer adds
points of light to fill it.

Consider what the visual system must do
in order to create a binocular percept under
these circumstances. Thousands of points
appear and disappear at random. For each
point seen by one eye the other eye must
single out the point with which it is paired.
In addition a pair of points that have been
shifted with respect to each other must be
interpreted as a single point, not as different
points seen by different eyes. Finally, if a
surface is to be seen in depth as a form with
definite edges, the visual system must be
able to recognize all the points within that
form as having a common disparity.

An observer with normal stereoscopic vi-
sion, after a brief period of adjustment, sees
the output on the oscilloscopes as a scene in
depth. With practice the time required to
achieve depth perception decreases until it
is virtually immediate. To see a scene pro-
duced by random-dot stereograms for the
first time is an uncanny experience. Objects
stand free in space, vivid and sharp-edged.
Let me describe a simple case. A square
region at the center of the oscilloscope dis-
play is shifted by the computer so that on
the right oscilloscope points in the central
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there is an overlap of points the background points are eliminated by
the computer. Random points are added to any blank areas created
by the shifts. To create a depressed surface, points are shifted to the
left in the left image and to the right in the right image (bottom).

square are shifted to the left and on the left
oscilloscope they are shifted to the right.
When either display is viewed with only one
eye, the observer sees points of light in mo-
tion on a dark background. When he views
the displays with both eyes, the scene
changes dramatically. At the center of the
display a square appears to float in front of
the background. The square is like a sheet of
dark plastic on which points of light move
about. Although the pattern of points of
light on the surface changes continuously,
the square itself presents a solid and un-
changing appearance. Binocular perception -
has constructed the solid square (which is
actually not there) in order to account for
the information it is receiving from the ran-
dom-dot stereograms.

Something else about the binocular scene
strikes the observer after a moment’s
reflection: the points of light within the
small square are trapped on its surface. Re-
member that when the display is viewed
with one eye, the points of light move all
over the display area quite uniformly. Now
in the binocular view some points are lifted
out of the background and never cross the
border of their new territory. Instead they
seem to bounce back from the edges of the
floating square. What this means is that the
visual system attaches functional signifi-
cance to the edges constructed by the binoc-
ular process, and that motion across such



edges from one depth level to another is
prohibited. Furthermore, when monocular
perception conflicts with binocular con-
structs, the monocular percepts are sup-
pressed.

In our experiments we have not found an
upper limit to the rate at which binocular
perception can handle the input of random
pairs of points. Our computer system can
display up to 30,000 pairs of points per sec-
ond, and that rate is handled easily by the
visual system. We have an optical system
that can deliver points at rates of up to
250,000 pairs per second, and even at that
rate binocular perception shows no sign of
being deluged with more information than

target. There is no disruption of depth per-
ception as the target moves back and forth.

There is a limit to the amount of spa-
tial disparity that can be introduced into
stereograms. Too large a disparity gives rise
to double images, although not necessarily
to a complete loss of the sense of depth.
Hogben and I set out to determine whether
there might be a limitation in time as well as
in space. In other words, could we present
a train of points to one eye and the paired
train of points to the other eye a short time
later and still obtain binocular fusion?

To do this we imposed a delay on the
train of random points destined for one of
the eyes. The points destined for the left eye

were presented immediately but the points
for the right eye were put into a delay loop
inside the computer so that they were pre-
sented at a later time. Both oscilloscopes
received points at the same rate and both
displays looked identical when they were
viewed monocularly, but the stream of
points on one display were behind the other,
as if they had started later.

Consider the problem with which binoc-
ular perception is now confronted by the
random-dot stereograms. Two points arrive
at the same time, one to each eye, but they
are completely independent of each other
and therefore carry no disparity informa-
tion. New points arrive at the rate of 10

it can handle. There must of course be some
upper limit, since when the rate of delivery
is sufficiently high, the displays will be
flooded with light. Even then the limitation
may be at the level of the receptors in the
retina rather than at the level of the infor-

. . ", MILLISECONDS
mation-processing capacities of the mecha-

nisms that serve to compare the input from _ ?0 .
the two eyes. — 20 ==
There is, however, a lower limit below — 30 —
which information is received at too low a — a0 —
rate to sustain the perception of forms in — 50 —
depth. That limit varies with the complexity — 60 —
of the scene presented and with the size of LEFT MAGE — 70 —
the detail in the scene. For single shapes of — 80 —
a reasonable size the lower limit is about — 90 —
2,000 pairs of points per second. Below that — 100 —
rate points can appear to be at different —_ -
depths, but form is lost and there are no — 1;8 S llelal LS
definite edges. — 130 —

Binocular perception is capable of con-
structing very complex scenes from the ran-
dom-dot stereograms, provided that the
rate of delivery of information is high
enough to maintain the scene. A sequence
of 10 descending steps (in effect 10 different
depth planes) can easily be perceived. It is
even possible for the computer to present
targets that are seen as slanted surfaces.

When the computer’s blueprint specifies
two surfaces in one region of the display,
the result might be expected to be chaos, but
it is not. Half of the points of light are as-

MILLISECONDS

signed to the upper surface and half to the — ?0 —
lower. The problem of making both sur- — 20 —
faces visible is elegantly solved by the visual — 30 —
system: the surface in front appears to be — 40 —
transparent and the one behind opaque. — 50 —
This shows that there is an intuitive grasp of LEFT IMAGE — 60 —
spatial relations built into binocular percep- — 70 —
tion that transcends mere geometry. — 80 —
As I have mentioned, the constructs of — 90 —
binocular perception control the apparent — 100 —
motion that is perceived by prohibiting — 110 —
movement across an edge between regions — 1§8 —
— 1 —

of different depths. Is it possible, we won-
dered, to cause a target to move toward or
away from an observer? We modified the
computer blueprint so that the disparity of
the points on the surface of the target
changed continuously. Provided that the
change is neither too fast nor too slow, the
observer does perceive the target moving
without any loss in its structure. The target
holds its form and its edges remain solid,
retaining their functional control over the
apparent motion of the points within the

TIME LIMITATIONS OF BINOCULAR PERCEPTION were studied by immediately pre-
senting the stream of points to the left eye and delaying the stream to the right eye. When the
delay between left image and right image is less than 50 milliseconds (top), the targets are seen
in depth. When the delay exceeds 50 milliseconds, the impression of depth collapses (bottom).
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per millisecond. It would be impossible to
match pairs of points unless a record of the
thousands of points seen is stored in some
way. What is more, the record must be ex-
tremely accurate if it is to be utilized to find
the exact disparity between pairs of points.

We found that binocular perception can
tolerate a delay of about 50 milliseconds (a
twentieth of a second) but not a longer one.
After some practice observers can see tar-
gets in depth and identify them as long as
the delay between points is less than 50 mil-
liseconds. If it is longer by even a few milli-
seconds, the impression of depth collapses
and the targets can no longer be seen. The
tolerable delay varies a little above or below
50 milliseconds for different observers, but
it is quite constant for a given observer.

Two important conclusions can be drawn
from the results of this experiment. The first
is that binocular perception is subject to a
measurable limitation in time as well as in
space. Disparity information must arrive
within an interval of 50 milliseconds, just as
the spatial disparity must not exceed a cer-
tain distance. The second point is that bin-
ocular perception must incorporate some
form of visual memory capable of maintain-
ing a fine positional record of thousands of
points for at least 50 milliseconds.

LEFT EYE
RIGHT EYE

TRACKING A MOVING OBJECT creates time differences in the
visual input to the two eyes. When the eyes converge on a target, say a
bird, moving from left to right, the left eye will see the elements in the
background before the right eye does. For example, at ¢; the left
eye will see the tree in the background but the right eye will not en-
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Under the conditions of our experiment,
however, if a point of light is seen at all, it
remains visible for about 130 milliseconds.
That visibility time can be established in
various ways, for example by simply count-
ing all the points visible at any instant on a
small portion of the screen. The problem,
then, is to explain why the time limit for
binocular comparison is shorter than the
time the point of light remains visible. If a
point of light can still be seen by one eye,
why can it not be paired with another point
when the other point becomes visible to the
other eye? Before we consider this paradox
let us consider the role of binocular percep-
tion in tracking laterally moving objects.

hen we fix our eyes on a target, the

target forms images in identical posi-
tions on the retinas of both eyes. Objects
farther away than or closer than the target
form images in different positions on each
retina, giving rise to the disparity that is the
basis for stereoscopic depth perception.
Therefore at any time each eye has a differ-
ent image of the background and the fore-
ground but an almost identical image of the
target. If the target moves and the eyes fol-
low it, each eye maintains an identical im-
age of the target, but now each eye encoun-

ters the same elements of the background
and foreground at different times [see illus-
tration below)]. If the eyes track a target
moving from left to right, the left eye will
encounter each part of the background be-
fore the right eye encounters it. The situa-
tion is the reverse for the foreground: the
right eye will encounter each part of the
foreground before the left eye encounters it.

It occurred to me that the visual input to
the eyes from a moving target that is being
tracked could be mimicked with the ran-
dom-dot stereograms. In addition the
stereograms would eliminate any monocu-
lar cues about the target, the foreground
and the background. In order to determine
whether or not time differences encoun-
tered in tracking a moving target play a role
in binocular perception, our computer was
programmed to display the target at exactly
the same time on both screens. Points out-
side the target were displayed immediately
to one eye but were delayed for a brief time
before being displayed to the other eye [see
illustration on opposite page]. There is no
spatial disparity in the stereograms. All
points are plotted in exactly the same posi-
tion on both display screens.

The observer sees the target in depth,
which is not surprising since the target area
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BACKGROUND

counter the tree until 5. The left eye meanwhile has moved ahead
and is aimed toward the telephone pole. At ¢35 the right eye encoun-
ters the telephone pole and the left eye sees the house. The situation is
the reverse for the foreground. As the eyes follow the moving bird the
right eye leads and the left eye encounters the same elements later.



is shown simultaneously to both eyes and
the background is not. What is surprising is
that the area surrounding the target is per-
ceived as both foreground and background,
the foreground moving in one direction and
the background moving in the opposite di-
rection.

If the points of light from the surround-
ing area reach the left eye first, the direction
of the background motion is from right to
left, as if the target were moving from left to
right across the background. If the points
reach the right eye first, the background
motion is from left to right. In both cases
the foreground motion is the reverse of the
background motion. In fact, foreground
and background may combine to give a
strong impression of an upright cylinder
that is rotating around its vertical axis, with
the target in the middle of the cylinder.

It is possible to get a fair impression of
the effect at home by tuning a television
receiver to an empty channel and adjusting
the contrast controls so that the “snow,” or
contrast noise, is readily visible. Place a
dark filter or one lens of a pair of sunglasses
in front of one eye and look at the screen
with both eyes. The filter delays the infor-
mation received by that eye, and you will be
able to see the rotating-cylinder effect. The
snow will stream in one direction in front of
the screen and in the opposite direction be-
hind it. When the filter is moved to the
other eye, the direction of the streams will
be reversed.

In our experiment there were two con-
flicting indications of depth: disparity con-
sistent with a static depth scene, and delay
consistent with streaming. At delays below
50 milliseconds the static scene was ob-
served, but at delays above 70 milliseconds
it yielded to the streaming effect. Delays
between 50 and 70 milliseconds caused the
scene to shift back and forth from static to
streaming.

The results show that binocular percep-
tion can attune itself to different sources of
information in the one situation. For delays
below 50 milliseconds spatial disparity
holds sway. For delays of 70 milliseconds
and, we think, up to two seconds, time dif-
ferences result in the perception of stream-
ing in depth.

Under other circumstances delays of less
than a millisecond, as little as 160 mi-
croseconds, are enough to provide a clear
indication of depth. David Burr and I have
shown this to be true with stroboscopic se-
quences that give the illusion of smooth mo-
tion. Each eye views the same sequence, but
there is a phase difference between the se-
quences as observed by the two eyes. The
phase difference is sensed and interpreted as
an indication of depth.

We now believe that vision has two
equally powerful ways of dealing with ob-
jects in motion. We can sense the instanta-
neous spatial disparity to determine depth,
or we can sense the phase difference with
which objects pass common reference
points in the two eyes. That is to say, vision
can adopt one of two alternative perceptual
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TIME DIFFERENCES in visual input that are encountered when the eyes track a moving ob-
ject can be mimicked with dynamicrandom-dot stereograms. Points of light in the central target
area are displayed simultaneously to both eyes, but the right eye sees the points in the sur-
rounding area after a brief delay. For example, the left eye sees 4; and S; while the right
eye sees A; and a different surrounding texture (Sg). One hundred milliseconds later the left
eye sees Ajo0 and S;oo while the right eye sees A4;o0 and S;. There is no spatial dis-
parity: both eyes see all points in exactly the same position. The time delay between left and
right eyes, however, creates an effect of depth and motion, which is illustrated on the next page.

attitudes toward the information being re-
ceived. In the real world the percepts result-
ing from the different attitudes are usually
at least consistent with each other, but un-
der experimental conditions such as ours
the scene may shift with the attitude.

Let us return to the paradox of why a
point of light that is visible for 130 milli-
seconds cannot be paired with its partner
when the latter is delayed for more than 50
milliseconds. Apparently in that case we
can see something but cannot utilize infor-
mation from it. On the other hand, when
longer time delays cause streaming to be
perceived, we are obviously making use of
visual information about a collection of
points after they have disappeared from
view. This means that some kind of visual
record must be maintained for more than
130 milliseconds. In other words, when lat-
eral motion is being tracked, records of vi-
sual input are maintained beyond the time
limit of visibility.

I believe we must conclude that binocular
perception has access to records of visual
input that are independent of what we see.
This represents a radical break with the
commonsense view that what we see consti-
tutes all the sense data from which higher
perceptual processes develop a conception
of the scene before our eyes. It appears there
are records of visual input that can be con-
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sulted before anything at all is seen in order
to determine the proper framework for per-
ception.

When we look at a random stereogram,
each eye views a separate stereogram but we
do not “see” two stereograms. Our binocu-
lar percept is the result of the space and
time differences in the stereograms. The
subtle discrepancies between the two dis-
plays must be recorded separately and very
accurately. What these records are, how
many separate repositories there are and
what their physical basis is we do not know.
A number of puzzling visual effects such as
apparent motion, visual masking and the
perception of symmetry can be brought to-
gether by the assumption that perception
must wait on the analysis of independent
visual records before we are able to per-
ceive.

Some of the skills of binocular percep-
tion, for example aligning two images that
are different in size or recognizing an entire
region as having a common disparity value,
are elegantly explained by the spring-cou-
pled dipole model of stereoscopic depth per-
ception proposed by Julesz. But other skills
of selection, analysis and synthesis, such as
the perception of an idealized face, and of
sensing time differences still remain unex-
plained.

There may be a clue in the fact that
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shapes made visible by the binocular com- when it adjusts itself as it tunes in to the
bination of random-dot patterns are more sources of the information it can sense. Just
idealized than real shapes. Square targets as a computer has a program, so may the
are more perfectly square, with more per-  visual system have a program of arrange-
fect edges than any real square. They are ments for shapes in space and time. What
like the Platonic form of a square. What we . we see is an interpretation of the external
observe in random-dot stereograms may  world, ordered within a framework the vi-
well be idealized conceptions, imposed on sual system imposes because of the attitude
the external flow of information by some- it adopts. In other words, we adopt a per-
thing within the visual system. What we ceptual attitude in order to comprehend the
observe may be a structure built by vision  world.

—_— e | .

DEPTH AND MOTION are perceived when time delays are introduced into random-dot ste-
reograms in the manner depicted in the illustration on the preceding page. The target is seen as
a solid object. The surrounding area, however, is perceived as both foreground and background
(top). Points of light in the foreground move in one direction and points in the background move
in the opposite direction, making it appear that target is moving from left to right. Foreground
and background may combine to give impression of a cylinder rotating around target (bottom).
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It comes as close to speaking for itself
as any car ever built.

Aggressive, unmistakable profile. Strong,
mellow, no-nonsense sound.
280-Z. by Datsun.

Its particulars bear out its promise. Under
the sculpted hood. an efficient 2800cc
overhead cam engine with electronic

fuel injection. The 6-cylinder plant has an

8.3:1 compression ratio for optimum
performance. The transmission is an all-
synchro manual 4-speed: an automatic
is available.

Perfection. Fuel injection.

Additional GT requisites include rack and
pinion steering. Power assisted front disc
brakes. 195/70 HR 14 steel belted radials.
Reclining bucket seats, AM/FM radio with
power antenna and electric rear window
defogger standard. of course.

The fuel injected Datsun 280-Z. 2-seater
or 4-seater. Commune with one.

The fuel injected

Datsun 2807
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The Small Electronic Calculator

Pocket-sized calculators are based on a single microelectronic

“chip.” The chip circuits and their associated components form

an information-processing system of considerable sophistication

tronic calculators came on the mass

market millions of people have had the
delightful experience of seeing the answer to
a calculation such as 953.22 times 14.331
(and much more complicated calculations)
light up in the display the instant they
pushed the “equals” key. It seems safe to
say, however, that few of those who have
enjoyed this substantial acceleration and
expansion of their calculating abilities have
had more than a general idea of what was
going on inside the calculator. It is well
known that the works of a small electronic
calculator are based on a tiny microelec-
tronic “chip.” But how are the logical orga-
nization and the numerical routines of a
small electronic calculator built into those
works?

In terms of both history and operating
principles the small electronic calculator is
a direct outgrowth of electronic “office”
and “professional desk-top” calculators.
Some 10 years ago a typical four-function
(addition, subtraction, multiplication and
division) calculator of that type incorporat-
ed hundreds of separate microelectronic in-
tegrated circuits and cost many hundreds of
dollars. Visionary workers in the electron-
ics industry, however, were looking to the
day when the same concepts could be incor-
porated in machines that would be small,
simple and inexpensive enough to gain a
mass market. As early as 1965 work was in
progress at Texas Instruments Incorporat-
ed on an experimental four-function pocket
calculator based on a single integrated cir-
cuit. A patent on that device dates from
1967.

The history of semiconductor technology
has been marked by regular and even pre-
dictable increases in the complexity of inte-
grated circuits, coupled with reductions in
cost for virtually all semiconductor prod-
ucts, including the light-emitting diodes
that in most calculators display the num-
bers. This evolutionary pattern is often in-
terpreted in terms of a “learning curve”
based on the experience gained from a
steadily rising volume of production. In any
event it became possible by about 1970 to
put all of a basic calculator’s logic on a
single metal-oxide-semiconductor integrat-
ed-circuit chip priced at less than $100.
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In the five years since pocket-sized elec-

by Eugene W. McWhorter

Within a year that technology gave rise to a
new generation of small four-function cal-
culators. A typical machine had a single
integrated circuit for all calculating func-
tions; it also had certain supporting circuits.

Some of the new calculators were pocket-
sized, battery-powered models; others were
compact desk-top machines that operated
on alternating current. The important thing
was that the prices (well under $200) gave
the devices a handhold at the upper end of
the mass market. Now that the industry is
about 100 million units farther along the
learning curve the low end of the price
range is well below $20. The result is that
for millions of people everyday arithmetic
will never be the same again.

mall calculators are evolving so rapidly
and are so varied in sophistication that

no one explanation of how they work will fit
all calculators. It is nonetheless possible to
explain the principles of how they work on
the basis of a hypothetical four-function
calculator built around a typical real chip.
The chip is not the last word in microelec-
tronic devices, but it is sufficiently repre-
sentative of integrated circuits that are still
in service throughout the industry. It is
a metal-oxide-semiconductor chip of the
large-scale-integrated type, meaning that it
carries on a surface that is about five milli-
meters, or .2 inch, on a side thousands of
components such as transistors, resistors
and diodes. It has 28 pins, or terminals,
which is a standard in the industry. Power
is supplied to it at plus and minus seven
volts. Its operations are synchronized by a
250-kilohertz clock signal, that is, a regular
time pulse running at a rate of 250,000 cy-
cles per second. Since similar chips have
been described in detail in this magazine
[see “Metal-Oxide-Semiconductor Tech-
nology,” by William C. Hittinger; SCIEN-
TIFIC AMERICAN, August, 1973], I shall not
dwell on the physical structure of the chip.
In addition to the chip the calculator has
several other components, some visible to
the user and some not. The most conspicu-
ous visible component is the keyboard for
entering numbers and instructions. Among
the other components are the display sys-
tem, the oscillator circuit that generates
the clock signal, a voltage regulator for the
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power supply, a pack of rechargeable bat-
teries and a plastic case.

The 28 pins of the chip may seem like too
few to receive and transmit all the infor-
mation the chip can handle. Why they are
enough can best be explained by beginning
with the display system of the calculator. If
one looks closely at the numeral 8 when it is
illuminated in the display, one sees that it is
made up of seven segments: three forming
the upper part of the 8, three the lower part
and one the cross-link. Any other numeral
from O through 9 can be formed with fewer
than seven such segments, as can a minus
sign and any of several symbols needed to
indicate error or overflow [see illustration
on pages 92 and 93]. Each segment is an
elongated light-emitting diode, a tiny piece
of semiconductor material with two termi-
nals. An eighth diode forms the decimal
point that can be illuminated to the right of
each digit.

Our hypothetical calculator has a row
of nine such arrays of eight light-emitting
diodes, 72 diodes in all. The eight arrays
beginning at the right end of the row ac-
commodate the eight-digit display of which
the calculator is capable; the ninth array, at
the left end of the row, is for the minus sign,
the decimal point farthest to the left and the
symbols for error and overflow. A diode
lights up when both of its terminals are
connected to the power supply, with the
cathode being more positive than the anode.

The 28 pins of the chip must also serve as
inputs to the chip from the keyboard. The
calculator has 18 push-button switches and
two slide switches (not counting the switch
that turns the calculator on and off). Each
has two terminals. Pressing a key on the
keyboard holds the corresponding switch
closed.

The problem of connecting 72 light-emit-
ting diodes and 20 switches to the chip
through 28 pins is solved as follows. The
keyboard is actually connected to the chip
through only four input terminals, which
can be designated N, O, P and Q. The light-
emitting diode segments are connected
through eight output terminals, which can
be designated by the letters a through h. At
any given instant the chip interacts with no
more than one switch for each keyboard-
input line and illuminates no more than one



of the nine diode arrays. This is made pos-
sible by the provision of 11 scan lines, which
can be designated by the numerals I through
11. They originate at the chip and lead to
both the keyboard and the digit display.

A timing mechanism in the chip, syn-
chronized by the signal from the main
clock, switches one scan line at a time from
a normal voltage of zero to a higher voltage
and back again. The voltage pulse lasts for
only 132 microseconds (33 cycles of the
main clock). There is a six-cycle delay be-
tween the end of one scan pulse and the
beginning of the next, so that a complete
scanning cycle (during which each scan line
is pulsed once) takes 429 clock cycles, or
about 1.7 milliseconds.

How do the scan lines make it possible to
control 72 light-emitting diodes with
eight segment outputs? Each of nine scan
lines (I through 8 plus 1I) provides the
input to an inverting current-booster circuit
that is external to the main chip. The cir-
cuit is termed a digit-driver. Each such
driver, while it is activated by a scan pulse,
provides a high-capacity current path to
ground from all eight of the anodes in one
array of light-emitting diodes. Thus a digit
position can be illuminated only during the
time in each scanning cycle when the corre-
sponding scan line is activated.

The particular digit that is displayed at a
given time in one display position or anoth-
er is determined by which of the eight seg-
ment-output terminals are activated during
a scan pulse. Each segment output controls
an external current-booster circuit called
a segment-driver. Each segment-driver is
connnected to the cathode of the light-emit-
ting diode in the same position in all nine
digit displays. When a segment-driver is ac-
tivated, it connects its corresponding cath-
odes to the positive power supply. Current
from this particular segment-driver then
flows through the only light-emitting di-
ode whose anode is connected to ground
through a digit-driver.

An example of what results from this ar-
rangement can be followed by supposing
that scan line 2 and outputs abcdgh are
active. The display (for 132 microseconds)
is “3.” in the second position from the right.
Then this scan line and digit display go off
for 24 microseconds while the segment out-
puts change to the pattern required for the
next digit to the right. Suppose the pattern

MICROELECTRONIC CHIP performs the
calculating functions of a pocket calculator.
At top the square chip, measuring five milli-
meters (.2 inch) on a side, is shown exposed in
its ceramic housing, which has been sawed
away to reveal the chip. Associated with the
chip are 28 pins, or terminals, which connect
it to other parts of the calculator. At bottom
is a micrograph in which the chip is enlarged
17 diameters. The chip and its housing, made
by Texas Instruments Incorporated, consti-
tute an integrated circuit with thousands of
electronic functions. Among the structural
features in the micrograph is the read-only
memory, rectangular area at bottom center.
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is abcdef. As a result “0” appears in the first
position on the right for 132 microseconds
(while scan line I is active). Although each
of these digits is on for only about 8 percent
of the time, the flicker is so rapid that the
eye sees an unwavering ““3.0” in the last two
positions on the right.

So much for the display. How do the scan
lines make it possible for signals from 20
keyboard switches to go into only four key-
board-input terminals on the chip? Each
switch provides the only possible connec-
tion between a given scan line and a given
input line. At any given instant input sig-
nals can be received only from the switches
connected to the scan line that happens to
be activated at that instant. (For scan line 1
they are the chain/constant switch, the dec-
imal-selector switch, the “multiply” key
and the “1” key.) Any switch (or more than

one) in this group that happens to be closed
while the particular scan line is being pulsed
transmits the pulse to the corresponding
input line (or lines).

On receiving a pulse in a keyboard-input
line the main chip notes which scan line
is currently active and thereby deciphers
which switches of the several that could
possibly be closed along this input line are
closed. Thus during a full scanning cycle
the calculator “looks at” each switch once.
In this way signals from 20 keyboard
switches are time-multiplexed into only
four inputs to the main chip.

Even when the calculator is merely dis-
playing a number and waiting for the next
keystroke, the main chip is active, exercis-
ing its “idle routine” in time with the pulses
of the clock signal. In this routine the chip
continuously scans the keyboard and the
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ELECTRONIC CALCULATOR made by Rockwell International is
shown at left as it appears to the user and at right with its top re-
moved. Among the objects visible in the internal view are the adapter
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display while its segment outputs twinkle
on and off in a precisely changing pattern to
create the apparently steady display.

In addition to maintaining the display
during the idle routine the chip must deal
with inputs from the keyboard. During the
idle routine it watches for a signal on either
the N input (which connects to all 10 num-
ber keys) or the O input (connected to all
the operation keys). On detecting a pulse in
one of these lines the chip must first veri-
fy that the signal is not merely random
“noise.” The calculator takes care of such
noise by not acting on an input in the N or O
line until it has verified that the signal is still
there at the end of the next scanning cycle.
In addition, if a scan line shows that both
a number key and an operation key are
closed, the chip always deals only with the
operation signal.

jack at upper left, below it a horizontal row of light-emitting diodes
that illuminate the calculator’s display, the on-off switch (left of
wires) and (lower right) the rectangular housing containing the chip.



While the chip is acting on a number
signal or an operation signal, it ignores fur-
ther inputs in the N and O lines. It consults
the P and Q lines as necessary, however, to
ascertain the existence of instructions relat-
ing to the position of the decimal point and
to the type of calculation (chain or con-
stant).

It is possible for the chip to complete an
operation even before the operator releases
the key that triggered the operation. This
means that the same signal must not be
acted on more than once. Hence before the
chip resumes the idle routine it verifies that
all keys have been released.

It will be evident from the foregoing that
the calculator does a good deal more than
just add, subtract, multiply and divide. It is
in fact a multipurpose information-process-
ing system of considerable sophistication.
Keying and display are important, but what
really makes the hypothetical calculator
work are the architecture, or logical organi-
zation, and the algorithms, or numerical
routines. The principal electronic subsys-
tems built into the main chip are depicted
schematically in the illustration on page 94.
In what follows I shall describe what most
of the subsystems do and then trace a simple
calculation as they carry it out.

he functional heart of the system is

the adder-subtracter, which is usually
called simply the adder. It operates on num-
bers that have been put into a binary code.
In the pure binary number code each bit, or
binary digit, represents a power of 2. A bi-
nary number such as 10010 is most easily
read from the right, where the first bit rep-
resents the number of 1’s, the second the
number of 2’s, the third the number of 4’s
and so on. The binary notation 10010 there-
fore encodes a decimal-system number with
no 1’s, one 2, no 4’s, no 8’s and one 16. To
put it another way, the encoded number is
0+2+0+0+16,o0r 18.

The hypothetical calculator employs a
variant of this system known as binary-
coded-decimal notation. In the BCD system
each digit of a decimal number is represent-
ed by a four-bit pure binary code. Thus the
decimal number 97 would be 1001 0111.
A 1 is represented by a higher voltage and
a 0 by a lower voltage; there are no inter-
mediate voltages in the system.

In a typical adding or subtracting opera-
tion two such binary-coded-decimal inte-
gers are presented to the adder, one pair of
four-bit digits at a time, beginning with the
least significant digit. For example, if one
were adding 56 and 43, which would be
encoded as 0101 0110 and 0100 0011, the
right-hand digits (0110 and 0011) would be
presented to the adder first.

The basic building blocks of digital elec-
tronic systems are the circuits called logic
gates, with such designations as AND, OR,
NAND, NOR and inverter gates. The output
of an AND gate is 1 if, and only if, all inputs
to it are 1. The output of an OR gate is 1 if at
least one input is 1. The output of an invert-
er gate is the opposite of its input. A NAND
gate acts as an AND gate followed by an

Every Dual turntable fulfills one
than you are ever likely to need.

owners —audio experts, hifi editors,
record reviewers and readers of music

lovers prefer Dual for only one reason.
Quality,

Dual quality is now available in
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from the record is not critical. What is

stylus follow the contours of the groove
and how accurately and quietly the
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If precision performance and reli-
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A Multi-Featured, Advanced Math
Calculator with Scientific Notation

Commodore once again leads the field with
the lowest cost for the most features. A full 8-
digit calculator with memory and square root
instantly becomes a full scientific computer
with a 5-digit mantissa and a 2-digit exponent.
The new “‘Scientific Genius” at only $29.95 is
highly recommended for students and pro-
fessionals alike as certainly the best scientific
buy on the market.

A Price You Can Afford — Features
You Can’t Afford Not To Have:

* Versatile Display Shows 2-Digit Exponent with 5-Digit
Mantissa @ 8 Digit Number in Floating Decimal Mode

* Memory Store and Recall ¢ Arc, Sine, Cosine, Tangent
Functions  Common Log and Common Antilog ¢ Natural
Log and Natural Antilog © Y*, X2, Vx, 1/x, X=Y, e

¢ Change Sign ® Exchange Register ® 9 Volt Battery
included ¢ AC Adaptable ¢ Size: 2%4" x 5%" x 78"

® Wt.: 4 oz. * Fully Depressed Keyboard for Easy Finger
Use ¢ Large, Bright Readout 1 Year Warranty

Work With One For Two Weeks
Please send Ci e SR7919D ientific Genius' Cal-
culator(s) @ $29.95 (plus $3 shipping and insurance) each. If not com-
pletely satisfied | can return it for an immediate refund.

O Also send AC Adaptor @ $4.95 additional

[ Check or Money Order Enclosed (lIl. residents add 5% sales tax)

O Charge my Credit Card checked below:

3 American Express O BankAmericard
O Diners Club O Master Charge
Credit Card #
Master Charge Bank #____
Name.
Address.
City.

O Carte
Blanche

— _ Expiration Date

State. Zip
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basic concept: to provide more precision

Perhaps this is why more component
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any other turntable. These serious music
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~ ability are most important to you —as they
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inverter gate. Similarly, a NOR gate acts as
an OR gate followed by an inverter gate.

Virtually any arithmetical or logical op-
eration can be performed by an appropri-
ately interconnected combination of AND,
OR and invert functions. In the adder sub-
system various combinations of gates add
two bits of corresponding significance and a
third bit carried over from adding the next
least significant pair of bits. The result is
one “sum” bit and one “carry” bit. Several
such circuits in what is called a ripple-carry
configuration add the multiple-bit groups
that constitute binary-coded-decimal digits.

Another basic building block in calcula-
tor circuits is the flip-flop, so named because
its output can be flipped or flopped to one
logic state or the other by various input
signals. Flip-flops of various kinds provide
one form of cell for the temporary storage of
information. The “latch” shown with the
output decoder in the illustration of the
chip’s logical design on page 94 consists of
four flip-flops of a certain type. Another
form of cell for the temporary storage of
information is the dynamic memory cell,
which holds a bit by briefly storing an elec-
tric charge.

A register consists of several memory
cells that always function together in a fixed
close association. In a shift register bits are
synchronously shifted in bucket-brigade
fashion through a series of memory cells
under the command of a common signal.
Several shift registers can be operated syn-
chronously in parallel.

The main clock signal is a square-wave
signal of constant frequency common to all
parts of the calculator. Its pulses serve both
to synchronize the activity of the various
subsystems and to ensure that each new set
of output signals from a given subsystem
has settled down to a valid state before the
signals are accepted by other subsystems.
Like many calculator systems, this one has
in addition to the main clock network three
others working in association. The signals
in the additional networks are called phas-
es. An internal mechanism pulses the phas-
es one at a time in a repetitive cycle (in step
with the main clock), providing a conve-
nient source of stepped sequencing control
for certain subsystems that must perform
their functions in sequential steps.

As the calculator adds or subtracts,
working on one pair of four-bit digits at a
time, the adder also accepts another bit as a
carry (or a borrow) from previously added
(or subtracted) digits. It produces a binary-
coded-decimal digit that represents a sum
or a difference, meanwhile storing a carry
bit or a borrow bit in a dynamic storage cell
within the circuitry of the adder. In adding,
say, 835 and 974 [see illustration on page 98]
the calculator works on each pair of deci-
mal digits (the 5 and 4 first in this example)
with two stages of standard ripple-carry ad-
dition. Subtraction is performed by first
converting the subtracted digit into “I1’s-
complement” form (inverting all four dig-
its, so that 1101 becomes 0010) and then
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adding. Multiplication and division are per-
formed by programmed sequences of addi-
tion or subtraction.

The two numbers put into the adder for a
given operation are typically taken from the
display register and the operand register,
and the result is put into the accumulator
register. All three registers are 4-by-13-bit
shift registers. The routing of the numbers
is accomplished by circuitry within the
“control” block. Under most conditions the
routing circuitry maintains the data in the
three registers by mutually synchronous re-
circulation. The three registers are in fact
integral parts (along with what is called
the flag register) of a single 14-by-13-bit
dynamic shift register that continuously
makes one shift every three pulses of the
main clock. The interval is counted out
by the three-phase clock generator and is
described as one state time [see top illustra-
tion on page 96]. Thirteen consecutive state
times (one for each digit of storage in a
4-by-13-bit register) define a longer period
called an instruction cycle. During one in-
struction cycle, therefore, the contents of a
register normally complete precisely one re-
circulation.

Routing paths are also provided within
the control block for exchanging numbers
between registers as they are recirculated
and for replacing one of the recirculating
numbers with the output from the adder.
Furthermore, certain of the routing paths
include an extension or a delay of either one
or two state times (three or six clock pul-
ses). By this means the routing and delay
circuits can impose a longer or a shorter
delay on the recirculation of one register
than is imposed on the others, so that the
number contained in this register can be
shifted in one direction or the other with
respect to the other registers. Finally, one
input to the routing circuits is for a digit
synthesized by other circuits in the control
block. This is the path where a digit decod-
ed from a keyboard input can be started on
its way through the system of registers.

he decoding, timing and control circuit-

ry, which can be called the controller,
regulates all the other subsystems in the
chip. What it does is principally governed
by one or another of 320 instruction words
(each consisting of 11 bits) delivered to the
instruction register (and thence to the
controller) from the read-only memory, so
named because it contains a programmed
set of operational instructions that cannot
be changed after the manufacture of the
calculator. Each instruction word, obtained
from the read-only memory by nine-bit ad-
dress words, establishes the operating rules
that apply during one instruction cycle of
13 state times (39 clock cycles).

During each instruction cycle the shift
registers may perform not only one com-
plete circulation but also an addition or a
subtraction if such an operation is called
for. Register shifts and exchanges may also
take place during the cycle. Further details
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of actions taken during an instruction cycle
are conditioned by signals arriving at the
chip through the four lines from the key-
board, by the counting of clock pulses, by
the carry or borrow bit from the last adder
operation and by 13 successive pairs of bits
in a circulating 2-by-13-bit shift register
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KEYBOARD AND DISPLAY circuits ex-
ternal to the main chip are diagrammed. The
chip is represented by the square at bottom
center. By means of the circuitry the chip
communicates with 20 keyboard switches and



that serves as a kind of “scratch pad” mem-
ory at the disposal of the controller. It is
this component that is known as the flag
register.

Suppose the user wants the calculator to
perform the calculation 2 + 3, which for
the circuits of the chip entails the same type

of procedure that would be followed in a
much more complicated calculation. He
turns the machine on and pushes the “2”
key. The signal thus activated goes through
one of the keyboard-input lines to the con-
troller, where it causes the insertion of a 2
into the display register. From the display

register numbers (including the 2) are trans-
mitted to the lighted display panel of the
calculator.

Next the user pushes the “plus” key. The
signal thus activated is stored as a code in
the flag register, available for consultation
by the controller. Now the user pushes the

1 |

72 light-emitting diodes through only 23 of its 28 pins. In the matrix
formed by the points where the 11 scan lines cross over the four key-
board-input lines each of the 44 crossovers is a possible location for a
switch. Only 20 switches are needed for the hypothetical but repre-
sentative four-function calculator shown in this diagram. When the

© 1976 SCIENTIFIC AMERICAN, INC

T “] o P T—t e S —
L . ( H | EM
M@ ‘—JO UO u. D::.O 0 uo [lO
E’E EJE /K }\ % % DIGIT- DRIVERS
160} ' ‘p_d, @ _,o_d' @J_p ' @Jo—d) @)—d’ _p—d} @ /SO) DIGIT KEYS
EQUALS ADD SUBTRACT DIVIDE MULTIPLY
b
@ -P—O) _p_O)Ej .P—O) @ _,O_O) ;—)d’ OPERATION KEYS
FIEO 2
—o} SELECTOR SWITCH FOR
o DECIMAL POSITION
cHlOco
_O/' CHAIN/CONSTANT
P SELECTOR SWITCH
4\/\/\)‘\/\!\/\/ /\/\4\
1110 9 8 7 6 5 4 3 2 1
SCAN LINES a > ™~
|
b ~ P~
-5 | P
2 2 > >
; o] ol
— 3.t S = >
— S8 c i Y
) . > 1%
"¢ & S >
X w
w i > D
POWER SUPPLY h > r/‘-
CLOCK Ov  +7v -7 SEGMENT -DRIVERS

calculator is operating, the scan lines are energized one at a time for
132 microseconds in a repetitive cycle, so that numerals illuminated
in the display flicker imperceptibly. A displayed numeral is made up
of a maximum of seven light-emitting diodes, all of which appear in
color in the illuminated 8. An eighth diode forms the decimal point.
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-
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>
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-
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INSTRUCTION REGISTER

READ-ONLY MEMORY
(320 11-BIT INSTRUCTION WORDS)

CONCEPTUAL ORGANIZATION OF CHIP is portrayed sche-
matically. Each box represents a major electronic subsystem. The
size of the arrows indicates the amount of information moving simul-
taneously from one section to another; the thinnest arrows represent
one bit, or binary digit, and the thickest arrow, which emerges up-
ward from the read-only memory, represents 11 parallel bits. In add-
ing, say, 5 and 4 the user would begin by pushing the “5” key on the
keyboard. The signal would go through one of the keyboard-input
lines to the control circuitry, where (according to appropriate in-
structions from the read-only memory) it would be coded into binary
form and transmitted to the display register. The user would then
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push the “plus” key, and the information would be stored in the flag
register. When the “4” key is pushed, the signal would be handled as
the 5 was handled earlier, and the 5 stored in the display register
would be shifted to the operand register. Finally, the user would push
the “equals” key. The control circuitry, still drawing instructions at
each step from the read-only memory, would ascertain from the flag
register what was supposed to be done with the two stored numbers.
It would present them to the adder, which would add them and put
the result in the accumulator register. From there the result would be
immediately shifted to the display register, whence it would be trans-
mitted to the latch and segment decoder for display on display panel.
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““3” key. The 2 already stored in the display
register is shifted to the operand register
and the 3 goes through the same steps that
the 2 went through earlier, ending up in the
display register and in the lighted display.

Finally the user pushes the “equals” key.
The controller consults the flag register to
find out what was supposed to be done with
the two numbers (2 and 3) now circulating
in the display register and the operand reg-
ister. It ascertains that they are to be added.
The controller takes the numbers from the
registers where they are stored and presents
them to the adder, the 2 as 0010 and the 3 as
0011. There they are added, and the result
is put into the accumulator register. From
there the result is shifted into the display
register and displayed.

Even calculations scarcely more complex
than 2 + 3 may require several passes
through the routing and delay circuits and
possibly through the adder. Suppose the
first number in the calculation is 25.6. The 2
is entered first and appears in the display
with a decimal point to its right. When the 5
is entered, the 2 must be shifted one place to
the left in the display, but the decimal point
must remain to the far right. Next the deci-
mal-point key is pushed; the display does
not change, but the signal from the key is
stored as a notation in the flag register. Now
when the “6” key is pushed, the decimal
point must be moved one place to the left,
along with the 2 and the 5. Shifting the
decimal point requires the calculator to go
through an adding cycle that is applied to
the decimal-point digit, which is one of the
13 digits in the display register and is em-
ployed to keep track of the decimal point.
If the next command from the keyboard
is to add and the number to be added (to
25.6) is 33.14, the first task is to line up the
decimal points in the two registers involved,
just as one would do in a manual addition.
In other words, the decimal-point digits in
the two registers whose contents are being
added must be made equal by shifting the
25.6 one place to the left and adding a place
to the decimal-point digit (yielding 25.60).
After that has been done the two numbers
can be added in one pass through the adder.
Those examples should suffice to indicate
the kind of sequential operations, tests and
branchings that must be executed in re-
sponse to an input from the keyboard. A
complete addition or subtraction involving
a floating decimal point may call for per-
haps 300 instruction cycles (some 12,000
clock cycles). The precise number depends
on the programming and the size of the
numbers entered in the calculation. Multi-
plication and division, which call for repeti-
tive additions, subtractions and shifts, re-
quire correspondingly longer routines.
Although 12,000 clock cycles may sound
like a long time for just an addition or a
subtraction, one should remember that the
actual time involved is less than .05 second.
It would indeed seem an interminably long
time for a large electronic computer, which
would have a clock frequency perhaps 100
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MAIN CLOCK of a typical four-function calculator operates at a
rate of 250 kilohertz, or 250,000 cycles per second. Among other
things, the clock establishes the timing for the circulation of data
through the display, operand, accumulator and flag registers, which
constitute a single 14-by-13-bit register (the random-access mem-

times faster than the calculator’s and would
also have more efficient programming,
mainly by virtue of its employing longer
instruction words. To the human operator,
however, the calculator appears to perform
its operations almost instantaneously.

Our hypothetical calculator, like most

13 STATE TIMES (ONE INSTRUCTION CYCLE)

other calculators, has many features of de-
sign that are reminiscent of a large comput-
er. For example, the adder, together with
the parts of the controller that route and
delay the passing digits, corresponds to the
central processing unit of a computer. The
three data registers correspond to the com-

“ SCANNING CYCLE 429 CLOCK CYCLES (1.7 MILLISECONDS)

_'."I <<——— ACTIVATION OF SCAN LINE:33 CLOCK CYCLES (132 MICROSECONDS)

I'—.'I

ory) that continuously makes one shift every three main-clock pulses.
Three such pulses constitute one “state time,” and 13 consecutive
state times (one for each digit of storage in a 13-bit register) make up
what is called an instruction cycle. During one instruction cycle the
contents of a shift register usually complete exactly one recirculation.

puter’s main memory. The remaining parts
of the controller are equivalent to the tim-
ing and control circuitry that governs the
operation of a computer at the lowest level,
the level at which the modification of opera-
tions calls for changes in wiring configura-
tion. The programmed routines stored in

[ 1

SIX CYCLES (24 MICROSECONDS) DELAY
e BETWEEN END OF ONE PULSE AND START OF NEXT

—

[

[ 1

‘ INSTRUCTION CYCLE BEGINS AND ENDS DURING DELAY

[ 1

[

1

[ 1

SCANNING CYCLE employed for successively activating the 11
scan lines takes up 429 of a tygical calculator’s four-microsecond
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clock cycles. Each trace denotes the voltage in one scan line as time
passes; vertical displacements show the timing of activation pulses.
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the read-only memory are roughly equiva-
lent to the microprograms in certain com-
puters. (A microprogram in a computer is a
more or less fixed routine, directly govern-
ing the control circuits, that is called into
play by an instruction in a machine-lan-
guage program.)

The operation of a microprogram in a
computer or a calculator resembles that of a
true program in that it generally involves
fetching one instruction after another from
a memory of some kind in accordance with
addresses determined partly by testing the
results of earlier operations. The concept of
a program, however, ordinarily connotes a
set of instructions that can be more readily
composed and altered apart from the ma-
chine itself than microprograms can. The
distinction is plain in “programmable” cal-
culators, where each instruction of a pro-
gram (possibly one composed by the op-
erator) typically gives rise to a micro-
programmed routine of the kind I have de-
scribed. The distinction becomes somewhat
blurred when one considers how electronic
calculators perform functions other than
the basic four, such as obtaining a square
root or a sine or calculating y*. Such func-
tions are usually executed by a programmed
sequence (achieved through micropro-

grams) of additions, subtractions, multipli-
cations and divisions.

One result of the computerlike structure
of most small electronic calculators is that,
as with a computer, a variety of differently
programmed routines can be executed by
the same framework of electronic circuitry.
Different programs are ordinarily put in a
computer by reading instructions into the
memory, however, whereas a small calcu-
lator’s microprograms are loaded into its
read-only memory during manufacture.

Several themes can be discerned in the
evolution of the small electronic calcu-
lator. They converge on more functions and
more convenience for less cost. The sour-
ces of these advances include economies of
scale, experience gained through high-vol-
ume production and advances in the tech-
nology of semiconductors.

On the one hand, significant cost reduc-
tions have been achieved by measures so
seemingly trivial as making the printed-wir-
ing conductors of the keyboard matrix per-
fectly orthogonal, so that no two scan lines
and no two keyboard-input lines have to
cross each other. In other words, a diagram
of the keyboard matrix corresponds exactly
to the actual layout of the keyboard. The

step adds somewhat to the complexity of
programming the routines set in motion by
keyboard entries, but it reduces the number
of costly interconnected layers required on
the printed-wiring board under the keys.
On the other hand, far-reaching technologi-
cal innovations may soon make it economi-
cally practical to integrate all of a calcula-
tor’s electronic circuitry on one chip, with
an attendant reduction in the cost of assem-
bly and improvement in reliability.
Although it is hazardous to forecast what
might happen in such a rapidly changing
industry, one can predict that the price of
the cheapest basic calculators (already un-
der $10) will go lower still. At the other
extreme one can predict the development
of fully programmable pocket-sized micro-
computers costing less than $100. A certain
amount of work has been done on calcula-
tors small enough to be worn like a wrist-
watch. Displays are expected to become
larger and easier to read, perhaps through
improvements in the technology of liquid
crystals, which would also pay dividends in
terms of reduced power consumption and
longer service from batteries. Even though
the small electronic calculator has revolu-
tionized the way people deal with numbers,
its full potential has not yet been realized.

PLACES IN REGISTER
THOU- | HUN-
MEANING OF NUMBERS | SANDS | DREDS | TENS | ONES STEPS DURING ADDITION IN ONE PASS THROUGH ADDER
AUGEND 0835 | 0000 | 1000 | 0011 | 0101 NUMBERS IN OPERAND AND DISPLAY REGISTERS
ADDEND oo7a 1 cooo | 1001 | o111 1 o100 TO BE ADDED IN ONE PASS THROUGH ADDER.
5 0101
ADD LEAST SIGNIFICANT DIGITS.
4 0100
=1 BINARY SUM IS NOT GREATER THAN 9, SO PASS IT TO
SUM 9, CARRY 0 0 fi 1001 ACCUMULATOR. STORE THE CARRY IN AN INTERNAL LATCH.
3 0011
ADD NEXT DIGITS, PLUS CARRY.
7 0111
PURE BINARY 10 0 1010 ~] BINARY SUM IS GREATER THAN 9, SO ADD
CORRECTION 6 o | o110 | BCD CORRECTION OF 6.
SUM 0, CARRY 1 1 | oooo CARRY GOES TO LATCH, SUM TO ACCUMULATOR REGISTER.
8 1000 —
ADD MOST SIGNIFICANT DIGITS, PLUS CARRY.
9 1001 _
PURE BINARY 18 1 | o010 -
BINARY SUM IS GREATER THAN 9, SO ADD 6.
CORRECTION 6 o | o110 _
SUM 8, CARRY 1 1 1000 PASS FINAL SUM AND CARRY TO ACCUMULATOR REGISTER.
SUM 1,809 | 0001 1000 | 0000 | 1001 FINAL SUM IN ACCUMULATOR REGISTER.

EXAMPLE OF ADDITION shows how the decimal numbers 835
and 974 are added by a calculator. The calculator operates on binary-
coded-decimal numbers (BCD), in which each digit of a decimal num-
ber is encoded as four binary digits. The 5 of 835, for example, is en-

coded as 0101; reading from the right the code

and one 4. Each four-bit group, however, is necessarily added in pure
binary code. For example, 3 (0011) plus 7 (0111) yields 1010, which
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means one 1, no 2’s
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is the correct 10 in pure binary code but is meaningless in BCD.
Hence a second binary adder is provided in the BCD adder network
to add 6 (0110) to any pure-binary sum greater than 9 to convert it
to BCD form. Here pure-binary 10 (1010) plus 6 (0110) yields pure-
binary 16 (10000), which is correctly interpreted in BcD form as
1 0000, or 10. Two such BCD corrections are necessary here as the
pocket calculator carries out the operation of adding 835 and 974.
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Social Spiders

Most adult spiders lead solitary lives. A few species, however, are

gregarious and others even build large communal webs. Both degrees

of spider sociality can be observed among species native to Mexico

mong insects—notably bees, ants and
termites—social behavior is com-
mon. Among spiders it is rare. All
spiders are predatory carnivores; among
many of them even the male of the species
cannot approach the female without risk of
being attacked and Kkilled. It is therefore
paradoxical that there are any social spiders
at all. How, then, can such spiders exist?
The number of social spiders is small;
only in 12 genera distributed among nine
families of spiders is any kind of sociality
known. The 12 genera are, however, widely
distributed, with representatives in both the
Old World and the New. Two of the New
World species are found in Mexico. I re-

L

COOPERATIVE CAPTURE of a fly (4) by
several spiders is seen in the photograph on
the opposite page. The diagram above identi-
fies prey and predators. Spiders labeled M
are mature; those labeled I are immature.
Only two of the many flies on the web (4, and
B at bottom left) are new catches. The spiders
are of the social species Mallos gregalis. The
cluster of mature spiders is feeding or prepar-
ing to feed. One immature spider has been
drawn to the scene; another is approaching.
The photograph was made in the author’s
laboratory; spiders were collected in Mexico.

by J. Wesley Burgess

cently visited areas near Guadalajara where
both species are present, observed the social
spiders in their natural habitat and brought
home to North Carolina a number of speci-
mens for rearing and further observation in
the laboratory.

The two Mexican species lead distinctive-
ly different lives. Mallos (formerly Coeno-
thele) gregalis is a small spider, with a body
that rarely exceeds five millimeters in
length. It builds a large colonial web, sur-
rounding the branches of a tree with a con-
tinuous sheet of silk. Its aggregations may
be socially the most complex spider colonies
in North America. Oecobius civitas is an
even smaller spider; few have bodies more
than two and a half millimeters long. It lives
gregariously, spinning its silk shelter and
alarm-system web in a dark and narrow
microhabitat: the underside of a rock.

Spider societies are different from the so-
cieties found among the higher social in-
sects both in kind and in degree. One reason
is that a spider’s web extends its range of
sensory perception in a way that has no
analogy among insects. Another is that the
structure of a spider’s mouthparts is such
that it can feed only on other animal life.
Any animal of appropriate size that a spider
encounters, including a spider of another
species or even the same species, is potential
prey. It will nonetheless be useful in de-
scribing the sociality of the social spiders to
sketch the probable evolution of different
degrees of sociality among insects.

As Edward O. Wilson of Harvard Uni-
versity has pointed out, the eusocial insects,
or higher social insects, have three traits in
common: cooperative care of the young, a
division of labor whereby more or less ster-
ile individuals attend to the needs of fertile
individuals, and a life cycle long enough for
the offspring at some point to share the ac-
tivities of the parental generation. The evo-
lutionary routes that may have led from
nonsocial to eusocial behavior appear to be
traceable in terms of the less than eusocial
behavior found among various insect rela-
tives of the eusocial species. Charles D.
Michener of the University of Kansas has
outlined two such possible routes.

The first route Michener calls parasocial;
on it there are three levels of increasingly
complex behavior on the way to eusociality.
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The lowest level, communal behavior, is
characterized by an aggregation of female
insects, all belonging to the same genera-
tion; once the females have aggregated they
build a communal nest for their young. The
next level, quasi-social behavior, is charac-
terized by cooperative care of the young.
The third level, semisocial behavior, is char-
acterized by the appearance of different
castes that serve different roles. Thereafter
eusociality is achieved when the life cycle is
extended so that parents and mature off-
spring coexist in the same colony.
Michener’s second evolutionary route he
calls subsocial. On this route only one level
of behavior precedes eusociality; it is char-
acterized by solitary rather than communal
nest building. The solitary female remains
at the nest, however, and cares for her
young. Eusociality is achieved in one step
when the nest builder lives long enough to
have the assistance of its first daughter gen-
eration in caring for subsequent, caste-dif-
ferentiated daughter generations.

Eoked at in these terms no social spider is
eusocial. We must define the common
base of spider sociality in much more re-
stricted terms: the existence of various de-
grees of communality and of characteristic
interactions among the members of com-
munal aggregations.

Here it should be noted that with few
exceptions even spiders that are solitary in
habit go through a semicommunal stage
early in their life cycle. Unlike insects,
spiders do not have a larval stage. Each
emerges from the egg as a functioning mini-
ature adult, although it retains a yolk sac
that supplies it with nutrients for several
days. It grows in size and develops its sexual
characteristics through a series of succes-
sive molts, the earliest of which takes place
within the shelter of the parental egg sac. It
leaves the egg sac fully prepared to spin silk
and disable prey.

One might therefore expect that the spi-
derlings of the solitary species would scatter
as soon as they leave the egg sac. Instead for
the duration of a period known as the toler-
ant phase the spiderlings aggregate, and
many of them join in the labor of building a
small sheet web. They may even attack any
small prey animal that blunders into the
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COMMUNAL SPIDER Mallos gregalis has an average body length
of five millimeters. Its complex flytrap web incorporates many sticky
bands of silk that entangle intruders. The sticky silk is drawn from

web and wrap the intruder in silk. At this
early stage, however, they never feed on the
prey. After several days of the tolerant
phase have passed the spiderlings disperse,
build individual webs and feed on the prey
they capture. All the spiderlings appear to
adopt the solitary behavioral pattern simul-
taneously.

It is also noteworthy that in certain soli-
tary-spider species (including representa-
tives of the families Eresidae, Theridiidae
and Agelenidae) the adult female does not
abandon the egg sac after constructing it
but remains with it, or carries it with her,
until the spiderlings emerge. The female
may then allow them to share her captured
prey or may nourish them with regurgitated
food or special secretions. Such parental
care of the offspring bears a certain resem-
blance to the lower level of Michener’s sub-
social route to higher sociality. Thus even
among the spider species that are recog-
nized as being solitary, transient episodes
of sociality may be observed.

When spiders live in groups, a number of
additional interaction patterns are evident.
Spider groups form in a variety of ways. For
example, adult spiders of some species in
the families Uloboridae and Araneidae will
aggregate without regard to whether they
are the offspring of the same parents or dif-
ferent ones. Each individual in these aggre-
gations spins its own web. Among some
species the individual may also contribute
silk to a communal web area. Some of these
groups may be made up of as many as 1,000
adults. In general each individual lives inde-
pendently. All, however, share the benefits
of a large aggregate web surface and of mo-
nopolizing a habitat that might otherwise

102

have been shared by competitive species.

The viability of simple aggregations such
as these demonstrates the existence of a tol-
erance mechanism in the individual adult
spiders. At the very least the mechanism
must be strong enough to keep the spiders
from eating one another when prey are
scarce. Evidently the mechanism is also spe-
cies-specific; it is not limited to simply en-
suring that the spiders are tolerant of all the
other spiders in the aggregation. They are
also tolerant of any spider of their own spe-
cies. This has been demonstrated as follows.
Individuals of the species Metepeira spi-
nipes, a member of the family Araneidae,
have been taken from populations living
hundreds of miles away and introduced into
local aggregations of M. spinipes. The pres-
ence of strangers did not disrupt the toler-
ance mechanism within the local aggrega-
tion, nor was any difference noted in the
behavior of the two groups.

he most dramatic examples of spider

sociality involve interactions substan-
tially more complex than those I have been
describing so far. These interactions are
known only for four (possibly five) spider
species. Two of the species are African:
Agelena consociata and Stegodyphus sarsi-
norum. The others are New World spiders:
Anelosimus eximus (and possibly a second
species of the genus, 4. studiosus) in South
America and one of the species I have col-
lected in Mexico, Mallos gregalis. All have
in common the habit of constructing a large
central web that is occupied by all the spi-
ders in the aggregation. By combining their
labors the spiders are able to construct a
web that is much larger and far more elabo-
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hundreds of microscopic pores in an abdominal plate (right), the
cribellum. The spider combs out the silk with its calamistrum, an ar-
ray of bristles that grows on the metatarsal of each of its hind legs.

rate in architecture than the web of any
single spider; the structure is occupied by
successive generations.

These spiders also collaborate in captur-
ing prey much larger than prey any one of
them could capture alone. Moreover, after
the prey has been captured the spiders feed
on it communally. Interactions as complex
as these imply that these species have in
addition to a tolerance mechanism a capaci-
ty for the coordination of individual respon-
ses to stimuli and an ability to recognize
intraspecies sensory cues or to respond to
some other kind of information. As an ex-
ample, each spider seems to be able to dis-
tinguish between the web vibrations caused
by a fellow member of the community and
the vibrations caused by potential prey.

Bertrand Krafft of the University of Nan-
cy has observed Agelena consociata in Ga-
bon. He found that close-quarters tolerance
in the species is mediated at least in part by
chemotactic cues. Uninjured members of
the community tolerate one another. An
injured spider, or one whose normal superfi-
cial odor has been artificially altered by a
washing in alcohol and ether, is attacked
immediately. Neither the chemotactic cues
nor other possible but still unidentified
components of the spiders’ tolerance mech-
anism are confined to local populations of
the species. As with Metepeira spinipes, in-
dividual spiders of the same species can be
moved from one colony to another without
disrupting the communal activity pattern.

There is no evidence that any of these
spider species has evolved a caste system
such that the adults differ in form in accord-
ance with any division of labor. Some differ-
ence in behavioral roles may exist as a result



GREGARIOUS SPIDER Oecobius civitas has a body averaging two
and a half millimeters in length. Like Mallos gregalis it has a cribel-
lum, but it uses its sticky silk actively, wrapping its prey rather than

of age or variations in biological rhythms,
but just how cooperation is cued remains
unknown. The pattern of behavior is none-
theless an example of sociality that is not
easily equated with any pattern of sociality
among insects. These spiders’ behavior may
well deserve a category of its own: commu-
nal-cooperative.

he Mexican social spider Mallos grega-

lis traps mostly flies on the sticky sur-
face of the communal sheet web it spins
around the branch of a tree. The spider has
longbeen known toMexicans asel mosquero,
the fly-killer, and in the rainy season, when
houseflies are particularly oppressive, those
who live in the Guadalajara countryside
will bring a web-covered branch into their
house in much the same way that other
people might string up flypaper. A member
of the family Dictynidae, M. gregalis is a
cribellate spider. Such spiders have a sieve-
like plate, the cribellum, on the underside of
their abdomen [see illustration on opposite
page]. Sticky silk emerges from fine holes in
the cribellum and is combed away with the
two hind legs that bear a special row of
bristles known as the calamistrum. This is
the silk that forms the sticky prey-trapping
areas on the outside of the spider’s web. The
web as a whole is an elaborate structure that
includes supporting lines running between
the surface sheet and the twigs and leaves of
the branch, sheltered retreats for the spiders
and special chambers where the female spi-
ders live with their egg sacs. The sacs, thin
wrappers of silk, contain from 10 to 20 eggs.
The surface sheet is perforated in places
with holes that provide access to the inte-
rior of the web.

The communal web of M. gregalis can be
very large. One I saw near Guadalajara cov-
ered the limbs and branches in the upper
three-quarters of a 60-foot tree of the mimo-
sa family. Where the limbs met the trunk
the silk of the sheet web was gray, but near
the tips of the branches the silk was new and
white. Evidently construction was continu-
ing outward along the limbs. The spiders
were not confined to the newer portions but
were active in all parts of the web.

Both field and laboratory observations
confirm that the construction of the M. gre-
galis web is a mutual effort. If a laboratory
colony of the spiders has some treelike sup-
port available, such as an upright stick, the
spiders will build their characteristic envel-
oping sheet web. In the absence of such a
support they will build the kind of three-di-
mensional web that is typical of other dic-
tynid species. Although this web looks dif-
ferent from the natural one, it too includes
retreats and egg-sac chambers. In the labo-
ratory web a task begun by one spider may
be finished by another. I have also seen one
spider of the colony lay down strands of
ordinary silk, after which other spiders add-
ed bands of the sticky cribellate silk.

Observed in nature, the spiders seem to
move around at random and without haste,
emerging from and disappearing into the
holes in the surface of the web. Their fly
prey are trapped by the sticky web when
they alight on it. When a fly gets stuck, two
or three spiders approach the buzzing in-
sect, immobilize it with their venomous
bites and then feed on it. On occasion the
spiders can be seen carrying flies down the
holes into the interior of the web.

The spiders’ predatory behavior can be

© 1976 SCIENTIFIC AMERICAN, INC

CRIBELLUM

SPINNERETS

ANAL TUBERCLE

ABDOMEN (VENTRAL VIEW)

waiting for it to become entangled. The spider combs out a thread of
the silk with its anal tubercle (right) and winds silk around the prey
by circling it, abdomen foremost (see middle illustration on page 106).

observed in detail in the laboratory. We feed
our colonies once every five days, which
increases the probability that a majority of
the spiders will be ready to feed at the same
time. At any given moment one or two indi-
viduals in a colony of about 100 spiders are
usually on the surface of the web; the other
spiders will be in the web’s interior. When a
housefly is put into the spider cage and flies
about, it makes a humming noise that is
audible to the experimenter but causes no
apparent change in the random activity of
the spiders.

A fly that lands on a nonsticky part of the
web and walks around stimulates a local-
ized response; some of the spiders will turn
to face in the direction of the fly, but that is
all. If the fly gets entangled in a sticky part
of the web and begins to buzz loudly, the
behavior of the spiders changes abruptly.
Throughout the web spiders that have been
at rest turn toward the trapped fly and begin
to approach it in short jumps. The fly con-
tinues to buzz even after the first spiders to
reach it start their attack, usually by biting a
leg or a wing. The buzzing draws more at-
tackers; they move directly toward the fly
over the web surface until eventually the
prey almost disappears under the feeding
spiders. Both male and female spiders at-
tack. Even immature spiders take part,
swarming over the adults in search of a
place to feed.

Even though the attacking spiders in the
caged colony are quite aggressive, we have
never observed one spider attacking anoth-
er. As we canvass the behavioral repertory
that differentiates social spiders from soli-
tary ones, this aspect of feeding in aggrega-
tions is significant. For example, young soli-
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RESPONSE TO AN INTRUDER by a colony of communal spiders
is reconstructed in these drawings on the basis of laboratory observa-
tion. Unlike the members of a wild colony all the spiders in the labo-
ratory colony have fasted the same length of time. The sound of a
passing fly is audible to a human obscrver but attracts no attention
from the spiders. Even when a fly lands on the surface of the web (top
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left), only the nearby spiders reorient themselves. The buzzing of a
fly entangled in sticky silk (top right) stimulates a response through-
out the colony, and the spiders advance on the prey in quick jumps.
The bites of the first spiders to reach the fly (bottom left) give rise to
a louder buzzing that further stimulates spiders to approach the prey.
As feeding begins (bottom right) immature spiders join the adults.
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tary spiders such as those of the species
Araneus diadematus, when they are artifi-
cially confined in close quarters, will also
feed communally. Among the artificially
confined solitary spiderlings, however, a
tolerance mechanism, if it exists at all, oper-
ates only imperfectly; they will feed com-
munally both on captured flies and on one
another. This suggests that it is a strong
tolerance mechanism that accounts for
communal feeding in Mallos gregalis just as
coordination mechanisms account for com-
munal capture of prey.

The tolerance mechanism at work in M.
gregalis colonies is being studied in our lab-
oratory. It is evident from our observations
that the mechanism is strong and that it
operates both at close quarters and over
considerable distances. Indeed, several sep-
arate mechanisms may be at work, perhaps
mediated by cuing systems that allow dis-
crimination between, say, the web vibra-
tions caused by trapped prey and those
caused by members of the colony. To test
this hypothesis we are subjecting the colo-
nies to the stimuli of various web vibrations
in the hope of isolating such cues.

he social behavior of the second Mexi-

can spider, Oecobius civitas, at first
seems to be principally aggregative, like the
behavior of other spiders that build their
nests in close proximity. The darkness of
this spider’s microhabitat makes observa-
tion of its behavior difficult, but its unusual
method of prey capture has been recorded.
O. civitas has a finger-shaped organ, the
anal tubercle, on the abdomen near its silk-
extruding spinnerets. With this appendage
it can comb sticky silk out of'its cribellum in
a rope that it winds around its prey [see
illustration on page 103].

A closer study of the sociality of O. civitas
proves that it is more than merely aggrega-
tive. The spiders’ behavior features a curi-
ous combination of tolerance and avoid-
ance. On the underside of the rock that
shelters the spiders each individual weaves
a small open-ended tube of silk that is its
hiding place; around this retreat the spider
constructs a thin, encircling alarm-system
net close to the surface of the rock. The pair
of structures makes up the spider’s web,
which is generally found in a hollow or a
crevice of the rock. If a spider is disturbed
and driven out of its retreat, it darts across
the rock and, in the absence of a vacant
crevice to hide in, may seek refuge in the
hiding place of another spider of the same
species. If the other spider is in residence
when the intruder enters, it does not attack
but darts out and seeks a new refuge of its
own. Thus once the first spider is disturbed
the process of sequential displacement from
web to web may continue for several sec-
onds, often causing a majority of the spiders
in the aggregation to shift from their home
refuge to an alien one.

Field observations and experiments indi-
cate that, as with Metepeira and Mallos, the
mechanisms responsible for the combina-
tion of tolerance and avoidance extend be-

-

WEB-COVERED BRANCHES of a species of mimosa near Guadalajara support part of the
communal web of a Mallos gregalis colony. Scattered holes allow the spiders to move freely
from areas inside the web to the sticky outer surface where intruders become trapped. In the fly
season local people often bring such branches indoors to serve as a kind of natural flypaper.

yond the local population to include other
spiders of the same species. Moreover, with-
in the local population the shift to another
spider’s shelter may be a semipermanent
move. The reason is that when the spiders
are undisturbed, they occupy a fixed web
position for long periods. In any event the
behavioral pattern of the species benefits the
individual spider by providing more than
one available retreat in an emergency.

The group behavior of Oecobius civitas is
far simpler than that of Mallos gregalis. It is
nonetheless effective in enabling the spiders
to live together under crowded conditions.
No doubt the avoidance mechanism makes
a major contribution toward the spiders’
ability to maintain a high population densi-
ty in their restricted miciohabitat. Other
contributing factors probably include the
spider’s unusual predatory technique and
the spacing of individual webs. In any case,
although we remain largely ignorant of the
mechanisms underlying avoidance and tol-
erance, they appear to be the basic building
blocks that provide a foundation for more
complex group behavior.

It has been suggested that Oecobius civi-
tas displays an even more remarkable kind
of sociality: construction of a communal
egg sac by the females in the aggregation.
The possibility of such a behavioral ad-
vance, unknown among spiders, came to
light recently when William A. Shear of
Hampton-Sydney College undertook a tax-
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onomic review of the oecobiid spiders. He
was assisted by a number of colleagues who
donated specimens to the project. Among
the donors was Willis J. Gertsch, curator
emeritus of spiders at the American Muse-
um of Natural History, who had collected
specimens of O. civitas, its web and its egg
sacs in the Guadalajara area.

The usual oecobiid egg sac contains from
five to 10 eggs. In the preserved material
donated by Gertsch, however, Shear found
two groups of more than 200 immature spi-
ders. Each group was contained in what
gave every appearance of being a single
egg sac. Shear published his observation in
1970, suggesting that O. civitas might be a
communal egg layer.

When I collected specimens of O. civitas
and its egg sacs in the area near the shores of
Lake Sayula, where Gertsch had done his
collecting, I found that several other species
of spiders shared the rocky habitat with the
oecobiids. As a result a variety of egg sacs
could be collected. This I did, sealing indi-
vidual egg sacs in individual tubes. I was
disappointed to find that only the small
sacs, averaging seven eggs to a sac and
mainly collected in or near O. civitas web
retreats, hatched oecobiids.

After rearing this spider in the laboratory
for three generations and observing only
individual egg sacs containing from five to
10 eggs, I consider that to be the normal
pattern of reproductive behavior in O. ci-
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vitas. To resolve the question beyond all
doubt other single O. civitas egg sacs con-
taining eggs or immature spiders in large
numbers will have to be collected in the
field.

Mating behavior has not yet been ob-
served in our laboratory populations
of either Mallos gregalis or Oecobius civitas.
Solitary male spiders go through elaborate
pre-mating maneuvers, so-called courtship
patterns that supposedly inhibit predation
in the female at the time of copulation.
Among social spiders, which live in tolerant
aggregations, such maneuvers would not
seem necessary. Indeed, if differences in
copulatory patterns between solitary and
social spiders do exist, they may even pro-
vide clues to the evolutionary background
of spider sociality. In this connection we
have made one possibly significant observa-
tion concerning fertility. Solitary spiders
raised in the laboratory retain the cyclical
breeding rhythms characteristic of their

wild state, but when our M. gregalis colo-
nies are provided with a uniform environ-
ment and controlled periods of darkness
and light, they produce fertile eggs through-
out the year.

Observation of the two Mexican spiders
has uncovered a substantial amount of in-
formation about their sociality, but that
information more often than not merely de-
fines the extent of our ignorance. For exam-
ple, we do not know what conditions favor
the development of spider sociality or even
what mechanisms are involved in tolerance,
avoidance, the formation of groups or the
coordination of activity. Moreover, it is not
known how different forms of spider sociali-
ty are related to one another or how, in
complex interactions, intragroup informa-
tion is transferred. The search for answers
nonetheless seems to offer one certainty:
The more we learn about the sociality of
comparatively simple animals, the better we
shall be able to understand the sociality of
more complex species, including our own.

CAPTURE OF PREY, usually a foraging ant, by a spider of the gregarious species Oecobius ci-
vitas follows a complex pattern that begins when the intruder disturbs the spider’s alarm web.

ALARMED SPIDER leaves its shelter and moves in circles around its prey, its abdomen fore-
most and raised clear of its legs, while it combs out a strand of sticky silk with anal tubercle.

WRAPPED IN SILK, the ant is immobilized. The spider may rest for a time or may turn (left)
to bite and disable its prey. Only the captor feeds on the prey; nearby spiders do not approach.
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Fluorescence-activated Cell Sorting

This new technique, which is capable of identifying and isolating

closely related types of animal cells at rates of up to 5,000 cells

per second, holds much promise for investigations of cell biology

by Leonard A. Herzenberg, Richard G. Sweet and Leonore A. Herzenberg

of cell biology today is the problem of

obtaining pure populations of differ-
ent kinds of living cells from a given organ.
Imagine molecular biology without tools
such as ultracentrifugation, column chro-
matography and electrophoresis for the iso-
lation of DNA, RNA, enzymes and other
constituents from the molecular “soup” ob-
tained by the disruption of cells. Detailed
descriptions of the mechanisms involved in
the metabolism of sugar and the synthesis of
protein—two outstanding achievements of
recent years—would still be a gleam in the
biochemist’s eye. An important prerequisite
for studying the components of any biologi-
cal system, be they the molecules in a cell or
the cells in an organ, is the ability to isolate
those components from one another so that
they can be characterized and recombined
under controlled conditions.

Of course, cell biology is not entirely
lacking in techniques for isolating and
studying living cells. Several methods, in-
cluding centrifugation and electrophoresis,
have played a key part in fundamental dis-
coveries. As knowledge in the field expands,
however, so does the quest for a more re-
fined method to separate closely related yet
functionally distinct types of cells. Here we
shall describe a promising new approach to
the problem of cell separation, pursued
mainly in our laboratory at Stanford Uni-
versity.

Perhaps the chief obstacle to the study

he common starting point for all cell-
separation techniques is the breakdown
of the organ (or organism) to obtain a sus-
pension of viable dissociated cells floating
free in a suitable medium. That is fairly easy
to accomplish with many tissues, where it is
generally adequate to crush the excised tis-
sue against a fine wire mesh. Other tissues
may call for enzymes or other chemicals to
sever the intercellular connections that bind
the cells together. From some organs only
one or a few of the cell types present can be
recovered, whereas for other organs no
techniques have yet been found for obtain-
ing viable cell suspensions in good yields.
The development of techniques for pre-
paring suspensions of dissociated cells was
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in itself a major advance in cell biology.
Much of what we know today about cell
functions comes from studies in which sus-
pensions of cells are either injected back
into animals or cultured for longer or short-
er periods in the laboratory. As the cells
obtained from a given organ were found to
be responsible for a given function, howev-
er, questions inevitably arose: Which cells
in the suspension were actually doing the
work? Was an interaction between two or
more different cell types required?

The existing methods for separating cells
grew out of the need to answer such ques-
tions for cell suspensions from a variety of
organs being studied for a variety of func-
tions. Some of those methods depend on the
selective killing of unwanted cells in order
to enrich the suspension in the surviving
type (or types) of cells. Other techniques
aim for selective enrichment based on phys-
ical or chemical differences between the
cells in the suspension. In either case the
method of choice is dictated by the cells
under study, their susceptibility to damage
by various treatments, the methods used to
assay cell function and, most important, by
the nature of the differences between the
cells that must be separated from one an-
other.

Cell-separation methods can take advan-
tage of differences in the physical properties
of the cells (such as size or density) or they
can exploit differences in the properties of
the surface membranes of the cells (such as
their electric charge or their ability to ad-

here to glass or plastics). Because function-
ally different cells may differ from one an-
other only in the amount or type of a single
surface membrane constituent, however,
many laboratories, including our own, have
sought techniques with more specificity
than is afforded by physical criteria alone.

Several years ago we were searching for
methods for isolating variants that ap-
peared infrequently in cultured animal-cell
lines. We wanted variants that differed only
slightly from the parent cell line, perhaps
only by the gain or loss of a single structure
on the surface of the cell. We were struck by
the apparent ease with which certain struc-
tures on the cell surface could be coated
with a specific fluorescent substance and by
the almost infinite variety of surface struc-
tures that could be labeled in this way to
distinguish the cells from one another. It
was clear that we could identify the variants
we wanted with the aid of the fluorescent-
marker method and the fluorescence micro-
scope. Other investigators had already done
so in similar experiments, but what we
needed for our experiments was a method
not only for identifying fluorescence-tagged
cells but also for isolating them.

We were at that time also becoming inter-
ested in the interactions of lymphocyte cells
in the immune response and in the genetics
and biology of lymphatic tumors. Again we
recognized the need for a method for isolat-
ing various kinds of lymphocytes, many of
which deviate from other lymphocytes only
by small surface differences. And again be-

FLUID JET containing a mixture of different cells, some “tagged” with a fluorescent dye, is
shown emerging from a rapidly vibrating nozzle and breaking into a uniform stream of tiny
droplets in the left-hand photograph on the opposite page. Just below the nozzle, before the
droplets form, the jet is illuminated with the focused blue light of an argon-ion laser, which ex-
cites a yellow-green fluorescence in the tagged cells. The fluorescent light is detected, along
with light scattered forward out of the illuminating beam by the passing cell, and the resulting
electrical signals are used to charge the liquid stream exactly when the droplet containing a de-
sired cell is forming. Farther downstream the droplets, which retain their charge after they
separate from the stream, pass through a constant electric field across their path. As the right-
hand photograph shows, charged droplets are deflected toward appropriate collecting reser-
voirs, whereas uncharged droplets continue on their original course. Both of these demonstra-
tion photographs are multiple exposures made with the aid of a microscope and a stroboscopic
lamp timed to flash synchronously with the procession of falling droplets; thus the image of
each droplet seen in the photographs is actually made up of thousands of identical droplet im-
ages. Here the fluorescence was enhanced by adding extra fluorescent dye to cell suspension.
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BaseLl DTENINTAL FELSLEE

CURRENT MODEL of the fluorescence-activated cell sorter, the now manufactured by the Becton Dickinson Electronics Laboratory,

FACS-11, was photographed in the authors’ laboratory at Stanford is capable of separating as many as 90 million cells, differing by as
University, where it was originally developed. The machine, which is little as 5 percent in their fluorescence, in a typical run of five hours.

CLOSEUP PHOTOGRAPH shows the portion of the Stanford cell STROBOSCOPIC-FLASH PHOTOGRAPH similar to photographs
sorter where the fluid droplets are actually formed and separated. on the preceding page but at a macroscopic scale manages to cap-
The deflected streams of droplets are barely visible in this normal ex- ture the deflected droplets in mid-flight near the electrically charged
posure as faint lines curving toward the collecting vessels at bottom. plates. The laser beam was made visible by blowing smoke in its path.
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cause these differences could be detected by
the fluorescence microscope, we wanted a
method of isolating cells tagged with a fluo-
rescent marker.

Those needs led us to become intrigued
with the idea of building a fluorescence-ac-
tivated cell-sorting machine that would en-
able us to do the desired experiments. We
contacted Louis A. Kamentsky of the Inter-
national Business Machines Corporation,
who had already built a machine that could
separate fluorescent cells. The goals set for
his instrument, however, were different
from our own. Kamentsky was concerned
with isolating small numbers of potential
cancer cells—not necessarily viable after
isolation—and depositing them on a slide
for microscopic study by a pathologist,
whereas what we wanted was to obtain
large numbers of isolated cells, both viable
and suitable for a variety of functional bio-
logical studies.

We would probably have gone no further
than dreaming about a cell sorter that met
our needs if it had not been for the fortunate
proximity in another laboratory at Stanford
of a team of investigators engaged in the
National Aeronautics and Space Adminis-
tration’s Exobiology Program. Over coffee
and lunch we talked with our engineer
neighbors about the feasibility of jointly
building a cell sorter. Eventually we got
some initial funding from various sources
and decided to attempt to build such a ma-
chine. Several years later a prototype model
of a fluorescence-activated cell sorter, de-
signed principally by William A. Bonner
and H. Russel Hulett, went into operation
in our laboratory.

he fluorescence-activated cell sorter, or

FACS, separates cells according to how
much fluorescent dye is bound to each cell.
The current model, FACS-11I, detects cells
with as few as 3,000 molecules of fluores-
cein (a common fluorescent dye) on each
cell. In addition, by means of correlated
light-scattering, the device simultaneously
measures the sizes of all cells; hence it can
be set to separate those cells that fall within
desired ranges of both size and fluorescence.
The sorter can operate efficiently at rates of
up to 5,000 cells per second, which means
that in a typical five-hour run 90 million
cells can be processed for various experi-
mental purposes.

Briefly FACs-11 works as follows. As cells
emerge from the starting reservoir they are
rapidly passed single file across a small area
intensely illuminated by a laser beam; they
are then isolated in tiny droplets that are
electrostatically charged and deflected to
different collecting reservoirs [see illustra-
tion on next page]. As the cells flash across
the laser beam, the optical signals generate
electric pulses, which are rapidly compared
with preset criteria so that the droplet con-
taining the observed cell can be deflected
into the appropriate reservoir.

The techniques we rely on for generating
and controlling fluid droplets have their ori-
gin in the work of the 19th-century physi-
cist Félix Savart, who showed that a small

fluid jet would break up into a procession of
droplets having remarkable uniformity and
regularity if the nozzle or orifice that
formed the jet was vibrated at the proper
frequency. Savart’s work, published in
1833, stimulated research by other investi-
gators, including Lord Rayleigh, Chiches-
ter Bell (Alexander Graham Bell’s cousin)
and C. V. Boys. In Boys’s well-known book
on soap bubbles and other surface-tension
phenomena there appears a photograph of a
water jet made with the light of an electric
spark. A musical note, acoustically coupled
to the jet nozzle, produced minute bulges in
the cylindrical column of fluid as it emerged
from the nozzle, and surface-tension forces
amplified those regular disturbances until
they severed the jet. By deflecting droplets
generated in this way with the field pro-
duced by a piece of electrified sealing wax
Boys showed that processions of identical
droplets could be made to follow precise
curved trajectories.

Those early studies were limited to jets
with a diameter on the order of a millimeter
and a repetition rate of less than 1,000 drop-
lets per second. In 1961, after preliminary
experiments had verified that much higher
drop frequencies could be obtained with
smaller jets, that the drops could be inde-
pendently and precisely charged and that
useful deflections could be produced with
available electrostatic technology, a project
was initiated by one of us (Sweet) at Stan-
ford’s Applied Electronics Laboratory to
utilize those techniques as the basis of a
high-speed recorder that would write with
electrostatically deflected droplets of ink.
The Stanford project developed techniques
for accurately and independently deflecting
ink droplets at rates of up to 200,000 per
second, a capacity that has since led to the
production of high-speed ink-jet computer
printers, mail addressers and other printing
equipment.

In 1964 the Stanford work on ink-jet re-
cording was noticed by Mack J. Fulwyler
and Marvin A. Van Dilla of the Los Alamos
Scientific Laboratory. Fulwyler had been
studying individual cells with a Coulter
counter, an instrument that determines the
volume of a cell by flowing an electrically
conducting saline solution containing sus-
pended cells through a tiny aperture and
measuring the change in the electrical re-
sistance of the fluid in the aperture as each
cell or other insulating particle passes
through it. Fulwyler successfully combined
this counting principle with the Stanford
droplet generator in an instrument that ini-
tially was capable of sorting cells at rates of
up to about 1,000 per second. In describing
their apparatus Fulwyler and Van Dilla
noted that measurements of the optical
properties of cells (such as their fluores-
cence) might also serve as the basis of a
sorting technique.

The present Stanford fluorescence-acti-
vated cell sorter is an outgrowth of that
work. Cells in liquid suspension are forced
under pressure through a micronozzle into
the center of a stream of cell-free fluid and
then out through an effluent nozzle 50 mi-
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crometers in diameter. This design creates a
coaxial flow that keeps the cells near the
axis of the effluent jet. The nozzle assembly
is vibrated axially at an ultrasonic frequen-
cy of 40,000 cycles per second, breaking the
jet into 40,000 uniform droplets per second.

Immediately below the nozzle, before the
droplets form, the jet is illuminated by the
focused blue or green light of an argon-ion
laser, operating at a wavelength selected to
excite fluorescence in cells tagged with the
appropriate fluorescent material. Some of
the fluorescent light, filtered to remove the
exciting wavelength, is focused onto a pho-
tomultiplier tube, which generates an elec-
trical signal proportional to the number of
fluorescent molecules on each cell. A sec-
ond signal, related to the volume of the cell,
is generated by detecting the light scattered
forward out of the illuminating beam by
the passing cell. The signals are processed,
delayed and combined to produce other
electric pulses, which serve to charge the
liquid stream exactly when the droplet
containing a desired cell is forming [see il-
lustration on page 113].

Droplets that separate from the stream
while it is charged retain their charge. The
droplets, still traveling at the velocity of
the jet from which they formed (about 10
meters per second), are directed between
two charged plates that establish a con-
stant electrostatic field across their path.
Charged droplets are deflected appropriate-
ly, whereas uncharged droplets continue on
their original course.

he deflection principle we employ is

similar to that of the familiar cathode-
ray tube but with an important difference.
In the cathode-ray tube the electrons all
have identical charges and are deflected by
varying the field through which they pass.
The deflecting force on all the electrons in
the field at a given instant is in the same
direction, and neighboring electrons cannot
be directed along different paths. That fac-
tor limits the minimum response time of the
cathode-ray tube to the comparatively short
time required for electrons to pass through
the deflection system.

In the cell sorter, on the other hand, the
droplets have different charges. Moreover,
they also have a much lower ratio of charge
to mass than electrons, and hernce if they are
to be sufficiently deflected, they must spend
a longer time (about three milliseconds) in
the deflecting field. In a varying-field system
the field could not be changed more rapidly
than about every three milliseconds, or 333
times per second. By controlling the drop-
let’s charge instead, and by specifying two
droplets per sorted cell, the deflection direc-
tion can be changed as many as 20,000
times per second, an improvement in speed
of about sixtyfold over a high-speed vary-
ing-field system.

The electrical signals generated by the
two light detectors are processed by com-
paring the signals with preset amplitude
limits that define cells by class. Upper and
lower limits for the amplitudes of both sig-
nals can be set independently in order to
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means of an electrical system that processes the signals that are re-
ceived from two light detectors (see illustration on opposite page).
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define two cell fractions to be sorted from
the input sample.

Each cell that satisfies the criteria for
sorting actuates a “left” or “right” sorting
trigger. To ensure that only the desired cells
are deflected a control device checks for
adequate time separation between the cells
that actuate sorting triggers and the un-
wanted cells, and cancels those triggering
events that correspond to cells too closely
spaced to separate. The triggering events
are then delayed until the cell arrives at the
point where droplets form. The charge gen-
erator is switched on just before the desired
cell enters a droplet, charging the entire
stream, and is switched off after the drop-
let separates, marking the droplet with a
trapped positive or negative charge, which
remains unchanged during the droplet’s
journey to the collecting tube. To be certain
of charging the right droplet, at least two
droplets are charged for each cell to be sort-
ed. A third reservoir, the contents of which
are usually discarded, collects undeflected
droplets (which are empty or contain un-
wanted cells, debris and cells too closely
spaced to separate).

At the typical sorting rate of 5,000 per
second (approximately 18 million cells per
hour) the fluorescence-activated cell sorter
yields separated samples with a purity of
between 90 and 99 percent. The viability of
the cells is not affected by their passage
through the instrument; in fact, the percent
of living cells in the input sample can actu-
ally be increased by setting the scattered-
light threshold to exclude dead cells. The
temperature of the input and output reser-
voirs is controlled, and all components of
the instrument that are in contact with cells
can be sterilized. The duration of a run,
which is determined by the number of sepa-
rated cells required and the stability of the
biological material, often lasts for up to
eight hours.

he analytical capabilities of the fluores-

cence-activated cell sorter make it a
powerful tool for measuring the distribu-
tion of cells in a given sample according to
either size or fluorescence. The range for
fluorescence detection extends well below
the usual detection level in the fluorescence
microscope. Cells that differ by as little as 5
percent in fluorescence can be differentiat-
ed. Furthermore, by appropriate manipula-
tion of the thresholds it is possible to deter-
mine the size of cells characterized by a
certain level of fluorescence or the level of
the fluorescence of cells within a particular
size range. These analyses have been greatly
facilitated by coupling the cell sorter to a
computer that stores, manipulates, displays
and plots the accumulated data.

Of course, analysis and separation go
hand in hand. Without the analytical ability
of the cell sorter the choice of separation
thresholds would be an excursion into the
unknown; conversely, without the ability to
separate subgroups of cells identified by
analysis the correlation of function with the
identified characteristics would be extreme-
ly difficult if not impossible.
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SIGNALS FROM LIGHT DETECTORS are processed and combined to produce electric
pulses called sorting triggers, which are used to charge the fluid jet exactly when the droplet
containing a desired cell is forming. Preset amplitude limits can be established for both signals
in order to define two cell fractions to be sorted from the input sample. Triggering events that
correspond to cells too closely spaced to separate are canceled. To make certain of charging
the droplet containing the cell, at least two droplets are charged for each cell to be sorted.

By examining the computer-generated
record of the distribution of cells as a func-
tion of the amount of fluorescence per cell
or the amount of light scattered per cell the
investigator can often tell whether the cell
suspension under study consists of more
than one resolvable population of cells. In
addition, because the fluorescence measure-
ments and the forward-scattered light mea-
surements are made simultaneously for
each cell, the investigator can selectively
determine the fluorescence distribution of
those cells that fall above or below a given
size threshold. Alternatively he can deter-
mine the size distribution of those cells that
generate fluorescence signals above or be-
low a given fluorescence threshold. Thus,
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for example, the existence of a population of
“medium-sized bright cells” can be recog-
nized by appropriate manipulations of up-
per and lower thresholds. Once such a pop-
ulation is recognized it can be separated and
studied functionally.

This “gating” technique also makes it
possible to identify and remove fluorescent
artifacts caused by the presence of odd-
sized bits of fluorescent “junk” and dead
cells in the suspension. Dead cells, it turns
out, scatter less light than live cells, and
hence the dead cells can be resolved into a
separate peak in the curve representing the
forward-scattered light distribution [see
bottom illustration on page 115]. This
finding might be just a curiosity if it were
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not for its great practical significance in ac-
tual sorting experiments. Dead cells often
bind the fluorescein-tagged protein reagents
we use to stain the surface structures of
cells. Therefore the almost unavoidable
presence of a small percentage of dead cells
in a suspension increases “noise” in the ex-
periment, and such cells must be eliminat-
ed, particularly when the number of viable
fluorescent-tagged cells is small. If the for-
ward-scattered light threshold is set above
the range associated with dead cells, the cell
sorter will ignore all fluorescence signals
associated with dead cells and direct them
to another collection vessel, thus enabling
the experimenter to separate and analyze
only live cells.

ACS-1 and FACS-1I machines, produced
commercially by the Becton Dickinson
Electronics Laboratory, are now installed
in laboratories in Britain, Germany and the
U.S. Since those machines have only recent-
ly gone into service, however, the work we
shall describe below was done mostly in our
laboratory with the prototype model of the
FACS-1.

We have used our machine mainly to
study the roles that different types of lym-
phocytes play in the immune response.
These cells, found in the spleen, the lymph
nodes, the bone marrow, the thymus gland
and the blood, constitute the body’s chief
defense against infection and are responsi-
ble for, among other things, the rejection of
organ transplants. Although lymphocytes
are structurally quite similar, they are func-
tionally diverse and have been shown to fall
into several distinct subpopulations. With
the fluorescence-activated cell sorter we
have been able to confirm some fundamen-
tal hypotheses about the functions of lym-
phocytes. Moreover, we have been able to
add new information obtainable only with a
method that enables one to separate and
directly measure certain surface character-
istics of these cells.

One major group of lymphocytes, called
B cells (because of their origin in the bone
marrow), includes precursor cells that may
be triggered by an invading pathogen (or
some other foreign substance) to divide and
differentiate, forming cells that release large
numbers of antibody molecules, which in
turn react with the triggering antigen. The
triggering process usually also requires the
participation of lymphocytes belonging to

ENLARGED VIEWS of tip of nozzle (top)
and region downstream near deflection plates
(bottom) reveal how cells can be sorted into
two classes depending on their size and their
fluorescence. At instant shown in top drawing
nozzle and liquid stream have positive charge,
since “small bright cell” in droplet that is
about to break off is to be sorted into “right”
fraction. The undeflected droplets are either
empty or contain unwanted cells, debris or
cells too closely spaced to separate. Relative
differences in cell sizes have been exaggerat-
ed in these drawings. The diameter of a cell
is about a tenth of the diameter of a droplet.
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another group, called T cells (because they
originate in the thymus gland).

In a typical immune response to an anti-
gen an animal will produce a large number
of different kinds of structurally similar an-
tibody molecules, which differ only in the
amino acid sequence of a small part of
the antibody molecule. These structurally
unique regions constitute the combining
sites that make antibodies capable of react-
ing specifically with the triggering antigen.
In general the antibody is highly specific for
the antigen and will combine poorly if at all
with other molecular structures. Similar an-
tigenic structures do ‘“‘cross-react” with an-
tibodies elicited by one or the other struc-
ture, but even a very small modification of
an antigen, such as the substitution of a
single amino acid or a single sugar in a large
protein or carbohydrate molecule, can be
distinguished by antibody populations.

The potential for responding to antigens
by producing antibody molecules with a
wide range of combining-site structures has
been traced to the precursor B-cell popula-
tion. Each mature antibody-producing cell
gives rise to only a single species of antibody
molecule with a unique combining site that
is reactive with the stimulating antigen.
Therefore the interaction of the antigen and
the precursor cells must be responsible for
determining what antibody molecules will
be produced.

According to current theory, that deci-
sion results from the selective triggering of
precursor B cells, each of which is already
committed to the production of a unique
combining site. The combining-site struc-
ture, incorporated in an antibody molecule,
is manufactured in small amounts by the
committed precursor and is exposed on the
surface membrane of the cell. When the
appropriate antigen comes in contact with
the surface antibodyj, it is firmly bound, and
the precursor cell is triggered (with the help
of a cooperating T cell) to divide and differ-
entiate.

The combining site is at one end of the
antibody molecule; the other end defines a
group of physiologically important charac-
teristics of the antibody. During differentia-
tion the progeny of a given B cell remain
committed to the production of the combin-
ing-site end of the molecule found on the
precursor cell, but they may switch the oth-
er end to one of several different structures.

The concept that antibody production re-
sults from the combination of an antigen
with a specific combining site on a precur-
sor cell was first postulated by Paul Ehrlich
around the turn of the century. Succeeding
generations of immunologists have refined
and modified the concept to include the
commitment of the precursor cell to a
unique specificity that reflects the structure
of the combining-site end of the molecule
and the selective triggering by the antigen.
By isolating specific precursor cells with the
fluorescence-activated cell sorter we have
now been able to obtain direct evidence sup-
porting the predictions of this commitment
theory.



Before we did this work a number of lab-
oratories had established that precursor
cells with a given kind of surface-antibody
specificity could be depleted from lym-
phoid-cell populations by allowing the cells
to react with the appropriate target antigen.
Since the precursor cells could not be recov-
ered and tested directly in these studies,
however, we decided to attack the problem
with the FACS-1.

Michael Julius and Tohru Masuda, then
working in our laboratory, isolated a sub-
population of mouse-spleen cells that bound
a given antigen. They showed that this pop-
ulation of cells was highly enriched for the
precursors of cells that produced antibody
reactive with the antigen.

For the experiment the particular antigen
chosen (a hemocyanin obtained from the
keyhole limpet, a marine gastropod) was
tagged with fluorescein and incubated with
the cells. The cells were then washed free of
excess antigen and passed through the cell
sorter to separate those cells that bound the
hemocyanin from those that did not. The
two resulting cell fractions, labeled fluores-
cence-positive and fluorescence-negative,
were injected into mice along with the ap-
propriate cooperative T cells and fresh un-
labeled antigen to allow the precursor cells
to mature to form antibody-producing cells.
An unrelated antigen was also injected into
some of the mice to provide a control for
testing the specificity of the separated pre-
cursor cells.

The results showed that the mouse recipi-
ents of the hemocyanin-binding, or fluores-
cent, cells manufactured antibody reactive
with hemocyanin, whereas the recipients of
the nonfluorescent cells did not. The latter
mice, however, did produce antibody to the
unrelated antigen, whereas the fluorescent
cells could not. Thus the specificity of the
antigen-combining site produced by the
precursor cell determined the specificity of
the progeny’s antibody-producing cells.

Another study supporting the commit-
ment hypothesis was done as a joint project
involving our laboratory and workers in the
laboratory of John J. Cebra at Johns Hop-
kins University. Working with genetically
determined structural variations found in
rabbit antibodies near the part of the mole-
cule that incorporates the combining site,
Patricia Jones of Johns Hopkins discovered
a strict correlation between the antibody
type of the precursor cell and that of the
producer cell. The structural differences she
worked with, called allotypes, are easily de-
tectable by antibodies that react specifically
with the allotypic structure of the antibody
molecule.

In studies of this kind the separation of
lymphocytes was based on minute qualita-
tive differences in the structure of surface-
membrane components. The fluorescence-
activated cell sorter has also been brought
into play to separate cells where quantita-
tive differences in the amount of surface
antigens distinguish the subpopulations. A
good example of that ability is the definition
of thymus-derived-lymphocyte (T-cell) sub-

RELATIVE NUMBER OF CELLS —>

RELATIVE INTENSITY OF FLUORESCENT LIGHT —>

ONE WAY to distinguish live cells from dead cells in a given cell population by means of the
fluorescence-activated cell sorter is represented by this graph. The data were obtained from a
study in which a sample of human spleen cells was treated with fluorescein diacetate, a nonfluo-
rescent substance that is converted to fluorescent fluorescein after entering a cell. Since live
cells retain fluorescein but dead cells do not, the two fractions can be separated by adjusting a
threshold setting (arrow) that divides the “bright” cells (right) from the “dark” ones (left).

—————— -

RELATIVE NUMBER OF CELLS —>

RELATIVE INTENSITY OF SCATTERED LIGHT ——>

ANOTHER WAY to distinguish live cells from dead cells is illustrated here for the same fluo-
rescein-diacetate-stained spleen-cell suspension. The solid colored curve shows the distribu-
tion of all the cells in the sample according to how much light they scatter forward out of the la-
ser beam. The broken colored curve shows the “fluorescence-gated” scattered-light distribu-
tion, which is composed only of fluorescent, or live, cells. The broken black curve shows the
scattered-light distribution for nonfluorescent, or dead, cells. Obviously dead cells scatter less
light and can be resolved into a separate peak in the overall scattered-light distribution curve.
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NEW ANTISERUM found by workers at the Roswell Park Memorial Institute in Buffalo to
contain antibodies that are reactive with antigens on the surface of certain cells in the thymus
gland and spleen of mice was analyzed by Robert Stout at Stanford, using the Facs-1. He was
able to show that the antiserum actually contained antibodies reactive with two independent
cell-surface antigens, one of which (called ThB) was present on two cell types (spleen cells and
thymus cells), whereas the other (called ML2) was present on only one of the two types (spleen
cells). The Facs-1 compared the amount of fluorescence on spleen cells incubated either with
the intact serum, containing both anti-ThB and anti-ML2 antibody (black curves), or incubat-
ed with a specific anti-ML2 reagent prepared by absorbing the intact serum with thymus cells
that remove tke anti-ThB antibody (colored curves). The findings, which are charted here for
three-week-old animals (top graph) and three-month-old animals (bottom graph), showed
that the amount of ThB found on the spleen cells decreased progressively as the animal aged.
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populations. In experiments exploiting the
fluorescence-activated cell sorter workers in
our laboratory have developed major evi-
dence for the sequence of T-cell develop-
ment in the thymus gland and for the identi-
fication of T-cell subgroups in the spleen
and lymph nodes.

So far we have discussed the fluorescent-
antibody preparations used to detect
the various cell-surface antigens as if immu-
nized animals normally make antibody only
against the desired determinant structure.
Actually antiserums prepared against such
antigens frequently contain several popula-
tions of antibodies, each of which reacts
with an independent antigenic structure.
Therefore each antiserum employed was
carefully examined for irrelevant antibodies
and if necessary was purified so that the
final reagent was specific for the antigen
under study.

Occasionally, in spite of the multitude of
tricks developed by immunologists over the
years, important antiserums defy resolution
into specific antibody populations and must
be regarded as mixed reagents. We shall
discuss one such case, where the FACS-I,
because of its ability to detect the amount of
fluorescent antibody bound to cells, was
able to measure quantitative and qualitative
differences in surface antigens of lympho-
cyte populations during development even
though the antiserum detecting the antigens
was only partially resolved.

Robert Stout, working in our laboratory,
used the FACS-I to study an interesting an-
tiserum obtained from M. Yutoku, Allan L.
Grossberg and David Pressman of the Ros-
well Park Memorial Institute in Buffalo.
The Roswell Park workers had shown that
the antiserum in question contained anti-
bodies reactive with a new type of antigen
present on the surface of about half of the
lymphocytes in the thymus gland (thymo-
cytes) and also on some spleen cells in mice.
Stout confirmed the original observation
and went on to show that the antiserum
contained antibodies reactive with two in-
dependent surface antigens, one of which
(called ThB) was present on thymocytes
and B cells, whereas the other (called ML2)
was present only on B cells. (Neither anti-
gen was present on peripheral T cells.) Fur-
thermore, he showed that the amount of
ThB found on B cells decreased progres-
sively as the animal aged.

In order to demonstrate the developmen-
tal changes, Stout compared the amount of
fluorescence on spleen cells incubated either
with intact serum, containing anti-ThB and
anti-ML2, or incubated with a specific anti-
ML?2 reagent prepared by absorbing the in-
tact serum with T cells that remove the
anti-ThB antibody. The findings showed
that spleen cells from three-week-old ani-
mals and three-month-old animals bind
about the same amount of fluorescent anti-
body when they are incubated with the spe-
cific anti-ML2 serum. Incubation of cells
with the intact serum, containing antibody
to both ThB and ML2, was found to in-



crease the amount of fluorescence per cell,
indicating the presence of ThB and ML2 on
the same cells. The increase, however, is
much greater with cells taken from the
three-week-old animals. The broad, flat dis-
tribution of fluorescence seen with these
cells suggests that they carry variable
amounts of ThB, sometimes up to five times
the amount present on cells from older ani-
mals [see illustration on opposite page]. With
this method of analysis we are now examin-
ing the developmental patterns for cells car-
rying these antigens.

he applications of our technique that we

have cited have been chosen to give
some idea of the kinds of problem a fluores-
cence-activated cell sorter can be expected
to solve. Similar investigations are in prog-
ress in a number of laboratories on a wide
range of cell types, including normal and
leukemic blood cells, cells in the nervous
system, cultured normal cells and cultured
tumor cells.

Recent work on human leukemias done
with the FACS shows promise for substan-
tially improving the diagnosis and treat-
ment of this group of diseases. Investigators
at University College London and the Har-
vard Medical School report that with the
aid of a newly developed battery of fluores-
cent reagents they can now quickly identify
many of the different types of leukemia
from small samples of blood taken from
patients. Because FACS analysis requires
only a blood sample rather than the costlier
and more painful bone-marrow sample cur-
rently used to identify leukemia, the new
approach may enable the physician both
to diagnose the disease more rapidly and
to monitor therapy at frequent intervals,
watching for the disappearance or reap-
pearance of leukemic cells. It may also lead
to the development of new methods for
treating specific types of leukemia and even
“tailor-made” treatments designed to suit
each individual patient.

Fluorescence sorting and analysis is also
being used to attack other problems of im-
mediate clinical relevance, such as measur-
ing the DNA content of individual chromo-
somes in suspension with the aim of devel-
oping rapid ways to define the chromosome
constitution (karyotype) of cells for genetic
analysis and attempting to automate the
counting of different types of white blood
cells, a very common test in the clinical
laboratory. At Stanford we are now work-
ing on a safe screening method for prenatal
diagnosis of genetic disease based on isolat-
ing and testing the small number of fetal
cells reportedly present in maternal blood
quite early in pregnancy.

As these few examples show, the poten-
tial applications of a technique for separat-
ing fluorescence-labeled cells range over
virtually all biology and medicine. Future
directions will be determined by the ingenu-
ity of investigators not only in finding ways
to put fluorescent labels on cells but also in
finding ways to make use of the separated
cells.
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Introdui e kind of car

you thought you could never own.

Most men dream of owning a high-
performance, classic grand touring car. But
that's all they do. They dream. And for good
reason.

Cars of this type are generally expensive
to buy and even more expensive to keep up.
And what they don't take out of you in dollars,
they take out in time and aggravation.

Why do we bring up the problems of
these cars? Because we are happy to offer
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The Lancia Beta.
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too many have ever been to America. But to
the car aficionado the name is legend.
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In performance, the Beta is nothing short
of extraordinary. It is remarkably responsive
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burnished to a level you simply don't see on
mass-produced vehicles. The upholstery on
the Coupe is pure leather.

The pleasure without the pain.

For all its exceptional performance and
handling, the Beta is not the least bit nervous
ortemperamental. It doesn't require a
mechanic as a permanent houseguest.

In fact, it doesn't demand any more from you
than the car you now own.

The good news.

For all its workmanship, its performance,
and its prestige, you might expect the Beta
Coupe to cost $10,000, $12,000, maybe
$15,000.

Happily, you'd be very wrong.

The base price of the Coupe is $7,510F
Even more surprising, our 4-door Saloon is
about $1,000 less.

All of which means that maybe, just
maybe, you can own the kind of car you
thought you could never own.

A Division of Fiat

For the name of your nearest Lancia dealer, call toll-free: 800-447-4700. In lllinois, call: 800-322-4400.
*1976 Manufacturer's suggested retail price POE. Inland transportation, dealer preparation and local taxes additional. Car rental, leasing,
and overseas delivery arranged through your participating dealer. Lancia of America, 155 Chestnut Ridge Road, Montvale, N.J. 07645.
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MATHEMATICAL
GAMES

On the fabric of inductive logic,

and some probability paradoxes

by Martin Gardner

“The universe, so far as known to us, is so
constituted, that whatever is true in any one
case, is true in all cases of a certain descrip-
tion; the only difficulty is, to find what de-
scription.”

—JOHN STUART MILL,
A System of Logic

ly patterned carpet. It may or may not

extend to infinity in all directions.
Some parts of the pattern appear to be ran-
dom, like an abstract expressionist painting;
other parts are rigidly geometrical. A por-
tion of the carpet may seem totally irregu-
lar, but when the same portion is viewed in
a larger context, it becomes part of a subtle
symmetry.

The task of describing the pattern is
made difficult by the fact that the carpet is
protected by a thick plastic sheet with a
translucence that varies from place to place.
In certain places we can see through the
sheet and perceive the pattern; in others the
sheet is opaque. The plastic sheet also varies
in hardness. Here and there we can scrape it
down so that the pattern is more clearly
visible. In other places the sheet resists all
efforts to make it less opaque. Light passing
through the sheet is often refracted in bi-
zarre ways, so that as more of the sheet
is removed the pattern is radically trans-
formed. Everywhere there is a mysterious
mixing of order and disorder. Faint lattices

Imagine that we are living on an intricate-

B. C.

How cAN ANYONE
PROVE THAT "NO
TWO SNOWFLAKES
ARE ALIKE"?

Publishers-Hall Syndicate, 1968

LOOK, STUPID, ....I HAVE
EXAMINED OVER EIGHT
HUNDRED THOUSAND

SPECIMENS WITHOUT A
SINGLE DUPLICATION |-

with beautiful symmertries appear to cover
the entire rug, but how far they extend is
anyone’s guess. No one knows how thick
the plastic sheet is. At no place has anyone
scraped deep enough to reach the carpet’s
surface, if there is one.

Already the metaphor has been pushed
too far. For one thing, the patterns of the
real world, as distinct from this imaginary
one, are constantly changing, like a carpet
that is rolling up at one end while it is un-
rolling at the other end. Nevertheless, in a
crude way the carpet can introduce some of
the difficulties philosophers of science en-
counter in trying to understand why science
works.

Induction is the procedure by which car-
petologists, after examining parts of the car-
pet, try to guess what the unexamined parts
look like. Suppose the carpet is covered
with billions of tiny triangles. Whenever a
blue triangle is found, it has a small red dot
in one corner. After finding thousands of
blue triangles, all with red dots, the carpet-
ologists conjecture that all blue triangles
have red dots. Each new blue triangle with a
red dot is a confirming instance of the law.
Provided that no counterexample is found,
the more confirming instances there are, the
stronger is the carpetologists’ belief that the
law is true.

The leap from “some” blue triangles to
“all” is, of course, a logical fallacy. There is
no way to be absolutely certain, as one can

WHAT IS 1T 7T

A cartoon comment on inductive reasoning
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be in working inside a deductive system,
what any unexamined portion of the carpet
looks like. On the other hand, induction
obviously works, and philosophers justify it
in other ways. John Stuart Mill did so by
positing in effect that the carpet’s pattern
has regularities. He knew this reasoning
was circular, since it is only by induction
that carpetologists have learned that the
carpet is patterned. Mill did not regard the
circle as vicious, however; and many con-
temporary philosophers (R. B. Braithwaite
and Max Black, to name two) agree. Ber-
trand Russell, in his last major work, tried
to replace Mill’s vague “nature is uniform”
with something more precise. He proposed
a set of five posits about the structure of the
world that he believed were sufficient to
justify induction.

Hans Reichenbach advanced the most fa-
miliar of several pragmatic justifications. If
there is any way to guess what unexamined
parts of the carpet look like, Reichenbach
argued, it has to be by induction. If induc-
tion does not work, nothing else will, and so
science might as well use the only tool it
has. “This answer is not fallacious,” wrote
Russell, “but I cannot say that I find it very
satisfying.”

Rudolf Carnap agreed. His opinion was
that all these ways of justifying induction
are correct but trivial. If “justify” is meant
in the sense that a mathematical theorem is
justified, then David Hume was right: there
is no justification. But if “justify” is taken
in any of several weaker senses, then, of
course, induction can be defended. A more
interesting task, Carnap insisted, is to see
whether it is possible to construct an induc-
tive logic.

It was Carnap’s great hope that such a
logic could be constructed. He foresaw a
future in which a scientist could express in
a formalized language a certain hypothe-
sis together with all the relevant evidence.
Then by applying inductive logic he could
assign a probability value, called the degree
of confirmation, to the hypothesis. There
would be nothing final about that value. It
would go up or down or stay the same as
new evidence accumulated. Scientists al-
ready think in terms of such a logic, Carnap
maintained, but only in a vague, informal

by Johnny hart

couLD BE A LUCKY
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way. As the tools of science become more
powerful, however, and as our knowledge
of probability becomes more precise, per-
haps eventually we can create a calculus of
induction that will be of practical value in
the endless search for scientific laws.

In Carnap’s Logical Foundations of Prob-
ability and also in his later writings he tried
to establish a base for such a logic. How
successful he was is a matter of dispute.
Some philosophers share his vision (John
G. Kemeny for one) and have taken up the
task where Carnap left off. Others, notably
Karl Popper and Thomas S. Kuhn, regard
the entire project as having been miscon-
ceived.

TABLE C

000000C0OC0O0OCOO
000000000
000000000000
000000000

©)

E. H. Simpson’s reversal paradox

Carl G. Hempel, one of Carnap’s admir-
ers, has argued sensibly that before we try to
assign quantitative values to confirmations
we should first make sure we know in a
qualitative way what is meant by “confirm-
ing instance.” It is here that we run into the
worst kinds of difficulty [see “Confirma-
tion,” by Wesley C. Salmon; SCIENTIFIC
AMERICAN, May, 1973].

Consider Hempel’s notorious paradox of
the raven. Let us approach it by way of 100
playing cards. Some of them have a picture
of a raven drawn on the back. The hypothe-
sis is “All raven cards are black.” You shuf-
fle the deck and deal the cards face
up. After turning 50 cards without finding

B %6

The three spinners for Colin R. Blyth’s paradox
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a counterinstance the hypothesis certainly
becomes plausible. As more and more raven
cards prove to be black, the degree of confir-
mation approaches certainty and may final-
ly reach it.

Now consider another way of stating the
same hypothesis: “All nonblack cards are
not ravens.” This statement is logically
equivalent to the original one. If you test the
new statement on another shuffled deck of
100 cards, holding them face up and turning
them as you deal, clearly each time you deal
a nonblack card and it proves to have no
raven on the back, you confirm the guess
that all nonblack cards are not ravens. Since
this is logically equivalent to “All raven

c an




cards are black,” you confirm that also. In-
deed, if you deal all the cards without find-
ing a red card with a raven, you will have
completely confirmed the hypothesis that
all raven cards are black.

Unfortunately when this procedure is ap-
plied to the real world, it seems not to work.
“All ravens are black” is logically the same
as “All nonblack objects are not ravens.”
We look around and see a yellow object. Is
it a raven? No, it is a buttercup. The flower
surely confirms (albeit weakly) that all non-
black objects are not ravens, but it is hard to
see how it has any relevance at all to “All
ravens are black.” If it does, it equally con-
firms that all ravens are white or any color
except yellow. To make things worse, “All
ravens are black” is logically equivalent to
“Any object is either black or not a raven.”
And that is confirmed by any black object
whatever (raven or not) as well as by any
nonraven (black or not). All of which seems
absurd.

Nelson Goodman’s “grue” paradox is
equally notorious. An object is “grue” if it is
green until, say, January 1, 2000, and blue
thereafter. Is the law “All emeralds are
grue” confirmed by observations of green
emeralds? A prophet announces that the
world will exist until January 1, 2000, when
it will disappear with a bang. Every day the
world lasts seems to confirm the prediction,
yet no one supposes that it becomes more
probable.

To make matters still worse, there are
situations in which confirmations make a
hypothesis less likely. Suppose you turn the
cards of a shuffled deck looking for confir-
mations of the guess that no card has green
pips. The first 10 cards are ordinary playing
cards, then suddenly you find a card with
blue pips. It is the 11th confirming instance,
but now your confidence in the guess is se-
verely shaken. Paul Berent has pointed out
a similar example. A man 99 feet tall is
discovered. He is a confirming instance of
“All men are less than 100 feet tall,” yet his
discovery greatly weakens the hypothesis.

Confirmations may even falsify a hypoth-
esis. Ten cards with all values from the ace
through the 10 are shuffled and dealt face
down in a row. The guess is that no card
with value n is in the nth position from the
left. You turn the first nine cards. Each card
confirms the hypothesis. But if none of the
turned cards is the 10, the nine cards taken
together refute the hypothesis.

Carnap was aware of such difficulties. He
distinguished sharply between “degree of
confirmation,” a probability value based on
the total relevant evidence, and what he
called “relevance confirmation,” which has
to do with how new observations alter a
confirmation estimate. Relevance confirma-
tion cannot be given simple probability val-
ues. It is enormously complex, swarming
with counterintuitive arguments. In Chap-
ter 6 of Carnap’s Logical Foundations he
analyzes a group of closely related paradox-
es of confirmation relevance that are easily
modeled with cards.

For example, it is possible that data will
confirm each of two hypotheses but discon-

25

David A. Klarner’s impossibility proof

firm the two taken together. Consider a set
of 10 cards, half with blue backs and half
with green ones. The green-backed cards
(with the hearts and spades designated H
and S) are QH, 10H, 9H, KS, QS. The blue-
backed cards are KH, JH, 10S, 95, 8S. The
10 cards are shuffled and dealt face down in
a row.

Hypothesis 4 is that the property of being
a face card (a king, a queen or a jack) is
more strongly associated with green backs
than with blue. An investigation shows that
this is true. Of the five cards with green
backs, three are face cards as against only
two face cards with blue backs. Hypothesis
B is that the property of being a red card
(hearts or diamonds) is also more strongly
associated with green backs than with blue.
A second investigation confirms this. Three
green-backed cards are red but there are
only two red cards with blue backs. Intui-
tively one assumes that the property of be-
ing both red and a face card is more strong-
ly associated with green backs than blue,
but that is not the case. Only one red face
card has a green back, whereas two red face
cards have blue backs!

It is easy to think of ways, fanciful or

© 1976 SCIENTIFIC AMERICAN, INC

realistic, in which similar situations can
arise. A woman wants to marry a man who
is both rich and kind. Some of the bachelors
she knows have hair and some are bald.
Being a statistician, she does some sam-
pling. Project A establishes that 3/5 of the
men with hair are rich but only 2/5 of the
bald men are rich. Project B discloses that
3/5 of the men with hair are kind but only
2/5 of the bald men are kind. The woman
might hastily conclude that she should mar-
ry a man with hair, but if the distribution of
the attributes corresponds to that of the face
cards and red cards mentioned in the pre-
ceding example, her chances of getting a
rich, kind man are twice as great if she sets
her cap for a bald man.

Another research project shows that 3/5
of a group of patients taking a certain pill
are immune to colds for five years, com-
pared with only 2/5 in the control group
who were given a placebo. A second project
shows that 3/5 of a group receiving the pill
were immune to tooth cavities for five years,
compared with 2/5 who got the placebo.
The combined statistics could show that
twice as many among those who got the
placebo are free for five years from both
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colds and cavities compared with those who
got the pill.

A striking instance of how a hypothesis
can be confirmed by two independent stud-
ies, yet disconfirmed by the total results, is
provided by the following game. It can be
modeled with cards, but to vary the equip-
ment let us do it with 41 poker chips and
four hats [see top illustration on page 120].
On table 4 is a black hat containing five
colored chips and six white chips. Beside it
is a gray hat containing three colored chips
and four white chips. On table B is another
pair of black and gray hats. In the black hat
there are six colored chips and three white
chips. In the gray hat there are nine colored
chips and five white chips. The contents of
the four hats are shown by the charts in the
illustration.

You approach table 4 with the desire to
draw a colored chip. Should you take a chip
from the black hat or from the gray one? In
the black hat five of the 11 chips are col-
ored, so that the probability of getting a
colored chip is 5/11. This is greater than
3/7, which is the probability of getting a
colored chip if you take a chip from the gray
hat. Clearly your best bet is to take a chip
from the black hat.

The black hat is also your best choice on
table B. Six of its nine chips are colored,
giving a probability of 6/9, or 2/3, that you
will get a colored chip. This exceeds the
probability of 9/14 that you will get a col-
ored chip if you choose to take a chip from
the gray hat.

Now suppose that the chips from both
black hats are combined in one black hat
and that the same is done for the chips in
the two gray hats [see table C in top illustra-
tion on page 120). If you want to get a col-
ored chip, surely you should take a chip
from the black hat. The astonishing fact is
that this is not true! Of the 20 chips now in
the black hat, 11 are colored, giving a prob-
ability of 11/20 that you will get a colored
chip. This is exceeded by a probability of
12/21 that you will get a colored chip if you
take a chip from the gray hat.

The situation has been called Simpson’s
paradox by Colin R. Blyth, who found it in
a 1951 paper by E. H. Simpson. The para-

T

dox has turned out to be older, but the name
has persisted. Again, it is easy to see how
the paradox could arise in actual research.
Two independent investigations of a drug,
for example, might suggest that it is more
effective on men than it is on women,
whereas the combined data would indicate
the reverse.

One might imagine that such situations
are too artificial to arise in statistical re-
search. In a recent investigation to see if
there was sex bias in the admissions of men
and women to graduate studies at the Uni-
versity of California at Berkeley, however,
Simpson’s paradox actually turned up. In-
dependent studies of admissions of men and
of women in the fall of 1973 showed a posi-
tive sex bias against female applicants. Then
when the data for men and women were
combined, there was a small but statistically
significant bias in favor of women (see “Sex
Bias in Graduate Admissions: Data from
Berkeley,” by P. J. Bickel, E. A. Hammel
and J. W. O’Connell in Science, Vol. 187,
February 7, 1975, pages 398—404).

Blyth has invented another paradox that
is even harder to believe than Simpson’s. It
can be modeled with three sets of cards or
three unfair dice that are weighted to give
the required probability distributions to
their faces. We shall model it with the three
spinners shown in the bottom illustration
on page 120, because they are easy to con-
struct by anyone who wants to verify the
paradox empirically.

Spinner 4, with an undivided dial, is the
simplest. No matter where the arrow stops,
it gives a value of 3. Spinner B gives values
of 2, 4 or 6 with the respective probability
distributions of .56, .22 and .22. Spinner C
gives values of 1 or 5 with the probabilities
of .51 and .49.

You pick a spinner; a friend picks an-
other. Each of you flicks his arrow, and
the highest number wins. If you can later
change spinners on the basis of experience,
which spinner should you choose? When
the spins are compared in pairs, we find
that A beats B with a probability of
1 X .56 = .56. A beats C with a probability
of 1 X .51 = .51. B beats C with a proba-
bility of (1 X .22) + (.22 X .51) + (.56 X

 —— ]

Key to John Horton Conway’s cube puzzle
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.51) = .6178. Clearly 4, which beats both of
the others with a probability of more than
1/2, is the best choice. C is the worst be-
cause it is beaten with a probability of more
than 1/2 by both of the others.

Now for the crunch. Suppose you play
the game with two others and you have the
first choice. The three spinners are flicked
and the high number wins. Calculating the
probabilities reveals an extraordinary fact.
A is the worst choice; C is the best! 4 wins
with a probability of .56 X .51 = .2856, or
less than 1/3. B wins with a probability of
(.44 X .51) + (.22 X .49) = .3322, or al-
most 1/3. C wins with a probability of
.49 X .78 = .3822, or more than 1/3.

Consider the havoc this can wreak in sta-
tistical testing. Assume that drugs for a cer-
tain illness are rated in effectiveness with
numbers 1 through 6. Drug 4 is uniformly
effective at a value of 3 (spinner 4). Studies
show that drug C varies in effectiveness.
Fifty-one percent of the time it has value 1
and 49 percent of the time it has value 5
(spinner C). If drugs 4 and C are the only
two on the market and a doctor wants to
maximize a patient’s chance of recovery, he
clearly chooses drug 4.

What happens when drug B, with values
and a probability distribution correspond-
ing to spinner B, becomes available? The
bewildered doctor, if he considers all three
drugs, finds C preferable to 4.

Blyth has an even more mind-blowing
way of dramatizing the paradox. Every
night a statistician eats at a restaurant that
offers apple pie and cherry pie. He rates his
satisfaction with each kind of pie in values 1
through 6. The apple pie is uniformly 3
(spinner A4); the cherry varies in the manner
of spinner C. Naturally the statistician al-
ways takes apple.

Occasionally the restaurant has blueber-
ry pie. Its satisfaction varies in the manner
of spinner B.

Waitress: “Shall I bring your apple pie?”

Statistician: “No. Seeing that today you
also have blueberry, I’ll take the cherry.”

The waitress would consider that a joke.
Actually the statistician is rationally maxi-
mizing his expectation of satisfaction. Is
there any paradox that points up more spec-
tacularly the kinds of difficulty Carnap’s
followers must overcome in their efforts to
advance his program?

Readers were asked last month to prove
that it is impossible to tile a square of
side 25 with a mixture of 2 X 2 and 3 X 3
squares. David A. Klarner’s proof begins by
two-coloring the square with stripes [see il-
lustration on preceding page]. No matter
how a 2 X 2 square is placed, it will cover
two colored cells and two white ones. Since
the large square contains an excess of 25
colored cells, the excess will remain no mat-
ter how many 2 X 2 squares are placed or
where they are placed. If the square can be
tiled, we must therefore find a way to place
a set of 3 X 3 squares so that they cover 25
more colored cells than white ones.

It is apparent that a 3 X 3 square, howev-
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portable observatory in a suitcase the
amateur's favorite for studying the sur-
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The Celestron 14,
The appeal of this
prestigious, fully
electric dome instrument is enhanced by a
unique design that also makes it the world's
largest one-man-portable. Demount and load it
into your compact car in five minutes! Within
range of the Celestron 14, at up to
850X, are the delicate contrast levels
of the diffuse and planetary nebulae,
the spirals of remote galaxies,
and the quasars. (Size swung
down: 18” x 22/ x 44" Wt.: 108

Ibs., $3,750)

. Three reasons why
The Choice. experienced tele-
scope enthusiasts and leading col-
leges, universities and science
centers the world over repeat-

edly select Celestron telescopes:

The Celestron 5. A tabletop
observatory for exploring the
Moon, planets, scores of open star
clusters and gossamer nebulae at up
to 300X. For casual observing or tele-
photography, rest the instrument on
any flat surface, swing up the
tube and focus. Close in
on the whiskers of a
squirrel at the near
focus of 20 ft. or the
face of a friend at half
a mile. The 3%2-Ib. tube
demounts for hand-held
shots at 25X. (Size
swung down: 7" x 8" x
16”7, Wt.: 12 Ibs., Base
price, including electric
star tracker and auto-
matic star locater, $595)

The Celestron 8. Eight full
inches of aperture make this
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er placed, covers either six colored cells and
three white ones or six white cells and three
colored ones. In each case the difference is
3. But 25 is not a multiple of 3, and so there
is no way the 3 X 3 squares can cover an
excess of 25 colored cells. Therefore the til-
ing is impossible.

Klarner has shown in general that if a
rectangle can be tiled at all by squares of
a X a and b X b, it can always be split into
two rectangles (one possibly empty), one of
which is tilable by a X a squares alone and
the other tilable by b X b squares alone.

Last month’s second task was to build a
5 X 5 X 5 cube with 18 specified bricks. In
working on puzzles of that type one tends to
place large piecesfirst, then try to fit smaller
ones into the gaps. In this case it is a fatal
strategy. If you worked on the puzzle by
trial and error, you probably found that if
you left the three small bricks to the last,
they never fitted. The puzzle is difficult pre-
cisely because those three pieces must be in
a unique configuration, and it is unlikely
that you would hit on it by chance.

Let us approach the problem by way of
combinatorial geometry. If we checker-
board-color a 5 X 5 cross section, we find
that it contains 13 cells of one color and 12
of the other [see illustration on page 122].
Consider all the bricks except the three
small ones. No matter how one brick is
placed, it must fill an even number of cells
(0, 2, 4 or 8) in every section. Half of the
cells it fills will be one color and half will be
the other.

Since there are an odd number of cells in
each section, one or three of its cells must be
occupied by a 1 X 1 X 3 brick. In addition
the brick must be placed so that if it fills one
cell, it will be a cell of the same color as the
central cell. If it lies entirely within the sec-
tion, two of its three cells must match the
color of the central cell.

No matter how a small piece is placed, it
will occupy five sections. It follows that the
three pieces, if they contribute to all 15 sec-
tions (as they must), will have to be placed
so that no two contribute to the same sec-
tion. There is only one way to do that and at
the same time meet the coloring require-
ments. Once the small pieces are correctly
positioned it is not hard to find one of the
more than 500 ways of packing the larger
bricks around them.

John Horton Conway, who invented this
cube puzzle, could have substituted another
1 X 2 X 4 for the 2 X 2 X 2, thus provid-
ing the maximum number of canonical
bricks that will go intoa 5 X 5 X 5 box, as
was shown last month. Adding the order-2
cube, however, provides amusing misdirec-
tion. The puzzle can also be given with 29
bricksof 1 X 2 X 2, together with the three
1 X1 X 3 bricks. Whether most people
would find that easier or more difficult is
hard to say. The principle behind Conway’s
cube generalizes in the sense that three
1 X 1 X (2n — 1)bricks have a unique con-
figuration in a cubical box of side 2n + 1
that makes it possible to pack the rest of the
box with 1 X 2 X 2 bricks.
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BOOKS

The lost lore of pre-Columbran America,

and an artist’s vision of Galileo’s period

by Philip Morrison

RCHAEOASTRONOMY IN PRE-COLUM-
BIAN AMERICA, edited by Anthony
F. Aveni. University of Texas Press
($16.50). THE CODEX NUTTALL: A Pic-
TURE MANUSCRIPT FROM ANCIENT MEXI-
Co, edited by Zelia Nuttall, with an intro-
duction by Arthur G. Miller. Dover Publi-
cations, Inc. ($7.50). At the summer sol-
stice of 1973 an international assembly was
convened in the Valley of Mexico to discuss
a wide range of disciplines of science and
scholarship. An illustrated volume (set in
left-justified typewriter script and hence
bulky for its cargo of words) presents al-
most a score of papers from one session
there, by archaeologists, astronomers, an-
thropologists, historians, an architect and
even an amateur or two. The subject is evi-
dently a burgeoning one, and this is a di-
verse offering. About a third of the book is
devoted to astronomy in the southwestern
U.S. among Pueblo and Navajo peoples and
their ancestors; there are studies of archaeo-
logical sites (most of them north of Pana-
ma) whose form or orientation may be as-
tronomical, a number of papers on Maya
calendrics in manuscript and stone, a paper
treating of an Olmec mosaic pendant and a
couple of excellent reviews.

It is abundantly clear that we have only a
little understanding of the rich astronomy
of pre-Columbian America. The 16th-cen-
tury Spanish scholars, our best witnesses to
the high culture the conquest forever ended,
do not tell us much about American con-
cepts of the heavens. Like most ethnogra-
phers after them, they were men whose
knowledge of the sky was scanty. The great
Indian astronomical specialists and their
schools were eliminated unheard. Even the
folk cultures that survive today have been
little understood, since ‘“‘there is scarcely an
ethnologist or social anthropologist who
can identify anything other than the moon
and the Big Dipper in the night sky.” The
indigenous people are a good deal wiser,
although even among them there are only a
few experts, who must be sought out and
listened to.

Some seeking out of this type is exhibited
here. One paper is devoted to elaborating
the well-known assertion that certain picto-
graphs of a crescent with some second lumi-
nary may record the sudden appearance of
the Crab supernova in the morning sky,
together with the crescent moon, in July of
A.D. 1054. The fact is that it was not the
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custom of the priestly sky-watchers—who
still serve the northern Tewa pueblos—to
record unexpected phenomena. In 1067
there was a great volcanic eruption and ash
fall in northern Arizona; it led to no known
petroglyph, even though fields and houses
had to be abandoned for years. On the other
hand, associations of sun, moon and star
petroglyphs are found even today at sites
that were used for calendric divination and
dating. Florence H. Ellis and her infor-
mants have made a strong case against the
supernova identification, a case that is as-
sisted by the large differences among the
many diagrams interpreted as marking the
moon-supernova association. In a similar
vein Navajo experts have made it clear to
Claude Britt, Jr., that the “planetaria”
(rock-shelter ceilings marked with dia-
grams resembling star maps, which are
found in the Canyon de Chelly in particu-
lar) are not ancient Anasazi maps of the
sky, made perhaps to celebrate the time of
the supernova, but are much later Navajo
star paintings that had ceremonial and
training functions for their medicine men.

Other papers offer original suggestions,
although the research has in general yet
to mature to conviction. Marion P. Hatch
finds a remarkable clue in the Madrid Co-
dex, a Maya hieroglyphic almanac: a table
accompanied by successive drawings of a
serpent, which she identifies with the con-
stellation Draco turning around the third-
magnitude star Eta Draconis. That star is
remarkable because of its position close to
the pole of the ecliptic, which has allowed
the data of its meridian transit to remain
nearly unchanged over millenniums during
which stars that are not far away shifted in
meridian transit by a couple of months. If
this were to be confirmed, it would raise
many important issues, not least among
them a search for simjlar concern with the
conspicuous star Canopus, far to the south
but equally close to the other precessional
pole. Canopus was to the Greeks the rudder
of the ship Argo (a possible allusion to its
axial steadfastness?).

The old issue of the off-meridian align-
ment of the great precinct of Teotihuacan,
as well as a score of other ancient cities of
Mexico and Guatemala, is carefully exam-
ined by the editor of the volume. The shift
some 15 degrees east of north was no error;
in Teotihuacdn, at least, evidence is pre-
served of remarkable surveying accuracy, to
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a tenth of a degree or better. Perhaps the
orientation was to mark the heliacal rising
of the Pleiades, which took place on the
very day that the sun, in its annual passage
north, reached the zenith of the tropical
site. That motion has long been connected
with the curious 260-day cycle of the Maya
world, since the sun returns southbound
through the zenith again just 105 days later.
Another paper suggests that some effigy
mounds (perhaps even those strange curly
figures written large on the Peruvian desert
at Nazca) represent not alignments but tem-
platelike mappings of the starry world
above, just as the familiar swastika might
stand for the form of Ursa Minor turning
around Polaris nightly.

This collection of papers offers a good
deal to ponder and to hope for. The subject
is not new, but it is newly reborn. The vol-
ume should please many readers even
though false starts and wishful thinking
abound; it is less a demonstration of arrival
at the truth than a guide to long and hopeful
journeys that lie ahead and are sure to sur-
prise us all.

The Codex Nuttall, which offers the eye a
strange and polychrome journey hard to
match in books of moderate price, gives
direct access to the symbolic life of the sec-
ond growth toward civilization that was
so forcibly grafted back to the Old World
by Cortes and Pizarro. About 15 painted
“books” from the Mixtec culture are still
preserved. This is one of them; it surfaced in
a Florentine monastery, and in the 19th
century it went as a gift *‘to the Hon. Robert
Curzon, 14th Baron Zouche.” Zelia Nut-
tall, an energetic and original Americanist,
first published it from Harvard’s Peabody
Museum for scholars everywhere. She ar-
ranged for it to be rendered by an unnamed
artist in careful facsimile on foldouts. It is
a photographic reproduction of that 1902
publication we have here, now printed on
cut book pages rather than on foldouts,
with the reverse and obverse pages running
consecutively. Although the white book pa-
per is not as clean a white as the lime-stuc-
coed bark paper, and although the bright
colors are not as intense as the natural min-
eral pigments of the Mixtec artists, this re-
production is “‘more faithful to the originai
than many photographic facsimiles,” says
Dr. Miller, an archaeologist at the Center
for Pre-Columbian Studies at Dumbarton
Oaks.

It is a striking book, visually much more
appealing than the great Maya almanacs
one can see in facsimile. Their texts are
strings of complex but nearly monochro-
matic Maya glyphs; they nourish the cryp-
tographic taste, but this book is only a half-
rebus, more resembling the Bayeux chroni-
cle. Some 1,200 to 1,400 little painted fig-
ures crowd its pages, among the temples,
palaces and fishy blue pools of their world.
Here march grave masked princes in pro-
file, their richly cloaked backs heavily laden
with symbolic accouterments, hands bear-
ing a white dog or a great plumed shield, or
even locked in dread combat. Here a naked
priest snatches the heart out of a prisoner,



there a noble wedding pair pledge their
troth with a beaker of frothing chocolate.
Regard a curious struggle, jaguar and tur-
key, and, almost at the end, a brave king
arrowed to death as he stands tied to an
executioner’s scaffold.

Everywhere on the dense yet composed
pages float the linked dots and little objects
that spell Mexican names and dates. We
know, mainly from the work of the Mexican
archaeologist Alfonso Caso, that the book
narrates first the lineage and then the ex-
ploits of a hero-king of a 12th-century Oa-
xacan state: Eight-Deer Tiger Claw of Ti-
lantongo. Caso’s translation of the com-
plex picture book with its mix of lively hier-
atic representation, ideograph and phonetic
symbol was published 10 years ago; he died
in 1970. Two pages of his translation are
cited here; with the guide thus offered, the
reader’s fancy is given buoyant aid. There is
much that not even Caso could read; per-
haps the many who will see the published
pages can add to our understanding.

Nuttall herself thought this book might
have been among the treasures Cortes sent
off to his emperor from Vera Cruz that first
year. Modern scholars exclude the possibili-
ty because the text contains a number of
pen-and-ink notations in Spanish script
with Nahuatl words; no one could write
that way in 1520, and such notes seem high-
ly improbable in Europe even during a long

unknown history. (One hopes that the large
crimson H unmistakably blazoned at the
base of a temple pyramid on page 45 and
elsewhere is not the copyist’s waggish joke
on Harvard!)

ODELS OF MADNESS, MODELS OF
MEDICINE, by Miriam Siegler and
Humphry Osmond. Macmillan Publishing
Co., Inc. ($8.95). The febrile, failing and
unresponsive child seemed unlikely to re-
cover. Then a hasty visit by the great clini-
cian, by chance costumed in his glorious
academic robes, entranced the child into
eating a sugared peach fed him bit by bit by
the splendid visitor, who assured the boy
that he would not be sickened by this very
special fruit. It worked, and for the next 40
days Sir William Osler “put on his doctor’s
robes in the hall” outside the sickroom.
Medicine is a social relationship, not a mere
science, and it follows patterns of symbolic
behavior evolved in the widest spectrum of
societies.

Clinical medicine is built on the relation
of two roles: the “Aesculapian authority” of
the doctor (seen in its full graciousness with
Osler) and the submissive but yet hopeful
role of the sick person, exonerated from
blame and exempt from normal tasks but
constrained to seek the authoritative help of
the physician. “Doctor’s orders” excuse al-
most any behavior, yet they are mere ad-

vice. The physician’s authority has three
sources: knowledge and wisdom, the moral-
ity and goodness of his task (“socially right
as well as individually good”) and a charis-
matic element, flowing from a special grace,
that transcends reason because it is plain
that life and death are arbitrary and not
fully knowable. The role of the sick person
is in no way deviant; it is normal, assigned
to almost everyone at some time in life. The
role of the sick person seems primary; to
confer that status is perhaps the key func-
tion of Aesculapian authority. One cockney
patient saw this truth: “Of course Guy’s
Orspital is a very fine Orspital, I know it
well. ... And there are some very good doc-
tors—I knows ’em. ... But what I want to
know is this—what would Guy’s Orspital be
without the patients?”

Along such sociological lines, deriving
from Talcott Parsons and T. T. Paterson,
these authors have given a detailed typology
of “models of madness.” They spend most
of their effort quite disarmingly analyzing
the standard medical world view. They
come not to bury it but to praise it. Defec-
tive, transparent as its anthropological na-
ture may be, it is a practical institution, the
consequence of long social evolution. Those
who would deal with disorders as serious as
the common forms of schizophrenia aban-
don medicine at the peril of placing heavy
responsibility on those who are too dam-

Three Mixtec figures in The Codex Nuttall: A Picture Manuscript from Ancient Mexico
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aged to bear it. The authors contrast in de-
tail a long series of alternative models: the
moral one, in which the behavior of the
client must be changed from its bad state;
the “impaired” model, where the patient is
recognized as being “normal” for his handi-
capped state, and the aim becomes to let
him live as benign a second-class life as he
can manage; the psychoanalytic model,
based on the particularity of the individual
case and seeking a transference of what is
mainly symbolic behavior, and four still
more radical views belonging mainly to the
1960’s, in which the disease is seen various-
ly as a sickness of society, an attempt to
break the bonds of a narrow conformity, an
escape from a conspiracy of mislabeling or a
mere index of a pathologically maneuvering
family.

For Siegler and Osmond the grave illness
is centered in perceptual and sensory disor-
ders, and it is medical because it probably
arises from some dimly perceived genetic-
biochemical fault. (“Madness” is to be read
narrowly as schizophrenia.) Their discus-
sion is richly made, with material from the
clinic, the hospital, the novelist and various
expositions of the alternatives over the
years. No doubt they scamp some of the
models proposed by others, but their broad
position seems fairly and honestly support-
ed. If one looks away from the frankly
psychotic disorders to the subtler neurotic
ones, the psychoanalysts, whose depth is
not much lessened by the probability that
their method has gone beyond science to the
particular and the unverifiable, still have a

strong inning to come. The more fragile
other views seem transient as models, how-
ever fashionable the book of the moment
and its useful part truth.

Public-health doctors and “science doc-
tors” are included as submodels of normal
medicine. They share with it the etiological
assumption that disease arises neither from
the supernatural nor from malice and mis-
behavior. They do not, however, play oppo-
site the sick role. The public-health doctor
has no patients; he treats unseen citizens,
with an authority that is structural, even
legal. The investigator treats not patients
but experimental subjects who are mainly
standing in for patients of the future. His
authority is entirely sapiential; his subject
deserves to be compensated, whether in
money, in time or in a sense of shared con-
tribution.

A final compact account of models of
drug addiction and of alcoholism completes
this easily read, provocative book, every-
where written with a winning goodwill and
candor, a book of clarity and energy that
even its opponents will find useful. A fre-
quent triteness of expression is its chief
weakness.

CALLOT’S ETcHINGS. Edited by How-
ard Daniel. Dover Publications, Inc.
(84.50). If you would see the Florence that
Galileo Galilei looked on—the commedia
dell’arte, fireworks over the Arno, a coun-
try fair, a peasant defecating, a pageant on
the Piazza della Signoria—then view it
through the faithful eye and precise hand of

Jacques Callot. This rich paperbound selec-
tion is a real bargain; most of the photo-off-
set reproductions from excellent impres-
sions are at approximately the original
scale. After the death of Cosimo II, Callot
left Florence, which would no longer spend
much money on art. Back in his native Nan-
cy he was drawn into the Thirty Years’
War, which he depicts with anger and com-
passion: camp followers, formal drill, wild
pillage and grandiose siege. The expert edi-
tor endorses the plausible guess that Callot
used both optical novelties of his day: the
telescope to view entire armies in the field
and the hand magnifier to control his mi-
nutely worked copper surfaces. Those mas-
terful, intricate lines and textures represent
to us across three centuries a clotted Flor-
entine crowd or serried squadrons of caval-
ry, each vivid in an area smaller than the
palm of your hand.

AI‘LAS OF OPTICAL TRANSFORMS, by G.
Harburn, C. A. Taylor and T. R. Wel-
berry. Cornell University Press ($15). The
delicate current in a radio receiver antenna
is extraordinarily intricate. Consider that
the electrons respond all at once to the sig-
nals from dozens, even hundreds, of broad-
cast programs. Their resulting motion,
more complicated than the stormy sea,
would seem beyond analysis. Yet a simple
tuned circuit that allows the adjustment of
one quantity only, the frequency, makes
possible the neat separation of that cacoph-
ony into individual signals, one after anoth-
er. The entire response is the carefully
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A Florentine naval battle depicted by Jacques Callot in Callot’s Etchings
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phased simultaneous sum of the responses
to each individual frequency. (Set aside for
a moment the necessarily finite bandwidth
of the tuner.) Indeed, the ear works in an
analogous way.

That scheme, which represents a general
function of time as the sum of very simple
oscillatory functions of time, each with its
own frequency to separate it from the rest,
is known—after its renowned developer—as
Fourier analysis. It is with such equivalence
techniques that the power of mathematical
physics first departs from the intuitive. The
scheme can be much generalized, to dimen-
sions other than time and to many dimen-
sions at once. Such a mapping in two-space,
in the plane of an object or its image, is
called an optical transform. If I illuminate a
mask with coherent parallel light of a single
wavelength, the mask will diffract that light
to form a pattern of a new kind. The pattern
appears with the geometry of the object not
simply magnified or diminished, as by a
lens, but transformed by the interference of
the coherent waves along the several paths
they travel to the recording surface. That
diffraction pattern is a two-dimensional
Fourier transform. Just as a signal with rap-
id variation in time requires a wide frequen-
cy band in the case of the radio receiver, so
an object with fine detail in space will affect
a broad range of positions in the final pat-
tern. The two spaces, the domains of fre-
quency and of time, or the positions in ob-
ject and in diffraction pattern, are said to lie
in reciprocal spaces.

The matter is not easy. Formally it is
clear and powerful, but it is far from our
conscious sensory responses and difficult to
welcome to intuition. Yet it lies deep be-
neath much of science, from oceanography
and radio astronomy to X-ray crystallogra-
phy. It is perhaps the crystallographers who
have made the most of it. Their aim is to
interpret the X-ray-diffraction patterns of a
three-dimensional lattice of atoms: to per-
ceive the lattice’s true shape in space from
the arrangement of spots and lines in the
cross sections of their photographs.

This unusual atlas is the crystallogra-
phers’ effort—fascinating to any thoughtful
examiner—to build intuition in reciprocal
space. Three Cardiff physicists have done
the work, under the sponsorship of a UNEs-
co pilot project on the teaching of crystal-
lography. What they have done, following
an idea of Sir Lawrence Bragg’s of some 40
years ago, is to make analogues for the main
features of X-ray crystal analysis. The mod-
el lattices, called masks, are more or less
complex arrays of black marks. The diffrac-
tion patterns are produced photographical-
ly. The X-ray beam is modeled, on a scale
enlarged to suit the coarseness of human
vision, by optical light.

The authors present a long series of ele-
gant full-page plates. On a left-hand page
you see a set of masks, ranging from one as
simple as a single dot up to regiments of
dots parading in lattices and then, with all
manner of imperfections, up to helixes, dou-
ble helixes and finally to Mickey Mouse,
displayed as a very spotty pattern indeed.

The facing page shows the reciprocal-space
diffraction pattern photographed from each
mask. It is instructive to see the wide bright
spot made by a tiny obstacle, and to follow
the way the fine detail grows as the mask is
enlarged with more and more dots. Disor-
der and its effects become plainly visible,
and one finds true lattice patterns made by
masks with many thousands of dots. It is a
real wonder to note how, whereas crispness
waits on strongly repetitive order, the sym-
metry is built up almost immediately. More
than 30 plates are here, each showing both
the actual mask and the diffraction pattern
of a dozen logically related examples, with
descriptions in French and English.

The simple but painstakingly controlled
setup of three lenses (one to magnify), laser
source and film is sketched and described.
Some masks are made by punching holes in
exposed film and making contact prints of
the result. Most are produced, however, by
an automatic device that, as instructed by a
magnetic tape, exposes a photographic film
to precise dots on any nodes of a square
lattice: up to 80 million dots on a full sheet
of film! The light of a helium-neon laser is
used to make the diffraction photographs.
Care is taken to control phase, even to the
point of deliberate modification of optical
phase by the use of polarized light and mica
half-wave plates in order to model certain
advanced tricks of the X-ray crystallogra-
pher. It is sure that students and practition-
ers of the interferometric sciences will bene-
fit from long study of these pictures. Any
general scientific reader owes it to himself
to look for 15 minutes at the beginning ex-
amples, which build up the fundamentals,
and then perhaps at the diffraction dia-
mond, which is characteristic of a helix.
One complaint: we are given no hint any-
where as to the full size of masks that are so
complex as to be shown only in sample.

ONTROLLED ENVIRONMENTS FOR

PLANT RESEARCH, by Robert Jack
Downs. Columbia University Press ($12).
Three decades back campus after campus
saw the construction of a curious building,
without classrooms but full of humming
machinery, where the physicists worked
happily by day and night. The places shared
a name: the cyclotron.

There is contagion in the name. For 20
years now, since a prototype was built in the
1950’s at the California Institute of Tech-
nology, another similarly intricate and im-
posing style of laboratory has spread across
the campuses. This time it was the plant
scientists who were cheerful; the places
were called phytotrons. A phytotron is
a combination of temperature-controlled
greenhouses and artificially lighted rooms;
here temperature, light and humidity can be
controlled at will for the purpose of study-
ing the response of plants to their environ-
ment.

The author is the director of the phyto-
tron at North Carolina State University; his
brief and informed book is an effort to show
biologists some of the practical problems
their demands set before engineers and to
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let the engineers in more plainly on the re-
quirements of plants. The task seems sim-
ple; after all, room air conditioning for peo-
ple works reasonably well, and greenhouses
have been used for centuries. Yet there is
trouble in these little green Edens. The rules
of human comfort are plainly not good
enough. The light brings a heavy load of
heat, and it cycles on and off in unfamiliar
ways.

There have been plenty of failures in ex-
pensive, specially designed growth cham-
bers; the engineers too often act as though
the job were just another school building.
The mistakes of others are ignored. Even
the prefabricated products offered by a doz-
en U.S. companies and another dozen in
other countries are often a disappointment.
There are no tight standards for compari-
son. Many rooms work well—when they are
empty. Plants interfere with the airflow and
liberate much latent heat with their water
vapor, and such factors are hard to esti-
mate. The lesson is to buy only after careful
study and detailed specification.

A growth chamber (which may be a spa-
cious walk-in room or a little cabinet) con-
sists of a refrigeration system for control-
ling temperature and relative humidity
within a tight structure that has a natural or
artificial source of light. Temperature con-
trol is the key. Relative humidity, regulated
by a humidifier to bring in mist or steam
and a cold plate to dehumidify, is generally
less important and is more difficult: “Where
precise control of humidity is required,
costs begin to rise dramatically.” A single
human hair is still the heart of the most
common hygrometric control, although
thermal dew-point detectors and resistance
sensors are now available. Light supply is
no simple matter; many biologists believe
the maximum maintainable intensity from
reasonably priced lamps is only half of
what such crops as corn, milo and cotton
can use.

The biological side, of course, is still less
routine. Data on the right temperature for
plants are sparse and often conflicting.
Temperature optimums are by no means
independent of light intensity, carbon diox-
ide concentration or daily and seasonal
temperature progression. ‘“Fieldlike tobac-
co plants are difficult to obtain in con-
trolled-environment facilities” without at-
tention to a seasonal temperature shift. In
most growth rooms carbon dioxide is short
during lighted periods; the plants appear to
be healthy but are always a little hungry.
Supplementary carbon dioxide yields tobac-
co more like “normal” plants. Light quality
too is tricky. Warm white light seems in
practice the best, watt for watt, even though
red and blue lamps match the photosyn-
thetic action spectrum better. The red to
far-red ratio, particularly at the time just
before darkness, is of real importance.

This small book is candid testimony to
how far we still are from detailed under-
standing of the plants by whose growth we
live. It is a cautionary tale, but a living ar-
gument for the importance and interest of
fundamental studies on the whole plant.
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ACTION AT A DISTANCE

IN PHYSICS AND COSMOLOGY
F.HOYLE,

California Institute of Technology,

and J. V. NARLIKAR,

Tata Institute of Fundamental Research
‘“’Action at a distance” is a relativistically
invariant particle interaction, not the
instantaneous action at a distance of
Newton.

I can thoroughly recommend Hoyle and
Narlikar’s modestly priced book as an im-
portant and stimulating contribution to
fundamental research in physics.””—Barry
Collins, New Scientist, December 19, 1974
1974, 266 pp., 18 illus., $15.00

ASTROPHYSICS

OF GASEOUS NEBULAE

DONALD E. OSTERBROCK,

Lick Observatory,

University of California, Santa Cruz

This up-to-date book presents the basic
theory of the gaseous nebulae using both
observational and theoretical results. The
book includes an annotated bibliography,
many photographs, and an appendix list-
ing the standard names and numbers of
many nebulae. Here is the material that
graduate students and research workers
need to understand research papers on gas-
eous nebulae and to begin original re-
search,

1974, 251 pp., 56 illus., 59 tables, $17.00

LIBERAL ARTS PHYSICS:
INVARIANCE AND CHANGE

JOHN M. BAILEY, Beloit College

A Teacher’s Manual is available.

Here is a solid introduction to physical
principles combined with interesting his-
torical and philosophical background ma-
terial. Each chapter contains a summary
and an extensive annotated bibliography.
A helpful series of appendixes explains the
use of powers of ten, trigonometric func-
tions, and vector arithmetic. Many topical
examples are used in this meaningful, sci-
entifically accurate introduction to phys-
ics for the non-scientist.

1974, 496 pp., 259 illus., 28 tables, $12.95

W. H. FREEMAN AND COMPANY
660 Market St., San Francisco, Ca 94104
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Dartmouth students watch a satellite
orbit blown by the solar wind in this
classic Newtonian mechanics problem.
Prof. Luehrmann has found that students
do more exploration of problems when
they can use computer graphics. Getting
the picture is what problem-solving

is all about.

A&

Arthur Luehrmann was one of the first
professors in the country to use time-
shared computer graphics extensively
in teaching. In his field — physics —
a primary stumbling block for begin-
ning students was the lack of an intui-
tive “feel” that made sense of all the
calculus and diagrams. Words and
equations simply failed to convey the
idea of a system evolving, step-by-
step, from an initial condition through
a series of neighboring states. Com-
puter algorithms and graphic output
did the job.

At Dartmouth, in 1968, Prof. Luehr-
mann began using x-y plotters to con-
vert tables of numbers into pictures. In
1969, Tektronix supplied Dartmouth
with an early Model 4002, the first
graphic terminal priced under $10,000.
Today, Dartmouth has dozens of
graphic terminals and the majority
bear our name. We are participating
in Prof. Luehrmann’s development of
new graphic syntax in BASIC, the com-
puter language.

Prof. Luehrmann says that the exciting
part of using computer graphics in

“With computers and graphics at Dartmouth

we’re taking students out of their

passive receptor situation and putting them

into the active inquiry role of a researcher.”

Prof. Arthur Luehrmann

Office of Academic Computing, Dartmouth College, Hanover, N.H.

education is that it causes students to
formulate problems in anew language.
“Not just programming language,’”’ he
says, ‘but conceptual language where
the student is thinking in terms of pro-
cedures and sub-procedures and
loops and branches and all of these
complex ideas that are very powerful.
Students develop new ways of think-
ing about problems.”

Prof. Luehrmann has been something
of an evangelist about computer
graphics, writing enhancements of
BASIC and showing his colleagues,
both at Dartmouth and beyond, how
this emerging tool can help both their
teaching and research.

Students watch business-cycle and
growth-pattern data, plotted in a time
series, come to life as moving lines on
the projection screen. “‘For teaching,
there's nothing like graphics,” Prof.
McGee says. Working before the class
at a graphic terminal instead of a
blackboard, while the terminal’s pic-
ture is projected via a scan converter,
Prof. McGee is here generating data
according to one of the Box-Jenkins
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Computer graphics helps Prof. Victor
McGee teach statistics to students in
Dartmouth’s AmosTuck School of Busi-
ness Administration.

forecasting models. While the num-
bers are being generated they can
also be stored while a second pro-
gram analyzes the data empirically.
Exactly the same boxes appear in the
analyzed data, but this time the auto-
correlation and the partials are de-
rived from the data, not from theory.
“| use these programs in front of
the class to show how the theoretical
properties of a time series model can
be obscured by ‘data noise’ when we
do the analysis.”



Optimization  Prof. Alvin Converse
teaches engineering courses involving
computer simulation, and regularly
uses the lecture hall graphic terminal
and TV projector for demonstrating
concepts like optimization. “‘Students
are highly motivated by graphic out-
put, as most everyone is,” he says.
“You can actually watch the progress
of the algorithm trying to find the top
of the surface. For instance, if the test
function is a curved valley, you can
watch certain methods get hung up
and just not move. And you can watch
other methods come in very quickly,
or rapidly diverge if they're not very
stable. Graphic output has turned out
to be aninteresting pedagogical tool.”

Mapping Prof. Robert Huke, of the
Geography Department, finds that
using a Tektronix graphic tablet —an
electronic grid of thousands of points
teamed up with the terminal — saves
him and his students days of laborious
tracing and drafting. With planimeter
mapping, the scientist uses an elec-

tronic stylus to trace the area of inter-
est on a map, which has been overlaid
on the graphic tablet. The terminal si-
multaneously shows the shape being
traced, and then displays the comput-
er's calculations of the area. Not ready
for hard copy? Fine. Store the data,
recall it later. For choropleth mapping,
graphically expressed values for any-
thing—rainfall, for example—appear
exactly where they pertain—measur-
ing stations within a state, for exam-
ple. The uses go on and on.

From the beginning, students are
taught to write programs that make use
of the graphic software already in the
computer. Program writing is not con-
sidered a rote exercise. This is the
way Arthur Luehrmann puts it: “When
a person is writing a computer pro-
gram he is cast in the role of a teacher
explaining to a perfectly logical infin-
itely patient, and totally unimaginative
student how to carry out a sequence
of tasks. It is axiomatic that one never
learns a subject so well as when he
teaches it to someone else.”

These are just a few of the many ways
in which computer graphics is help-
ing to improve the learning process at
Dartmouth. It is growing and changing
constantly, as more people discover
that computer graphics is easier to
use than they think.

The graphic tools available to Dart-
mouth students and faculty stem from
a large library of graphic software de-
veloped by Arthur Luehrmann and his
associates. The package of graphic
sub-programs is written in Prof. Luehr-

Tektronix graphic terminals are now lo-
cated in many parts of the Dartmouth
campus. Here in the Mathematics De-
partment students are visualizing func-
tions in three dimension, working on

their own. A nearby hard-copy printer
captures permanent records, whenever
needed, of any picture that shows on
the screen.
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mann’s enhanced BASIC, so that no
user need be locked into using any
particular manufacturer’s hardware.

The central computeris a large Honey-
well 66-40, connected to a network of
more than 300 terminals in 25 build-
ings on the campus. In addition, an
educational network reaches dozens
of other schools and colleges from
New York City to northern Maine, and
west as far as Chicago.

Tektronix has been working hard to
remove the cost barriers to even wider
use of computer graphics. The new
Tektronix 4006 terminal, shown middle
left on the opposite page, is priced at
only $2995, a new standard of value.
The new Tektronix 4051 desktop com-
puter provides graphics power, either
standing alone or on-line with a larger
computer, for only $7,000.
U.S. sales prices FOB, Beaverton, Oregon

These are just two of the 835 Tektronix
products and instruments serving the
test, measurement and display needs
of thousands of customers worldwide.
Not only in education but also in sci-
ence, health, communications and in-
dustry. For additional information
contact Bob Worsley, Education Mark-
eting Manager. Tektronix, Inc., P.O.
Box 500, Beaverton, Oregon 97077

TEKTRONIX

committed to excellence



You asked for a quality sporty car that you can afford to run. You
got it. An interior which surrounds you with gauges. A 2.2 liter
hemi-head coupled to a 4-speed plus overdrive fifth gear to
move you on the highway at 36 miles per gallon.
(1976 EPA 36 mpg on highway, 20 city. These
mileage figures are estimates. The actual
mileage you get will vary, depending on
your driving habits, your car's condition
and equipment.) MacPherson Strut front
suspension, wide steel-belted radials on
styled steel wheels, and power
front disc brakes all at
no extra cost.

You asked for GT styling with room
You got it. The Celica GT Liftback”
Room for four people plus nine bags
of groceries, or flip down the rear-
seat and two of you can haul the
groceries plus a side of beef

You asked for com-
fort. You got it. Glove-
soft bucket seats with 120 different positions, tinted glass

and AM/FM Stereo so you can boogie as you buggy.
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