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Selling at around $4, Taylor California Cellars varietal wines are an outstanding value. 
Because they're better than the leading varietals in their price range. But don't take our word for it. 

Read what one of the world's leading wine experts, Steven Spurrier, has to say about our Chardonnay: 
'1t's dry, fresh and clean-tasting, with more character than I ever expected to find in a wine at the price. 
I'm especially impressed by the fruit/acid 
balance. All in all, this wine is really quite 
an achievement." 

Enjoy Taylor California Cellars 
Chardonnay, as well as our other excep
tional varietals - Zinfandel, Cabernet 
Sauvignon, Chenin Blanc, Riesling and 
Sauvignon Blanc. Around $4. 00. 
© 1981 TAYLOR CALIFORNIA CELLARS. 
GONZALES. CALIFORNIA 93926 
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executive health 
the report that briefs you on what to watch 
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Leonard Hay-flick, Ph.D.: 

ON THE ROLE OF SLOW VIRUSES 

AS THE CAUSE OF NEUROLOGICAL DISEASES 

Mysterious deaths in New Guinea cannibals have revolutionized our 
concepts about virus diseases. Several neurological conditions 

that occur in middle age and beyond may be caused 
by viruses encountered in our youth that 

behave like biological time bombs. 

PUBLISHER'S NOTE: Dr. Leonard Hayflick, a member of our Editorial Board, 

is Senior Research Cell Biologist at Children's Hospital Medical Center, Oakland, 

California. He is a leading authority on the biology of aging, having published 

over 150 research papers and books. Dr. Hayflick is the recipient of several major 

awards for his research in this field, and has just received the nation's most 

prestigious award in gerontology called The Brookdale A ward from the Geron

tology Society of America. He also writes on a variety of other complex biological 

subjects, interpreting them for non-scientific audiences. 

Most of us think of viruses as sub-microscopic 

organisms that may infect us and then produce dis

ease symptoms in a matter of days. Typical of such 
diseases are the common cold, measles, mumps, flu and 

some gastro-intestinal upsets. AIJ viruses were thought 
to have this quick-strike capability. Now alJ that has 

changed. New viruses have been discovered that, after 

infecting the human body, sit around for months, 
years, or even decades before disease symptoms are 

produced. They are true biological time bombs be

cause they can produce diseases that are far more 

devastating than the fiu or a cold. The devastation 
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Your Health Is A Precious Thing 
Discover what research scientists now know 

about how to take the best care you can 
of the only body you will ever have! 

Remember the wise advice of Mon
taigne. It is as true today as when he 
wrote it four hundred years ago, 
"Health is a precious thing . . . the 
only thing indeed that deserves to be 
pursued at the expense not only of 
time, sweat, labor, worldly goods, but 
of life itself; since without health, 
pleasures, wisdom, knowledge, lose 
their color and fade away. To my 
mind, no way that leads to health can 
be rugged, no means dearly bought." 

Do as so many thousands of ex
ecutives do. Subscribe to Executive 
Health Report. The members of our 
Edito'rial Advisory Board are among 
the world's most distinguished author
ities on preventive medicine. Their 
wise advice can help you not only 
live longer but enjoy those extra 
years! (Note their high qualifica
tions. ) 

Executive Health Report is not sold 
on newsstands but only by private 
subscription at $24 (U.S. Funds) a 
year in the U.S.A. and its possessions, 
Canada and Mexico. Individual re
ports (back issues) $2.00 per copy. 
All other countries $26 by surface 
mail, $30 by air mail. (Only Inter
national Money Order or check on 
U.S. bank acceptable.) 

Subscribe now under this unusual 
introductory offer: 

(I) Your choice of any three of 
the reports listed below ($2.00 each) 
FREE! 

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

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

Leonard Hayfliek, Ph.D.: ON THE 
ROLE OF SLOW VIRUSES as the 
cause of neurological diseases . . . 
Mysterious deaths in New Guinea 
cannibals have revolutionized our con
cepts about virus diseases. Several 
neurological conditions that occur in 
middle age and beyond may be caused 
by viruses encountered in our youth 
that behave like biological time bombs. 

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

Roger R. Williams, M.D.: What is 
your GENETIC risk of an EARLY 

heart attack. Why is it that of two 
men from the same town, with the 
same lifestyle, one man lives to be 
100 and the other has a fatal heart 
attack at 35? 

Roger J. Williams, Ph.D., D.Sc.: ON 
YOUR STARTLING BIOCHEMICAL 
INDIVIDUALITY. S o m e  a m azi n g  
facts about your body you need to 
know if you want to understand your
self (and other people) better. 

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

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

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

Albert Paul Krueger, M.D. : ON AIR 
IONS - and Your Health, Moods and 

Efficiency. A distinguished, pioneering 
investigator reports to you on what is 
known and not known, about positive 
and negative ions in the air - a sub
ject about which you are and will be 
hearing more and more. 

Hugh C. Trowell, M.D., F.R.C.P.: A 
NEW DIETARY EXPLANATION for 
the cause of ESSENTIAL Hyperten

sion . . .  the dramatic and significant 
African experience (1929-1958). 

New research findings ON WALKING 
. . . nature's own amazing "anti�age 
anti-biotic!" Not running, not jog
ging, but walking is your most efficient 
form of exercise and the only one 
you can safely follow all the years 
of your life! 

Hans Selye, M.D.: ON STRESS 
WITHOUT DISTRESS. The secret is 
adaptability ... your mind can make 
or break you! 

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

Linus Pauling, Ph.D.: ON GOOD Nt.'
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informs you of his personal approach 
. . . his own intake of many vita
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John K. Lattimer, M.D., Sc.D.: ON 
THAT TREACHEROUS GLAND, your 
prostate - especially as you approach 
50. 
Jan Koch-Weser, M.D.: ON SYSTOLIC 

HYPERTENSION, more common than 
diastolic hypertension and as danger
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Linus Pauling, Ph.D.: For the best of 
health, HOW MUCH VITAMIN C DO 

YOU NEED? People who take the 
optimum amount of vitamin C may 
well have, at each age, only one quar
ter as much illness and chance of 
dying as those who do not take extra 
vitamin C. 
Leonard Hayflick, Ph.D.: ON GET
TING A GOOD NIGHT'S SLEEP! 

What research scientists now know 
about this mysterious process we so 
calmly call "sleep." 
Albert Szent-Gyorgyi, M.D., Ph.D.: ON 
A SUBSTANCE THAT CAN MAKE US 
SICK (If We Do Not Eat It!) One 
of the world's most honored scien
tists, winner of the 1937 Nobel Prize 
for Physiology and Medicine explains 
the fascinating paradox of vitamins. 
Denis P. Burkitt, M.D., D.Sc., F.R.C.S., 
F.R.S.: IS DIETARY FIBRE PROTEC
TIVE AGAINST DISEASE? The drop 
in our consumption of potatoes and 
whole grains may have something to 
do with the increase in intestinal can
cer, diabetes and heart disease - to 
name a few! 
Please use the coupon below under 
our special money-back guarantee 

EXECUTIVE HEALTH, Pickfair Bldg., Box 589, Ranct10 Santa Fe, CA 92067 
Gentlemen: Enclosed is my check for $ ___ for a year's subscription 
to Executive Health to start with this month's issue. I have circled the 
three $2.00 reports I am to receive free. It is understood that if I am not 
satisfied with my first issue, my money will be refunded. In addition, send 
me a list of some 100 other reporls of yours sti1\ in print. There may be 
some from which I mj'ght greatly benefit and would otherwise miss. 

Firm/Name (Please print c1early) __________________ _ 
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HAWAII/ECLIPSE 
CRUISE 

SAIL INTO THE PATH OF TOTALITY 
IN THE NORTH PACIFIC ON 

JULY 30, 1981! 

Star & Sky Expeditions has contracted the 
SS Oceanic Independence, of American 
registry, a 30,000-ton 682-foot luxury 
liner, for the sole purpose of seeking the 
awesome darkness at midday. 

The 14-day cruise includes the voyage to 
and from the eclipse site, approximately 
1200 miles northwest of Honolulu. This 
location has better than an 80% chance of 
clear skies - SUBSTANTIALLY BETTER 
THAN ANY OTHER LOCATION ALONG 
THE PATH OF TOTALITY. 

The eclipse-viewing will be followed by a 
S-day Hawaiian Islands cruise, making ports
of -call on the islands of Kauai, Maui,-Hawaii, 
and Oahu. 

Our scien tific staff is the finest ever 
assem bled for an eclipse cruise: Bart Bok, 
formerly professor of physics, Univ. of Ariz., 
and director, Steward Observatory. John 
Eddy, senior scientist, High Altitude Obser
vatory, Boulder, Colo., and solar expert 

and author. William J. Kaufmann, adjunct 
professor of physics, San Diego University, 
and author of nine books on astronomy and 
relativity. James Sadler, head meteorologist, 

Univ. of Hawaii. George Keene, senior 
engineer, Eastman Kodak, and astrophotog
raphy expert. Terence Dickinson, editor, 
Star & Sky. Our cruise director is Robert 
T. Little, field sales manager for Criterion 
Scientific Instruments, veteran of three 
eclipse cruises and seven Astronomy Island 
cruises to Bermuda, pioneer of solar-eclipse 
photography at sea. 

Space for this incredible eelipse cruise is 
limited so you must act now. Prices start 
at $2,000 per person, double occupancy, 

plus airfare. Detailed information is avail
able in our brochure which is yours, along 

with a free copy of our 1980 eclipse issue. 
Both can be obtained by writing to: 

Star & Sky Expeditions, Inc. 
44 Church Lane 

Westport, CT 06880 

THE COVER 

The picture on the cover is a computer-graphical display of the Magic Cube, a 
best-selling puzzle that is currently maddening large numbers of puzzle ad
dicts around the world (see "Meta magical Themas," page 20). In the cube's 
Start position, which is not the one on the cover, each face consists of nine 
"cubies" of the same color. Each plane of nine cubies can be rotated around its 
center, so that the colors of the 26 cubies can be quickly scrambled by a few ro
tations. The basic puzzle is to get the scrambled cubies back to Start. The num
ber of possible rotations in the process of unscrambling is astronomical, so that 
keen analysis is called for. The picture on the cover shows the Magic Cube 
with a corner cubie twisted 120 degrees clockwise and all other cubies, includ
ing those on the three back faces, as they were at Start. This configuration 
cannot be achieved, and so it is called a quark (in analogy with the elusive en
tity of particle physics). If, on the other hand, there is an oppositely twisted 
cubie at the diagonally opposite corner of the cube (an antiquark), the configu
ration can be achieved. The computer-graphical display of the Magic Cube was 
created by David Christman of the Massachusetts Institute of Technology and 
Bernard Greenberg of Symbolics, Inc., of Cambridge, Mass. The display is ac
complished with a "Lisp machine," one of a family of computers developed 
at the Artificial Intelligence Laboratory of M.I.T. for the computer language 
Lisp. With the display program the Magic Cube can be seen from any angle 
and its faces can be given any twist. Thus the program can re-create any at
tainable position of the cube and can test routines for transforming positions. 

THE ILLUSTRATIONS 

Cover photograph by Ralph Morse 

Page Source Page Source 

2 1-39 Alan D. Iselin 1 16 Palomar Sky Survey 

49-55 Albert E. Miller 1 18- 1 19 John N. Bahcall and 
56-58 Keith R. Porter Raymond M. Soneira 

59 Tom Prentiss 134 John Pettitt 
60-67 Keith R. Porter 136- 138 IIil Arbel 
69 U.S. Geological Survey 139- 14 1 John Pettitt 
70-7 1 Andrew Tomko 146- 152 Jerome Kuhl 
73 Robert Decker 155 James B. Jensen 
74-75 National Aeronautics (top), William Trager 

and Space Administration (bottom) 
76 Robert Decker 158- 16 1 Patricia J. Wynne 
77-80 Andrew Tomko 162 Milton J. Friedman 92-94 Allen Beechel 
96 United Kingdom-European 163- 164 Patricia J. Wynne 

Southern Observatory Sky 166 Jeremy Whitaker 

Survey (top), Allen 168 Goldsmith Company's 
Beechel (bottom) Library, University 

100- 103 Allen Beechel College London 
104 Mount Stromlo 170 Historical Society 

Observatory of Pennsylvania 
106 Las Campanas Observatory 172- 174 Alan D. Iselin 
108 Allen Beechel 

176 University Library, 1 10 Cerro Tololo 
Inter-American Cambridge, England 

Observatory 178- 179 Alan D. Iselin 

1 15 Allen Beechel. 184- 192 Michael Goodman 

© 1981 SCIENTIFIC AMERICAN, INC



The lllore you use it, 
the lllore valuable it gets. 
The Hasselblad is designed to be 
a hard-working toql for the 
professional and advanced amateur 
photographer. Like any fine tool, 
the more you use it-with excellent 
results-the more you grow to 
value it. 

Most photographers would 
probably tell you that their 
Hasselblad has improved with age
which is another way of saying that 
their work has improved, as their 
partnership with their Hasselblad 
has matured. 

Hasselblad cameras tend to 
become more valuable in economic 
terms, too. 

The 1959 Hasselblad 500 C has 
more than doubled in value. 

The 1949 Hasselblad 1600 F has 
become a collector's item, worth 
many times its original price. 

So when you consider a 
Hasselblad, think of it as both a 
precision tool and an investment. 

Hasselblad 500 C/M 

with an 80 mm lens, a 12-exposure 
film magazine and a focusing hood. 
All of these components can be 
replaced by others, as the need 
arises-because "Interchangeability" 
is the essence of the Hasselblad 
system. At your disposal are 14 
other lenses, 7 other film backs, 7 
viewfinders, 6 focusing screens and 
a myriad of specialized accessories. 

Hasselblad SWC/M 
Here is the Superwide angle 
Hasselblad. Its built-in optically true 
38 mm lens gives a 
distortion-free 90° 
angle of view. 
Depth-of-field is 
an incredible 26" 
to infinity at 
fl22, with full 
flash sync shutter 
speeds up to 11500 sec. 
The outstanding lens quality and the 
remarkable depth-of-field make it 
ideal for architectural work. By 
exchanging the camera back, the image 
can be evaluated on a large ground 
glass as it is done on a 
view camera. 

The Hasselblad Super-

minimum focusing distance of 12". 
Simplicity of handling makes the 
Superwide ideal for all wide angle 
photography. This special camera 
is totally unique, out-performing 
in sharpness and contrast anything 
in the medium format field. 

Hasselblad 500 EL/M 
The Hasselblad EL was the first 21,4" 
x 21,4" motor camera. The electric 
motor, which advances 
the film and cocks 
the shutter, is an 
integral part of 
the camera. The 
500 EL/M can 
be used for rapid 
sequences with
out taking your 
eye from the 
viewfinder. It can also 
be operated remotely in several 
different ways. 

Hasselblad 2000 FC 
This is the newest Hasselblad, 
equipped with an electronically 
controlled focal plane 
shutter providing 
incredibly accurate 
speeds up to 
112000 second. 
Select from a 
new series of 
uniquely designed 
Hasselblad lenses, or use 
the standard Hasselblad lenses 
with leaf shutters, for full flash 
sync up to 11500 second. 
All four Hasselblad cameras permit 
a choice of 3 different film formats: 
21,4" x 2l,4''', 6 x 4.5, or superslides. 
They all utilize 120, 220 roll film 
or 70 longroll film. Special effects 
such as blurred motion or multiple 
exposures that cannot be seen in the 
finder of any camera can be pre
checked by attaching a Polaroid 
magazine-even in mid-roll. 

Another beauty of the Hasselblad 
is that there is no planned 
obsolescence and today's accessories 
will fit a Hasselblad of 20 years ago. 

And that makes your Hasselblad 
even more valuable. 
See your Hasselblad franchised 
dealer or write for a selection of 
our folders to: 

Victor Hasselblad Inc., 
Dept. A-II, 
10 Madison Road, 
Fairfield, N.J. 07006. 

This is the basic 
Hasselblad 21,4" x 
21,4" single lens 
reflex camera, 
with flash sync 
shutter speeds 

wide C/M is widely used 
for reproduction work 
because the lens maintains 
its sharpness down to a 

HAS S £l B l A u 
up to 11500 sec. 
on all lenses. It When you shoot for perfectk)n 
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LETTERS 
Sirs: 

I should like to make a small addition 
to Reuel A. Stall ones' interesting and 
thoughtful article "The Rise and Fall 
of Ischemic Heart Disease" [SCIENTIFIC 
AMERICAN, November, 1980]. In giv
ing reasons why the decline in cigarette 
smoking might not be responsible for 
the decline in mortality from ischemic 
heart disease he stated that "a concor
dance between [regional variations in 
cigarette smoking] and the geographic 
pattern of the mortality from ischemic 
heart disease also does not seem like
ly. " Actually, using the tobacco-tax data 
from 44 U.S. states as an admittedly 
crude index of per capita cigarette con
sumption, a substantial correlation be
tween cigarette consumption and the 
state mortality rates for ischemic heart 
disease has been demonstrated (Journal 
o/Chronic Diseases. Vol. 20, pages 769-
779; October, 1967). 

GARY D. FRIEDMAN, M.D. 

Kaiser-Permanente Medical Care 
Program 

Oakland, Calif. 

Sirs: 
Professor Stall ones has made two im

portant points. First, he has demonstrat-
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ed that the decline of the death rate from 
changes in the coronary arteries differs 
from that caused by myocardial infarc
tion (which may suggest different etiolo
gies). Second, he has emphasized that 
such factors as serum cholesterol levels 
or the amount and the quality of the fat 
ingested cannot explain the seeming de
crease in the death rate from arterioscle
rotic heart disease that has taken place, 
particularly in the past decade. 

Professor Stallones believes, howev
er, that the most important (immedi
ate) cause of myocardial infarction is 
the obstruction to coronary blood flow 
by the atherosclerotic atheroma. In par
ticular, blood clots caused by the grow
ing atheroma supposedly occlude the 
artery and induce sudden heart attacks. 

This concept has been frequently at
tacked. I should like to cite papers by 
David Spain and A. W. Branwood (Dis
eases 0/ the Chest. Vol. 58, page 107,. 
1970, and Lipids. Vol. 13, page 378, 
1978). In these papers it was demon
strated that coronary thrombi are in the 
majority of cases absent in people who 
die immediately after the infarction. 
The incidence of thromboses increases 
the longer the patient survives the at
tack. Therefore it appears that the clot is 
a consequence rather than the cause of 
the attack. This evidence (and other evi
dence published by European workers) 
suggests that myocardial infarction in 
human beings is most often a primary 
disease of the heart muscle usually ac
companied by coronary changes. Such a 
concept has more than mere academic 
interest; the old theory is one of the rea
sons thousands of coronary bypass op
erations are performed every year at 
enormous expense. While it is true that 
such operations may alleviate anginal 
pain, the life expectancy of the patients 
is not on the average increased. Neither 
is the rate. of myocardial infarctions de
creased after the operation. This too 
supports the concept that the changes 
leading to myocardial infarction are at 
least not a direct consequence of coro
nary changes. 

HANS KAUNITZ, M.D. 

Clinical Professor (retired) 
Department of Pathology 

College of Physicians & Surgeons 
of Columbia University 

New York 

Sirs: 
I was, of course, aware of Dr. Fried

man's publication of the association be
tween 1950 and 1960 ischemic-heart
disease mortality rates and tobacco-tax 
revenues by state. The product moment 
correlation coefficients were .63 and .55 
respectively, very notable given the na
ture of the data. As Dr. Friedman re
ported, these correlations are in fact 
buried in a matrix of surprisingly high 

coeffIcients. Gratifyingly the 1950 death 
rates for lung cancer were somewhat 
more strongly associated with the to
bacco data (r = .81), but the proportion 
of the population of the states classed 
as urban residents was correlated with 
tobacco-tax data about as strongly 
(r = .57). The correlation coefficients 
are not helpful in selecting from among 
the possible inferences: (1) cigarette 
smoking causes ischemic heart disease, 
(2) ischemic heart disease causes ciga
rette smoking, (3) urban residence caus
es ischemic heart disease, (4) ischemic 
heart disease causes urban residence, (5) 
cigarette smoking causes urban resi
dence and (6) urban residence causes 
cigarette smoking. 

Although some of these inferences 
can be rejected out of hand because they 
do not fit into a preconceived biological 
rationale, giving credence only to those 
associations that fit our preconceptions 
is one way to perpetuate error. Some 
years ago I prepared an exercise for stu
dents in epidemiology based on the as
sociation between the cumulative total 
of lynchings for each state between 1882 
and 1956 and the mortality rates in 1950 
for arteriosclerotic heart disease. The 
rank-order correlation between these 
variables is -.67, which is in the same 
realm of respectability as the correla
tions reported by Dr. Friedman. I do not 
believe that a social proclivity for lynch
ing provides protection against the rav
ages of atherosclerosis, but I do believe 
that the network of associations be
tween causes of death and other charac
teristics of states is extremely complex 
and that the correlation matrix must be 
traversed with extreme caution. An ob
vious extension of Dr. Friedman's work 
is to perform a similar analysis for 1970 
data, when the relative geographic shift 
of ischemic-heart-disease mortality was 
further advanced. The results should be 
interesting. 

Dr. Kaunitz brings to our attention 
the long-standing debate about the in
terpretation of events immediately pre
ceding a myocardial infarction. I am not 
qualified to enter the debate and simply 
report that I employed the concept that 
seems to represent the majority view. In 
a report issued in June, 1971, by the N a
tiona I Heart and Lung Institute Task 
Force on Arteriosclerosis, that distin
guished panel said: "Atherosclerosis ul
timately produces symptoms because 
the plaques cause marked narrowing or 
obstruction of affected arteries .. .. Very 
severe or total occlusion may occur 
rather suddenly as a result of a blood 
clot developing on the plaque. " 

REUEL A. STALLONES, M.D., M.P.H. 

Dean 
School of Public Health 
Health Science Center at Houston 
University of Texas 
Houston 
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Give your family the security 
that will never go up in price. 

We guarantee it. 

You will grow older. Your health may decline. 
And prices will rise. You know it. And so do I as 
a New York Life Agent. 

Yet, no matter what else changes, there's 
one thing that will always remain the same: the 
premiums you pay for New York Life's permanent 
whole life insurance. 

They'll never go up. No, never. Because we 
spread the cost �ually over your lifetime. 

In addition, your policy pays dividends and 
builds cash value. And just look at all the things 
you can do with this cash reserve . 

At retirement, you can use it to buy a paid
up policy for continued protection. You may 
choose to buy an annuity that will give you a 
monthly income for life. Or between now and 
retirement, you can borrow against the cash value 
to keep your policy in force if you can't afford to 
pay a premium. And, of course, you can borrow 
that cash for any kind of emergency. 

Is whole life the right insurance for you? Ask 
me. As a New York Life Agent, I have the facts 
to help you decide. And if the answer is yes, we'll 
hold the line on cost. 

We guarantee it. 

'�skme:' 

New York Life Insurance Company, 51 Madison 
-
Ave., New York, N.Y. 10010. In Canada: 1240-444 St. Mary Avcnllt', 

Winnipeg, Manitoba R3CJTl. Life, Croup and Health Insurance, Annuities, Pension Plans. 
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50 AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

MARCH, 1931: "Hermann Oberth of 
Mediasch, Germany, proposes that we 
take advantage of the dual forces of 
gravitation and centrifugal force to send 
a rocket aloft that will circle the earth 
continuously. Rising to a height of 
about 500 miles, equipped with all man
ner of observation devices, the rocket 
will acquire a speed of some five miles 
per second parallel to the earth's surface 
and then, with its power shut off, will 
continue to circle the earth indefinitely. 
From this 'station,' which will circle the 
earth every two hours, a scientist-ob
server will watch cloud movements, 
observe the stars and note changes in 
the sun, with their resulting effect on ter
restrial weather, radio communication 
and other electric phenomena. As many 
stations may be established as desired, 
each, of course, covering a circumfer
ential segment of the terrestrial sphere. 
Such studies of outer space as are made 
possible by the station must of course 
precede attempts to conquer outer space 
and make a journey to the moon or to 
one of the other planets." 

"Among the discoveries made in fun
damental chemistry last year two stand 
out: the demonstration of the existence 
of rotating molecules in solid com
pounds and the solving of the chemical 
puzzle of the structure of the crystal of 
the silicates. The existence of rotating 
molecules in solid compounds was re
ported by Linus Pauling of the Califor
nia Institute of Technology and Sterling 
B. Hendricks of the Fixed Nitrogen 
Laboratory of the United States Depart
ment of Agriculture. The discovery has 
an important bearing on the heat capaci
ties of solids. The structure of silicate 
crystals was solved by William L. Bragg 
of the Victoria University of Manches
ter and Professor Pa uling." 

"We are faced with a stagnation of 
industry such as we thought would nev
er occur again. The country is full of 
remedies, but in trying to think our way 
through the difficulty we must remem
ber that we are living in a 20th-century 
ind ustrial world and not an 18th-cen
tury one. Our ne'w world is a world 
of interdependence and solidarity. It is 
a world that machines have woven to
gether with thousands of criss-crossing 
threads. It is a world in which the rela
tions between cause and effect have 
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been so lengthened that on any given 
day the Egyptian planter cannot know 
what his cotton or sugar is worth until he 
receives the quotation from Galveston 
or Cuba. A heavy frost in the Mississip
pi valley will affect prices on the Liv- / 

erpool exchange, and the disturbance 
will reverberate in Australia and India. 
French savings, through the channel of a 
loan to Argentina or Chile, contribute to 
the development of Belgian or German 
industry. Prosperity in Czechoslovakia, 
by increasing the consumption of choc
olate, results in the stimulation of the 
plantations of Venezuela. The funda
mental difficulty with our present situa
tion is that two distinct principles are 
struggling for mastery. In spite of the 
fact that the economic tides are over
flowing the world, we are still trying to 
maintain our old nationalistic water
tight compartments. Our political con
ceptions have not caught up with our 
machines. We still cling to the idea that 
we can maintain political isolation in a 
world in which economic isolation has 
long since gone by the board." 

MARCH, 1881: "Vicomte Ferdinand 
de Lesseps is certainly the very personi
fication of indomitable energy and per
severance. Not content with having suc
c�ssfully canalized one isthmus in the 
face of every possible obstacle, geo
graphical, political and financial, he has 
now, in his 76th year, undertaken to ex
ecute a similar work on the other side 
of the Atlantic, which arouses perhaps 
even a fiercer opposition than did his 
scheme to pierce the Isthmus of Suez. In 
a recent conversation he remarked, 'I 
have greater confidence than I had for 
Suez. The Atlantic and Pacific breezes 
blowing down the isthmus will make it 
the healthiest region in the world. We 
were there for months-my wife, chil
dren, friends and laborers-and we had 
not a single death.' In the United States, 
where the Monroe Doctrine of no Euro
pean interference with the American 
continent is very popular, M. de Lesseps 
encountered the fiercest opposition, but 
he nevertheless succeeded in gaining 
over a considerable segment of the com
munity to his views. Thus if energy, per
severance and confidence will carry the 
enterprise through all its difficulties, 
there is every chance of its success." 

"A field for the manufacture of steam 
engines specially adapted to the propul
sion of dynamo electric machines has 
been opened by the recent extensive and 
rapid development of the electric light. 
It is the aim of inventors and manufac
turers of electric lamps to provide auto
matic adjustments that will secure the 
greatest possible uniformity in the light, 

and these adjusting devices are called on 
to compensate not only for the unequal 
combustion of the carbons but also for 
the irregularities of the propelling pow
er, every variation of which produces a 
corresponding variation in the strength 
of the electric current. This effect is 
more strikingly illustrated in electric 
lamps of the incandescent variety, by 
whose regular fluctuations the strokes of 
the engine may sometimes be counted. 
The highest measure of success in elec
tric illumination demands the employ
ment of high-speed engines running with 
great uniformity. In view of the progress 
that this kind of illumination is making, 
together with the great variety of excel
lent automatic governing valve gear in 
use, it would pay some of our best en
gine builders to give attention to this 
special class of work. The field is large 
and constantly growing, and offers rich 
promise to enterprise." 

"The records kept by the Hartford 
Steam Boiler Inspection and Insurance 
Company show that 170 steam boilers 
exploded in the United States last year, 
killing 259 persons and injuring 555. 
The classified list shows the largest num
ber of explosions in any class to have 
been 47, in sawing, planing and wood
working mills. The other principal 
classes were in order: paper, flouring, 
pulp and grist mills, and elevators, 19; 
railroad locomotives and fire engines, 
18; steam boats, tugboats, yachts, steam 
barges, dredges and dry docks, 15; por
table engines, hoisters, thrashers, pile
drivers and cotton gins, 13; ironworks, 
rolling mills, furnaces, foundries, ma
chine and boiler shops, 13; distilleries, 
breweries, malt and sugar houses, soap 
and chemical works, 10." 

"The dust boxes of New York are in
dustriously searched by the Italian poor 
population before they can be removed, 
and they furnish many a meal, though it 
is not nice to think of the way such meals 
are got at. How far more humane would 
it be were a certain plan of gathering 
carried out and were these remnants to 
come in a wholesome condition to poor 
people? It is not only in the faraway East 
that Lazarus sits at the gate, sorrowing 
and suffering, but here in the proud me
tropolis of the United States that sends 
food out to millions abroad and yet can
not use up its own broken pieces to best 
advantage for the poor that sit at its 
gates waiting for the morsels that come 
not but are in pure wantonness cast to 
the dogs or, worse still, on the waters of 
the broad Atlantic." 

"On January 29 the French steamer 
Lajayetle arrived at Colon with Messrs. 
Armand Reclus, G. Blanchet and about 
40 others who are to be employed upon 
the Panama Canal. It is understood that 
the work is to begin at once." 
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What if you chose 
as a technical 

UPcan be your business 
computer partner too! 

The new, top-of-the-line HP 3000 
Series 44 computer makes it easy 
for novices to enter, process, and 
retrieve data from up to 96 termi
nals. Thus, it's a powerful tool for 
high-volume distributed process
ing. As a member of the compatible 
HP 3000 family, the Series 44 uses 
HP's award winning data base 
management software, and can be 
networked for instant information 
access and resource sharing. Prices 

•• 

start at $110,000. * 
Update kits for smaller 3000's are 
available. 

So. 

'�t Nikon, UP computers 
save us $750,000 
annually on our 
production line alone?' 

Nippon Kogaku K. K. (Nikon) is a 
leading Japanese optical company 
and maker of world-famous Nikon 
cameras. Nikon's Camera Division 
uses 13 HP 1000' s in its Computer 
Aided Manufacturing process. 

Shigehide Segawa, General Manager 
of Camera Production Engineering, 
says, "The HP 1000 is our capital 
partner in manufacturing cameras 
noted for precision and ease of use. 

"With integrated circuits automating 
the camera's operation, our accep
tance testing of Ie's, adjustment 
and inspection of circuits during 
assembly, and final inspection of 
the end product depend heavily on 
computer control. 

"Our HP 1000' s have saved us 
$750,000 a year in production. But 
their total contribution to quality 
and reliability cannot be expressed 
by a number. " 

99-percent uptime 
service guarantee! 
This unprecedented guarantee is 
available under full-service mainte
nance plans on Series 44' s within 
100 miles of any of the 43 HP ser
vice centers throughout the U. S. 

New printing system 
reduces information cost. 
The new HP 2680 Laser Printing 
System eliminates many informa
tion bottlenecks. Operating via HP 
3000 computers, the 2680 provides 
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Hewlett-Packard 
�otnputer p artner? 

versatile, high-speed forms genera
tion on letter-size paper with high 
print quality. Forms can be merged 
with data base entries to produce 
completed documents. As it comes 
with 32 type fonts-and can repro
duce special characters, logos, and 
symbols-you can tailor forms to 
your needs. Prices start at $121,000. * 

HP's new microcomputer: 
good news for OEMs. 
Newly available 64K RAMs make 
possible a 512-K byte main memory 
in the new HP 1000 L-Series two-

board microcom
puter. So much 
main memory and 
computation pow
er in so little space 
makes the L-Series 
easily adaptable to 
many applications. 
Prices start at 
$13,250. * 
• Domestic u.s. prices only. 

'�t Spectra-Physics, an 
HP computer tests laser 
life, and has increased 
sales by $140,000 a year." 

Spectra-Physics' Component Laser 
Division, in Mountain View, Calif. , 
manufactures low-power lasers for 
the OEM market. An HP 9845 com
puter system runs a test program to 
determine life expectancy and per
formance of a variety of laser tubes. 

"We chose the HP 9845 system be
cause it gives us the data handling 
and documentation capabilities we 
need, " says Richard Rudy, Manager 
of Quality Assurance. "Its printouts 
are used by our marketing people as 
sales tools. 

"With information called up from 
our test program, we can show cus
tomers exactly what the performance 
characteristics and life expectancy 
of our laser tubes are. On the basis 
of the increased sales this documen
tation has generated, as well as 
early warnings of potential produc
tion problems, our HP system paid 
for itself in the first 11 months. " 

A working partnership 
withHP. 

HP offers a free, 75-page catalog of computer 
products that provide solutions for Original 
Equipment Manufacturers. For your copy; 
call Dept. 304A toll free, (BOO) 547-3400 (except 
from Alaska and Hawaii). Oregon residents 
call 758-1010 . Or write A. P. Oliverio, Vice
President, Marketing, Hewlett- Packard Co. , 
1502 Page Mill Rd. , Palo Alto, CA 94304. 

Whenperform ancemust F/idi HEWLETT 
bemeasuredbyresults .:� PACKARD 

00142 
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THE AUTHORS 
ELI GINZBERG and GEORGE J. 

VOJT A ("The Service Sector of the U.S. 
Economy") have a common interest in 
the analysis of economic issues. Ginz
berg is A. Barton Hepburn Professor 
Emeritus of Economics at the Colum
bia University Graduate School of Bus
iness. He did his undergraduate and 
graduate work at Columbia, receiving 
his doctorate in 1934. An expert on la
bor statistics, he currently serves as di
rector of Columbia's program on the 
conservation of human resources and as 
chairman of the National Commission 
for Employment Policy. Vojta is exec
utive vice-president of Citicorp/Citi
bank. A graduate of Yale University, he 
joined Citibank in 1961; he now heads 
the company's Office of Corporate 
Strategy and Development. (The views 
expressed in this article, he writes, are 
his and Ginzberg's and do not necessari
ly reflect those of Citicorp.) 

KEITH R. PORTER and JONA
THAN B. TUCKER ("The Ground 
Substance of the Living Cell") address 
the subject of their article from quite 
different backgrounds. Porter, a pioneer 
in the application of the electron micro
scope to the study of cellular structures, 
is professor of cell biology at the Uni
versity of Colorado at Boulder. A native 
of Nova Scotia, he obtained his B.S. 
from Acadia University in 1934. He 
then went to Harvard University, where 
he got his master's and doctor's degrees. 
For more than two decades he was at the 
Rockefeller Institute for Medical Re
search, where he attained the rank of 
professor and head of the cytology de
partment. In 1961 he took the position 
of chairman of the biology department 
at Harvard, and in 1974 he became 
chairman of the department of molecu
lar, cellular and developmental biology 
at Boulder. Tucker, who majored in bi
ology as an undergraduate at Yale Uni
versity, is a free-lance writer. 

ROBERT DECKER and BARBARA 
DECKER ("The Eruptions of Mount 
St. Helens") have collaborated on sever
al books and articles about volcanoes. 
They were both engaged in on-site stud
ies of Mount St. Helens in the spring and 
summer of 1980; during part of that 
time Robert Decker was the acting sci
entist in charge of the U.S. Geological 
Survey's Mount St. Helens Project. He 
studied geology and geophysics at the 
Massachusetts Institute of Technology 
and the Colorado School of Mines, ob
taining his D.Sc. from the latter institu
tion. He is a past president of the In
ternational Association of Volcanology 
and Chemistry of the Earth?s Interior. 
Before he joined the Geological Survey 
in 1979 he was professor of geophysics 

at Dartmouth College. Barbara Deck
er, who has a B.A. in journalism from 
the University of Califorma at Berkeley, 
is a professional writer. The Deckers 
(husband and wife) now live in Hawaii, 
where he heads the Geological Survey's 
Hawaiian Volcano Observatory. 

BART J. BOK ("The Milky Way Gal
axy") is professor emeritus of astrono
my at the University of Arizona. Born 
and educated in the Netherlands, he re
ceived his Ph.D. at the University of 
Groningen. He went to Harvard Univer
sity in 1929 as Robert Wheeler Willson 
Fellow in astronomy and stayed on to 
become Robert Wheeler Willson Pro
fessor of Astronomy and associate di
rector of the Harvard Observatory. In 
1957 he left Harvard to become profes
sor of astronomy at the Australian Na
tional University and director of the 
Mount Stromlo Observatory. In 1966 he 
was appointed head of the department 
of astronomy and director of the Stew
ard Observatory of the University of 
Arizona. Since his retirement as a pro
fessional astronomer in 1974, he says, 
he has returned to his original childhood 
hobby: amateur astronomy. Bok recent
ly completed work on the fifth edition of 
his classic text The Milky Way; the first 
edition, coauthored with his late wife 

. Priscilla F. Bok, was published in 1941. 

JOHN PETTITT, SOPHIE DUCK
ER and BRUCE KNOX ("Submarine 
Pollination") are botanists. Pettitt is a 
member of the scientific staff of the Brit
ish Museum (Natural History). He got 
his B.Sc. and Ph.D. from University 
College London and spent a postdocto
ral year at the University of Michigan. 
A specialist in the reproductive mecha
nisms of plants, he has gone to Australia 
to work with his coauthors on two oc
casions. Next year Pettitt will be work
ing as a visiting scientist at the Botani
cal Institute of the University of Stock
holm. Ducker retired as a mem�r of the 
undergraduate teaching faculty at the 
University ('f Melbourne in 1975, but 
she has continued to work with gradu
ate students. She was born in Berlin and 
was educated in Germany, Britain and 
Switzerland. Finding the Nazi regime 
"not congenial," she and her husband 
left Germany "on Christmas Eve in 
1938 and arrived in Australia in 1941." 
For a number of years she worked at 
Melbourne on the possible antibiotic ac
tivity of soil fungi, receiving her B.S. 
and M.S. in 1953 and 1956 respectively. 
A long-standing interest in algae led her 
to found the first course in marine bota
ny at Melbourne in 1962. In 1978 the 
university awarded Ducker a doctoral 
degree for her published work. Knox is 
professor of botany at Melbourne. Born 
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Einstein's theory is helping Amoco 
turn light into electricity 
In 1905, Albert Einstein provided the 
mathematical foundation that explained 
why electrons were released from metals 
in the presence of light. Three quarters of 
a century later, the dream of economic 
conversion of light directly into electricity 
is approaching reality. At Amoco 
laboratories, physicists are successfully 
probing the photovoltaic effect" 

improving the efficiency of this 
conversion. As the conversion efficiency 
rises , the potential for mass use of this 
alternate form of energy grows. 

It's one of the new technologies Amoco is 
exploring to provide energy America will 
need in the year 2000 and beyond. 

You expect more from a leader 
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a small hotel 
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L 
PARK HYATT� 
ON WATER TOWER SQUARE, CHICAGO 

312 280 2222 

CHRONTROL: 
THE NEW SCIENCE 

To manage time. 
To appoint a series of tasks and have them accomplished, 

timed accurately to the second. 
Tasks to be done today. 

Tomorrow. Next week. Next month. 
Accuracy that is possible in a programmable timer 

because of our microprocessor technology. 
ChronTrol. 

T iming so accurate 
that tomorrow's discoveries will come sooner. 

ChronTrol. 
The tool of time management. 

T he new science. 

ChronTrol's desk top model is used 
extensively by researchers at Hoffman 
La Roche Institute of Molecular Biology 
as a low cost gradient programmer 
for high-performance liquid 
chromatography research. Additional 
references and a catalog of other 
ChronTrol models and their applications 
are available from: Lindburg Enterprises. 
Inc .• 4878 Ronson Court. San Diego, CA 
92111. (714) 292-9292, TLX/TWX 
910-335-2057. 
Time was. ChronTrol is. 

in Scotland, he studied botany as an un
dergraduate at the University of Edin
burgh. He earned his Ph.D. from the 
University of Birmingham in 1962 and 
joined the faculty of the Australian Na
tional University in 1964. Knox was a 
visiting research fellow at the Institute 
of Plant Development of the University 
of Wisconsin in 1969 and at the Royal 
Botanic Gardens at Kew in 1973. 

IRVIN ROCK ("Anorthoscopic Per
ception") is professor of psychology at 
Rutgers University, where for many 
years he has been with the Institute for 
Cognitive Studies at the university's 
Newark campus. He will be transferring 
next fall to the New Brunswick campus, 
where he will be joining the Program in 
Cognition. A graduate of the City Col
lege of New York, he got his Ph.D. 
from the New School for Social Re
search in 1952. Rock taught at the New 
School and at Yeshiva University be
fore joining the Rutgers faculty in 1967. 

MILTON J. FRIEDMAN and WIL
LIAM TRAGER ("The Biochemistry 
of Resistance to Malaria") began their 
collaboration a few years ago at Rock
efeller University, where Friedman did 
his graduate work and where Trager is 
professor and head of the department of 
parasitology. Friedman is now an assis
tant research biologist at the Cancer 
Research Institute of the University of 
California at San Francisco. As an un
dergraduate at Reed College he exper
imented on the biochemistry of hemo
globin at the University of Oregon Med
ical Center and also on the biochemical 
genetics of simple eukaryotic organisms 
both at Reed and at the University of 
Washington. Friedman combined these 
two interests and an interest in interna
tional health, he reports, when he went 
to Rockefeller to begin graduate work 
on malaria parasites with Trager. Tra
ger has been on the faculty at Rockefel
ler since 1934, the year after he received 
his Ph.D. from Harvard University. Dur
ing World War II he studied malaria in 
the southwest Pacific as a captain in 
the U.S. Army Sanitary Corps. He has 
been a guest investigator at institutions 
around the world, and he has served as 
an adviser to many national and inter
national bodies concerned with health. 

1. BERNARD COHEN ("Newton's 
Discovery of Gravity") is Victor S. 
Thomas Professor of the History of Sci
ence at Harvard University. Award
ed his Ph.D. by Harvard in 1947, he 
was the first American to be given a 
doctorate in this field. Formerly editor 
of Isis, the quarterly journal of the His
tory of Science Society, he is a past pres
ident of that society and also of the In
ternational Union of the History and 
Philosophy of Science. In addition to 
his teaching at Harvard he has lectured 
in England, France, Italy and Japan. 
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Wanted: NeW' products 
and technologies to buy or license 

in health-cafe & toiletries field. 
Are you an inventor in search of royalties? Or, 
does your company own a technology that 
you'd like to sell, license or otherwise make 
money on? . 

In either case, you should know about this 
worldwide search for innovations, sponsored 
by major health-care and toiletries companies 
in the U.S., Europe and Japan, and conducted 
on their behalf by Product Resources Interna
tional, Inc. 

No Charge�To���ou=--______ _ 

These companies want to acquire new prod
ucts and technologies to market in the next two 
or three years. They also are seeking ways to 
improve their existing products and extend 
existing product lines. That is why they are 
funding this search, paying its costs entirely
which means that participation is completely 
cost-free to the invention owner. Wanted are: 

Health-care: 

o Prescription drugs 
o Non-prescription drugs 
o Topical applications 
o Diagnostics 
o Medical devices 
o Patient-care disposables 

Toiletries: 

o Personal grooming aids 
o Antiperspirants, deodorants 
o Hair-care products 
o Skin-care products 
o Oral hygiene products 
o Intimate-hygiene products 

l'\nte to: 

What Inventors Say., _______ :--

Typical of the inventors who have already b�n
efited-without cost-is Samuel B. Prussm, 
holder of over 50 U.S. patents, and formerly 
Director of Laboratories for a $1.6 billion-a-year 
pharmaceutical and toiletries firm. "T�ank� to 
an introduction by PRI, my second licen�mg 
contact on a particular new technology has Just 
resulted in a signed contract for the U.S. and 
Canada:' 

Also typical is the expe�ence of Ed� B. 

Michaels inventor of a umque bacterIostat 
which appears to accelerate rather than i�bit 
wound-healing. "PRI opens up mamfold 
opportunities for me, without taking me away 
from the laboratory. Through them, I've 

already signed a European agreement:' 

Patent Attomey'.!!s..!:C::.!:o�n�c=ur!....-____ _ 

PRI has also received wide acceptance by the 
patent attorney community, as e�denc�d by 
articles in the patent law press, copIes available 
on request. 

How To Benefit 

For complete details about how to submit your 
own invention for PRI's next NEW PRODUCT/ 

TECHNOLOGY SOURCE BOOK report, simply 
write to the address below. Send nothing con
fidential please! Wait to read PRI's procedure 
before making disclosures-except, of course, 
for issued patents. 

Write us now-or ask your patent attor
ney to contact us. 

�I Product Resources International, Inc. 
Attention: Source Book Search #381 
800 Third Avenue, New York, N.Y. 10022 
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AMERICAN MOWRS, the world leader in 4-wheel drive 
technology, introduces another breakthrough. The American 
Eagle now has Select Drive . . .  a spectacular new piece of 

engineering that lets you switch back 
and forth between full-time 

4-wheel drive traction 
and 2-wheel drive 
economy. 

No other automobile 
in the world gives you 

SllB�T 
everything the Select 

THE AMERICAN EAGLE Drir� �:��ee��!heel 
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DRIVE 

drive confidence and security at highway speeds, through any 
kind of weather. 2. You get 4-wheel drive traction and control 
when you're heading off the beaten path. And . . .  3. With a @�/'J'9. simple flick of a switch, you get the high gas 

��. mileage of 2-wheel drive when 4-wheel drive 
isn't desired. 

EPA ESTMPG ESTHWY SO, while others are sitting at home, tow 
a trailer, climb hills, get through bad weather. All this plus an 
EPA mileage estimate matching Chevy Citation," 

Select Drive ... the American Motors invention that fuses 
high mileage and high traction technology together in one 
automobile ... is now available on all American Eagles. And the 
only place to get it is your American Motors Dealer's. 

Experience driving in the 4th Dimension. American 
·Use these figures for comparison. Your mileage may vary due to speed, weather and trip length. Actual 
highway mileage will probably be less. Calif. figures lower . •  ·Vehicles with manual 4·speed transmission. Motors 
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METAMAGICAL 
THEMAS 

The Magic Cube's cubies are twiddled 

by cubists and solved by cubemeisters 

by Douglas R. Hofstadter 

Cubi ti s  magi ki a, n. A se ve re me ntal 
disorde r  accompani ed by i tchi ng of the 
fingertips that can be relieved only by 
prolonged contact wi th a multi colored 
cube ori gi nati ng in Hungary and Japan. 
Symptoms often last for months. Hi ghly 
contagi ous. 

W
hat thi s stuffy medical-di cti on
ary entry fai ls to mention i s  
that contact with the m ulticol

ored cube not only cures the itchiness 
but also causes i t. Furthermore, it fai ls 
to p oi nt out that the affl iction can be 
highly pleasurable. I ought to know; I 
have suffered from it for the past year 
and sti ll exhi bit the symptoms. 

BUVQS K ocka-the M agic Cube, also 
known as Rubi k's Cube-has simulta
neously taken the puzzle world, the 
mathematics world and the computing 
world by storm. Seldom has a puzzle so 
fired the i magi nati on of so many people, 
perhaps not si nce Sam L oyd's famous 
1 5  Puzzle, whi ch caused mass insani ty 
when i t  came out in the 1 9th century and 
is sti ll one of the world's most popular 
pu zzle s. The 1 5  Puzzle and the Magi c  
Cu be are spi ri tu al ki n, the o ne bei ng a 
two- di me nsio nal pro ble m  of re sto ri ng 
the scramble d  nu mbe re d  pie ce s of a 
4 X 4 squ are to thei r pro pe r po si tio ns 
and the o the r bei ng a three -di me nsio nal 
pro ble m  o f  re sto ri ng the scra mble d  co l

o re d  pie ce s o f  a 3 X 3 X 3 cu be to thei r 
pro pe r  po si tio ns. T he so lu tio ns o f  bo th 
de mand that the so lve r  be wi lli ng to 
see mi ngly u ndo pre ciou s pro gre ss ti me 
and ti me agai n; the re i s  no rou te to 
the go al that doe s no t call fo r a pa rti al 
bu t te mpo ra ry de stru ctio n o f  the o rde r  
achie ve d u p  to that poin t. I f  thi s  i s  a 
diffi cu lt le sso n  to le arn wi th the 15 Pu z
zle, i t  i s  mu ch ha rde r  wi th the M agi c 
Cu be. And bo th puzz le s ha ve the fien d
i sh pro pe rty that we ll-me ani ng bu m
ble rs o r  cu nni ng ro gue s can take the m  
apart and pu t the m  back to ge the r  i n  i n
no ce nt- loo ki ng po si tio ns fro m whi ch 
the go al i s  abso lu te ly u nattai nable, 
thereby cau si ng the wou ld-be so lve r  i n
descri bable angui sh. 

This Magi c  Cu be i s  mu ch mo re than 
j ust a p uzzle . It i s  an i nge niou s me chani -
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cal i nve ntio n, a pasti me, a le arni ng tool, 
a source of metaphors, an inspi rati on. It  
now seems an inevi table object,  but it 
took a long ti me to be di scovered.  Some
how, though, the ti me was ripe, because 
the i dea germi nated and developed 
nearly in parallel in H ungary and Japan 
and perhaps even elsewhere. A report 
surfaced recently of a French govern
ment official who remembers havi ng 
encountered such a cube, made out of 
wood, in 1 920 in Istanbul and then agai n  
in 1 93 5  in M arsei lles. Without confir
mation the clai m  seems dubious. In any 
event Rubi k' s  work was completed by 
1 97 5 ,  and his Hungarian patent bears 
that date. Q ui te independently, how
ever, Terutoshi Ishige, a self-taught en
gi neer and the owner of a small iron
works near Tokyo, came up with much 
the same design wi thin a year of Rubi k  
and filed for a Japanese patent in 1 976.  
Ishige also deserves credi t  for this won
derful insi ght. 

Who is Rubi k? Erne Ru bi k is a teach
er of archi tecture and design at the 
School for Commercial Artists i n  Buda
pe st. See ki ng to sharpen hi s students' 
abi li ty to vi su ali ze three- di me nsio nal 

o bje cts, he came up wi th the idea of a 
3 X 3 X 3 cu be any of whose si x 3 X 3 
face s cou ld ro tate abou t i ts ce nte r, ye t i n  
su ch a way that the cu be a s  a who le 
wou ld no t fall apart. Each face wou ld 
i ni ti ally be co lo re d  u ni fo rmly, bu t re 
pe ate d  ro ta tio ns o f  the variou s face s  
wou ld scra m ble the co lo rs ho rri bly. 
T he n  hi s stu den ts had to figu re ou t ho w 
to un do the s cra mbli ng. 

W he n  I first he ard the cu be de scri be d  
o ve r  the te le pho ne, i t  sou nde d  li ke a 
physi cal im po ssi bi li ty. B y  all lo gi c  i t  
ou ght to fall apa rt i nto i ts co nsti tue nt 
" cu bie s" (o ne o f  the man y  u se fu l  and 
am u si ng te rms i nve nte d  by "cu bi sts" 
arou nd the wo rld). T ake any co rne r  cu 
bie -what i s  i t  attache d  to ? B y  i magi ni ng 
ro tati ng e ach o f  the three face s to whi ch 
i t  be lo ngs you can see that the co rne r  
cu bie i n  que stio n i s  de tachable fro m 

e ach o f  i ts three e dge -cu bie nei ghbo rs. 
Ho w the n  i s  i t  he ld i n  place ?  So me peo 
ple po stu late magne ts, ru bbe r  bands o r  

e labo rate syste ms o f  twi sti ng wi re s i n  

the interior o f  the cube, yet the design 
is remarkably si mple and involves no 
such items. 

In fact, the Magi c  Cube can be disas
sembled in a few seconds [see bottom il
lustration on page 25], reveali ng an i nte ri 
or structure so si mple that one has to 
ponder how i t  can do what i t  does. It 
actually does fall apart. To see what 
holds i t  together first observe that the re 
are three types of cubi e : si x center cu
bies, 12 edge cubi es and eight co rne r  cu 
bies. The center cubies have only one 
"facelet ," the edge cubi es have two face
lets and the corner cubies have three. 
Moreover, the six ce nte r  cubi es are real
ly not cubical at all-they are Ju st fa-
9 ades attached to axles that i ssue from a 
si xfold spi ndle at the mi ddle. T he o the r 
cubies are nearly complete cu be s, ex
cept that each one has a blunt li ttle 
"foot" reachi ng toward the mi ddle of 
the cu be and so me cu rve d  ni cks faci ng 

i nward. 
The basi c  tri ck i s  that cu bie s mu tu ally 

ho ld o ne ano the r  i n  by means of thei r  
fee t, wi thout any cubi e 's bei ng attached 
to any other. Edge cubi es hold co rne r  
cubi es' feet, corner cubi es hold e dge cu
bie s' fee t. Center cubi es are the ke y
stones. As any layer, say the top o ne, 
rotates i t  holds itself together hori zon
tally and is held i n  place ve rti cally by i ts 
own center and by the e qu ato ri al laye r  
below it. Th e equat orial layer has a 
sunken ci rcular track (formed by the 
ni cks in its cubi es) that gui de s the mo
tion of the upper layer's fee t  and helps to 
hold the upper layer to ge the r. 

In hi s defini ti ve tre ati se "No te s  o n  Ru 
bi k's ' M agi c Cube' " Davi d  Si ngmaster, 
professor of mathe mati cal scie nce s  and 
computing at the Polytechni c  of the 
South Bank i n  London, de fine s  the "ba
si c m echani cal problem" as that of fig
uri ng out how the cu be i s  co nstru cte d. I 
someti mes wo nde r  whe the r  Ru bi k's  i n
te nde d  vi su ali zatio n task fo r hi s stu
de nts was to so lve the u nscrambli ng 
pro ble m  (Si ngmaste r  calls i t  the " basi c  
mathe mati cal pro ble m" )  o r  to so lve the 
me chani cal pro ble m. I su spe ct the latte r  

i s  the harder of the two. I myse lf mu st 
have pu t i n  mo re than 50 hou rs o f  wo rk, 
di stri bu te d  o ve r  se ve ral mo nths, be fo re 
I so lve d  t he u nscrambli ng pro ble m, and 
I ne ve r di d so lve the me chani cal pro b
le m u nti l I saw the cu be di sasse m ble d. 
Si ng maste r  i nfo rmally e sti mate s  tha t  
peo ple who e ve ntu ally so lve the un
scrambli ng pro ble m (wi thou t hi nts) take 

o n  the ave rage two wee ks o f  co nce ntra t
e d  e ffo rt. Of cou rse, i t  i s  hard fo r anyo ne 
who has do ne i t  to say ex actly ho w lo ng 

i t  took (ho w  can you tell play fro m 
work?), but i t  i s  safe to say that i f  you 
are de sti ne d  to so lve the u nscrambli ng 
pro ble m  at all, i t  wi ll take you so me
whe re between five hou rs and a ye ar. I 
trust this is reassuri ng. 

An important fact many peo ple fai l  to 
appreci ate at first is that restoring the 
cube to the Start posi ti on (the state 
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Introducing the only direct flights from DallaslFt. Worth to Tokyo and Bangkok. 
Our splendid Royal Orchid 747B service. Wt.th a convenient wake,up call in the Orient. 
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Roc kwell International 
is the builder of 

Americas Space Shuttle. 

NASA's Space Shuttle is America's most 
important manned step into space since our last 
Apollo mission five years ago. 

Rockwell International is the prime 
contractor for the Shuttle and its main engines 
and assists NASA in the integration of the Space 
Transportation System. The Shuttle is designed 
to carry more than 30 tons of useful payload into 
earth orbit and is capable of making at least one 
hundred missions into space and back. 

The development of the Space Shuttle 
reflects a Rockwell International strength: 
the capability to bring together many diverse 
technological and scientific disciplines to solve 
complex problems. 

This strength is reflected in all four of 
our core businesses: aerospace, electronics, 
automotive and general industries. Businesses 
with total sales of $6.9 billion in fiscal 1980. 

Rockwell I nternational has a 
heritage of working at the leading edge 
of technology. And today, that 
heritage is being carried forward 
by 108,000 dedicated Rockwell 
employees, including 16,000 
engineers and scientists who 
develop, apply and innovatively 
manage technology to meet 
many of the world's 
unprecedented challenges. 

Aerospace. Electronics. Automotive. 
(Sales. fiscal 1980: $2.0 billion) 
Our record for developing and managing 
aerospace technology is unmatched. 

(Sales, fiscal 1980: $1.7 billion) 

In defense electronics, Rockwell 
(Sales, fiscal 1980: $1.7 billion) 

A prime example of Rockwell 
I nternationa I 's automotive tech nology 

11 
L. 

1 

I n addition to the Space Shuttle, . 
Rockwell International is working on the 
B-1 bomber and its multi-role bombe·r 
derivative, the fourth stage of the 
MX missile, the Navstar satellites for 
the Global Positioning System, and a 

revolutionary forward-swept-wing con
cept for an Air Force fighter. In our 
commercial aircraft business, we 

I nternational is a leader in electronic 
and electromechanical products and 
systems for integrated command, 
control, communications and intelli
gence equipment, and has a 
major role in strategic programs of 
the highest nationa I priority. I n the 
commercial electronics area, Rockwell 
is a worldwide manufacturer of avion
ics, microwave transmission systems, 
data and voice switching equipment 
and microelectronic devices. 

is our SQHPTM tandem truck axle. It's 
designed to go a half-million miles 
without a major overhaul, up to a million 
miles in line-haUl service - and it's 
more than 100 Ibs. lighter than com
petition in its class. Out of one of the 
country's largest independent automo
tive research facilities, we develop 

will build two large fuselage sections 
for the new Boeing 757 jetliners. 

many such product improvements for 
on-highway and off-highway vehicles 
and passenger cars. 
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The reusable Space Shuttle 
orbiter will lower the cost oj 

bringing the benefits oj space 
down to earth. 

AtJull power, the three 
Rockwell-built main engines oj the 

Shuttle orbiter produce as much 
power as 23 Hoover Dams. 

General Industries. 
(Sales, fiscal 1980: $1.4 billion) 

Our innovative general industries 
technologies helped us develop the first 
U.S .-made-and-installed large-diameter 
ball valve for oil and gas pipelines. 
Rockwell International is also working 
to meet the world's growing need for 
alternative energy sources, including 
nudear, solar, and coal gasification 
and liquefaction. Our Goss presses 
print two out of three U.S. daily news
papers, and our Rimoldi subsidiary is 
one of the world's leading suppliers 
of industrial sewing machines. 

If you'd like to know more about 
Rockwell International, write for our 
recently published 1980 annual report. 
Rockwell International, Dept. 815S-16, 
600 Grant Street, Pittsburgh, PA 15219. 

41� Rockwell r.� International 

... where sCience.gets down to business 

Automotive I Aerospace 
Electronics/Generallndustries 
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Heres mil eage you can be 
proud of in a car 
you can be proud of. 
The V6 Cadillac. 
With 29 hwy. est .... 
lDl EPA est. mpg.* 
The V6 Cadillac is the 
successful merger of two 
beautifully compatible 
propositions. Namely, that 
your next car can (1) combine 
the inherent quality and value 
of a Fleetwood Brougham or 
DeVille with (2) the inherent 
efficiency of a V6. 

New Automatic Overdrive is 
standard. 
The four-speed automatic 
transmission includes a fuel
saving overdrive gear that 
helps the V6 Cadillac achieve 
a most impressive 29 mpg 
highway estimate. 

725 miles est. hwy. range ... 
m miles est. driving range.* 
The V6 Cadillac also saves 
time because you don't have 
to stop so often to refuel. 

Or combine a V6 with 
front-wheel drive ... the V6 
Eldorado and the V6 Seville. 
Their scores of standard 
features embrace everything 
from front -wheel drive and 
four-wheel disc brakes to 
three-speed automatic 
transmission and four-wheel 
independent suspension. 

The Diesel Cadillac. 
With 33 hwy.est . ... 
InJEPA est. mpg.* 
The Diesel Cadillac boasts 
the best EPA mileage esti
mates ever for Fleetwood 
Broughams and DeVilies. 

891 miles est. hwy. range ... 
m miles est. driving range.* 
T he more you drive, the more 
you need a Diesel Cadillac. 

Cadillac outselling Mercedes 
in Diesel cars. 
Figures for the 1980 model 
year show Cadillac Diesel 
models outselling Mercedes 
Diesel models. Source: 
Ward's Automotive Reports. 

Our front-wheel drive 
Diesels ••• the Diesel Seville 
and the Diesel Eldorado. 

The Diesel Seville is the only 
car in the world equipped with 
a Diesel VB as standard. 

Now you must decide which 
Cadillac is best for you ... with 

available Diesel or V6. To buy 
or lease, see your Cadillac 
dealer. 
'Use estimated mpg for 

comparison. Your mileage and 
range may differ depending on 
speed, distance, weather. Actual 
highway mileage and range 
lower. Mileage and range lower In 
California. Range estimates 
obtained by multiplying EPA est. 
mpg and hwy. est. by standard 
fuel tank rating . . . 25 gallons for 
V6 Fleetwood Broughams 
DeVllles .. . 27 gallona for 
Fleetwood Broughama 
DeVllles. 

CADILLAC MOTOR CAR DIVISION. U.S.A. 
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where each face is a solid color) is so 
hard that it is necessary to find a general 
algorithm for doing it from any scram
bled state . N o  one can restore a messed
up Magic Cube to its pristine state by 
mere trial and error. Anyone who gets 
back to the Start position has built up a 
small science. 

A word of warning: Proposed solu
tions to the mechanical problem are of-

The Magic Cube in the Start position 

The Giant Meson with Cherries position 

The Plummer-cross configuration 

ten lacking in clarity, having e ither too 
much detail or too little. It is certainly a 
challenge to come up with a mechanism 
that has the mu ltifaceted twistability of 
the Magic Cube, but it is perhaps no less 
of a challenge to describe the mecha
nism in language and diagrams other 
people can readily comprehend. By the 
same token, to convey algorithms that 
restore the cube to Start calls for a good, 

A scrambled cube 

The Pons Asinorum configuration 

An alternate coloring requiring 12 colors 

clear notation. Sing master himself ha s 
an excellent notation that is now consid
ered standard; I shall present it below. A 
second word of war ning: I am not a 
" cubemeister" (defined as one who has 
contributed to the profound science of 
cubology). I am a mere cubist, an am
ateur who is amazed by the cube and 
by the virtuosos who have mastered it. 
Therefore I am not a suitable recipient 

The "pretty pottern " called Dots 

The Christman-cross configuration 

An alternate coloring requiring eight colors 
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F stands for face, E for edge, C for corner 

of novel solutions to the mechanical 
problem or the unscrambling problem, 
of which by now there are hundreds. I 
recommend that readers who believe 
they have some novel insight communi
cate it to Singmaster, who periodically 
updates his book let. It will soon b e  dis
tributed to book stores in this country 
by Enslow P ublishers of Hillside, N.J., 
at $ 5 . 9 5 .  Singmaster's address is D e
partment of Mathematical Sciences and 
Computing, P olytechnic of the South 
B ank , L ondon SE 1 O AA, England. 

The reader's ap petite has b y  now, I 
trust, been whetted to the point where 
immediate possession of a Magic Cube 
is an urgent priority. Fortunately this 
can b e  arranged quite easil y. Magic 
Cubes are being manufactured both b y  
L ogical Games, Inc. ,  and by the Ideal 
Toy Corporation. The name Rubik 's 
Cube applies only to the Ideal version, 
but in all intrinsic ways either version is 
equally "magic."  Cubes are available by 
mail order from L ogical Games (4 509 
Martinwood D rive, Haymark et, V a. 
22069) for $ 9  postpaid in the U.S.  and 
at many toy and department stores for 
about $1 0. It is likely that ma ny people 
will buy them, little suspecting the pro
found difficulty of the "basic mathe
matical problem."  They will innocently 

Pattern on any face of the Slice Group 
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turn four or five faces and suddenly find 
themselves hopelessly lost. Then, per
haps frantically, they will begin turning 
face after fac e  one way and then anoth
er, as it dawns on them that they have 
irretrievably lost something precious. 
They feel a little like a child watc hing a 
toy balloon drift into the sky. 

It is a fact that the cube c an be ran
domized with j ust a few turns. L et that 
be a warning to the beginner. Many be
ginners t ry t o  claw their way back to 
Start by first getting a single face done. 
Then, a bit stymied, they leave the par
tially solved c ube lying around where 
a friend may spot it. The well-known 
"Don't touch it" syndrome sets in when 
the friend pick s it up and says, "What's 
this? " The would- be solver, terrified 
that the hard- won progress will be de
stroyed, shriek s, "D on't touch it!" Ironi
cally, victory can come only through a 
more flex ible attitude allowing preci sely 
that destruction. 

For the beginner there is an awesome 
sense of irreversibility ab out destroying 
the Start position, a k ind of fear of tum
bling off the edge of a precipice. When 
m y  own first cub e  (I now have five) was 
first messed u p  (by a guest), I felt both 
relieved (because it was inevitable) and 
sad (because I feared the Start position 
was gone forever). The physicist in me 
was reminded of entropy. O nce the Start 
position had become irretrievable each 
new twist of one face or ano ther seemed 
irrelevant. To my naive eye there was no 
distinguishing one messed- up state from 
another, j ust as to the eye there is no 
distinguishing one plate of spaghetti 
from another, one pile of fall leaves 
from another and so on. The details 
meant nothing to me, hence they did not 
register. As I performed my "random 
walk "  the vastness of the space of pos
sible shufH ings of the little c ubies be
came vivid. 

As with a deck of cards, one can cal
culate the ex act number of possible re
arrangements of the c ube. An initial es
timate would run this way. The first ob
servation-a rather elementary one-is 
that on the rotation of any face each 
corner goes to another corner, each edge 
to another edge and the center of the 
face stays put (ex cept for its invisible 
rotation). Therefore c orners mix only 
with their own kind, and the same goes 
for edges. There are eight corner cubies 
and eight corner "cubic les" (the spatial 
niches, regardless of their content). Cu
bies and c ubicles are to the cube as chil
dren and chairs are to the game of musi

c al chairs. Each corner cubie can be ma
neuvered into any of the eight corner 
cubicles. This means that we have eight 
possible fillers for c ubic le N o. 1 ,  seven 
for cubicle N o. 2, six for c ubicle NO . 3 
and so on. Hence the corners c an be 
placed in their c ubicles i n  8 X 7 X 6 X 
5 X 4 X 3 X 2 X 1 (= 8!) diff erent ways. 
Each corner, however, can be in any one 

of three orientations. Thus one would 
ex pect a further fac tor of 38 from the 
corners. One would ex pect the same 
for the 1 2  edge c ubies: 1 2  objec ts c an 
be permuted among themselves in 1 2! 
diff erent ways, and the n if eac h  of 
them has two possible orientations, that 
gives another factor of 212 . The center 
cubies never leave their Start positions 
(unless the c ube is rotated as a whole), 
hence they do not c ontribute. If we mul
tiply the numbers out, we get 51 9,0 24 ,-
03 9,293 , 8 7 8,27 2,0 00 possible positions, 
about 5 X 1 020 . 

B ut there is an assumption here: that 
any cubie can be got to any cubic le in 
any orientation, regardless of the oth
er cubies' positions and orientations. As 
we shall see, this is not quite the case. It 
turns out there is a constraint on the ori
entation of the corner cubies : any seven 
can be oriented arbitrarily, but thr last 
one is then forc ed,  thus removing a fac
tor of three. Similarly, there is a con
straint on edge cubies: of the 1 2  any 11 
can be oriented arbitrarily, but the last 
one is then determined,  so that another 
factor of two is removed.  There is one 
final constraint on the permutations of 
cubies (disregarding their orientation s) 
that says you can place all but two 
of them wherever you want but the 
last two are forced. This removes a fi
nal factor of two, reducing the estimate 
above by a factor of 1 2, bringing the 
possibilities down to a mere 4 3 ,2 5 2 , -
003 ,274 ,4 89 , 8 5 6,000, about 4 X 1 019 . 
Still, it must be said, this does slight
ly ex ceed the assertion on Ideal's la
bel: " M ore than three billion combi
nations."  

Another way of think ing about this 
factor o f  1 2  is that if you begin at Start, 
you are limited to a twelfth of the "obvi
ous" states, but if you disassemble your 
cube and reassemble it with a single cor
ner cubie twisted by 1 20 degrees, you 
are now in a formerly inaccessible state, 
from which an entire family of 4 3 , 2 5 2,-
003 ,274 ,4 89, 8 5 6,000 new states is ac
cessible. There are 12 such nonoverlap
ping families of states of the cube, usu
ally c alled orbits by group theorists. 

Speaking of impossible twists, I 
should like to m ention a lovely paral
lel in partic le physics that was pointed 
out by Solomon W. Golomb (a famil
iar name to many of Martin Gard ner'S 
readers). It is impossible to make any 
sequence of moves that will leave j ust 
one c orner c ubie twisted a third of a full 
turn and everything else the same. N ow, 
rec alling the famous hypothetical funda
mental particle with a c harge of + 11 3 
and its antipartic le with a charge of 

-1/ 3 ,  Golomb calls a cloc kwise one
third twist a quark and a counterc lock
wise one-third twist an antiquark. Like 
their c ubical namesakes, quark particles 
have proved to be tantalizingly elusive, 
and many theoretical physicists now be
lieve in quark confinement: the principle 
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I NTRODUCING THE 1981 FORD 
WXURY CLUB WAGON. INTERIOR " 
WXURY AND COMFORT. WITH MORE 
ROOM THAN ANY STATJON WAGON! 
Ford's von achi eves on Outstanding 
new level of luxury ... In a Club Wogon 
with Choteau trim. tri·tone point, super· 
thick carpeting, low7MOunt mirrors, dual 
recline /swivel Coptain's Chairs, and 
much more. Plus Ford's roomy out·front 
design. And ask your Ford Dealer about 
Ford's Extended Service Plan. 

WIDE CHOICE OF ENGINES 
• 4.9L (300 CID) 6-cyIlnder 
• 5.0L (302 ClD) V·S 
• 5.SL (351 ClD) V-S 

Tows more. Ford Club wagon , 
offers Ilght-,and heovY �  
t owl�  options t,hat can handle 
up to S,OOO Ibs. of tr a;l�1r and 
equlpmeht.,. more-than,any 
station wagon. 

STANDARD FEATURES 
• Color-keyed: sport wheel 
covers, grille, headlight doors 
• Automatic transmissi,on 
• Gauge package. tilt wheel 
• Speed control. Privacy"" glass 
• WSW radials. P ower steering 
and door l ocks. Ford's tough 
body-on-frame construction 
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that i t  i s  i mpo ssi ble to have an i so late d  
free qu ark (or anti qu ark). Thi s co rre 
spo nde nce be twee n cu bi cal qu arks and 
parti cle qu arks i s  a ni ce o ne. 

Actu ally the co nne ctio n ru ns e ve n  
dee pe r.  Qu ark parti cle s  canno t  exi st  
free , but the y can exi st bou nd to ge the r  
in grou ps:  a qu ark-anti qu ark pai r  i s  a 
me son, and a qu ark trio wi th i nte gral 
charge i s  a baryo n. (An ex ample i s  the 
proton, wi th a charge o f  + 1.) No w ,  i n  
the Magi c  Cu be , amazi ngly e nou gh, i t  i s  
possi ble to gi ve two co rne r  cu bie s  o ne 
third twi sts, pro vi de d the y are i n  oppo
site di re ctio ns (o ne clo ckwi se ,  the o the r 
cou nte rclo ckwi se ). I t  i s  also po ssib le to 
gi ve three co rne r  cubie s o ne -thi rd twi sts, 
pro vi de d  the y are all in the same di re c
tio n. Thu s Go lo mb calls a state wi th two 
oppo si te ly twi ste d co rne rs a me so n and 

o ne wi th three co rne rs twi ste d i n  the 
same di re ctio n a b ar yo n. I n  the parti cle 
wo rld o nly qu ark co mbi natio ns wi th an 
inte gral amou nt o f  charge can exi st. I n  
the cubi cal wo rld o nly qu ark co mbi na
tio ns wi th an i nte gral amou nt o f  twi st 
are allo we d. T hat i s  ju st ano the r way o f  
sayi ng the o rie ntatio n o f  the ei ghth co r
ne r cubie i s  always fo rce d  by the first 
se ve n. I n  the cu bi cal wo rld the u nde rly
ing re aso n  fo r qu ark co nfine me nt lie s i n  
grou p theo ry. The re may be a clo se 
ly re late d  grou p-theo re ti cal ex planatio n 
fo r the co nfine me nt o f  qu ark parti cle s. 
That re mai ns to be see n, bu t i n  any e ve nt 
the paralle l  i s  pro vo cati ve and ple asi ng. 

If we have a pri sti ne cu be (o ne i n  the 
Start po si tion ), what ki nd o f  mo ve se 
que nce wi ll cre ate a me so n o r  a baryo n? 
He re we have an ex ample o f  the mo st 
po we rfu l  i de a  i n  cu bo lo gy: the i de a  of 
"canne d" mo ve se que nce s that acco m
plish so me spe ci fic reo rde ri ng o f  a fe w 
cubie s, le avi ng e ve rythi ng e lse u n
tou che d (i nvari ant, as grou p  theo ri sts 
say). The re are many di ffe re nt te rms fo r 
su ch canne d  mo ve se que nce s. I have 
he ard the m calle d  o pe rato rs, trans
fo rms, wo rds,  too ls, pro ce sse s, maneu 
ve rs, rou ti ne s, su brou ti ne s and macro s, 
the first three bei ng grou p-theo re ti cal 
te rms and the last three bei ng ada pt

e d  fro m co mpu te r- scie nce argo t. Each 
te rm has i ts o wn fl avo r, and I li ke to use 
the m all. 

In o rde r  to talk abou t pro ce sse s we 
nee d pre ci sio n, and that me ans a goo d 
te chni cal no tatio n. I shall the re fo re 
pre se nt Si ngmaste r's  no tatio n no w. Fi rst 
we nee d a way o f  re ferri ng to any parti c
u lar face o f  the cube. One po ssi bi li ty i s  
to u se the name s  o f  co lo rs as the name s  

o f  the face s, e ve n  afte r  the co lo rs o f  the 
cu bie s have be co me mixe d u p. It mi ght 
see m that calli ng a face whi te , say, 
wou ld be me ani ngle ss i f  whi te i s  scat
te re d all o ve r  the place. Re me mbe r, 
ho we ve r, that the whi te ce nte r  cu bie 
ne ve r  mo ve s  wi th re spe ct to the five o th

e r  ce nte r  cu bie s, and so i t  de fine s  the 
"ho me face " fo r whi te. The n why no t 

u se co lo r name s  fo r face s? The pro ble m  

a 

c 

ltJ) 
The spill die (a), all edge wbie (b), a comer clIbie (c) alld a "iew of the illtel'llal mechallism (d) 

d e 

9 h 

Disassembly (a-f) alld assembly (g-J). Always reestablish origillal Start positioll! 
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The urf cubie (gray) and Ihe ur cubie (color) 

is that different cubes come with their 
colors arranged differently. Even two 
cubes from one manufacturer may have 
different Start positions. A more general 
convention is to refer to faces simply as 
"left" and "right," "front" and "back" 
and "top" and "bottom." Unfortunately 
the initials create conflicts. Singmaster 
resolves the conflict by replacing "top" 
and "bottom" with "up" and "down." 
Now we have six faces: L, R. F, B, U. D. 
Any particular cubie can be designated 
by lowercase letters naming the faces it 
belongs to. Thus ur (or ru} stands for the 
edge cubie on the right side of the top 
layer and uri for the corner cubie in 
front of it [see illustration above]. 

The most natural move for a right
handed cubist seems to be to grasp the 

right face with the thumb pointing up 
along the front face and to move the 
thumb forward. Seen from the right side 
this maneuver causes a clockwise quar
ter twist of the R face. This move will be 
designated R [see illustration below]. The 
mirror-image move, where the left hand 
turns the L side counterclockwise (as 
seen from the left), is L -1, or for short 
L'. A clockwise twist of the L side is 
called, naturally, L. A 90-degree clock
wise turn of any face (from the point of 
view of an observer looking at the cen
ter of that face) is named by the letter 
for that face, and its inverse-the coun
terclockwise quarter turn-has a prime 
mark (') or a superscript - 1 following 
the face's initial. Quarter turns will 
henceforward be called q turns. 

With this nomenclature we can now 
write any move sequence, no matter 
how complex. A trivial example is four 
successive R's, which we shall write as 
R4. In the language of group theory this 
is the identity operation: it has zero ef
fect. An equation expressing it is R4 = I. 
Here I stands for the "action" of doing 
nothing at all. 

Suppose we twist two different faces, 
say R first, then U. We shall transcribe 
that as RU, not as UR. Notice first of all 
that RU and UR are quite different in 
their effects. To check this out, first per
form RU on a pristine cube, notice its 
effects, then undo it, try UR and see how 
its effects differ. The inverse of R U is 
quite obviously U'R' , not R' U'. (Inciden
tally, this strategy of experimenting with 
move sequences on a pristine cube is 

R, a nalural 1I1O,'e for a righi-handed cubisl 
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most helpful. Very early I found it use
ful to buy a second cube so that I could 
work on solving one while experiment
ing with the other, never letting the sec
ond one get far from Start.) 

What is the effect of a particular 
"word"? That is to say, which cubies 
move where? To answer the question we 
need a notation for the motions of indi
vidual cubies. The effect of R on edges is 
to carry the ur cubie around to the back 
face to occupy the br cubicle. At the 
same time the br cubie swings around 
underneath, landing in the dr position, 
the dr cubie moves up like a car on a 
Ferris wheel to fill their cubicle and the 
Ir cubie comes to the top at ur. Sym
bolically this becomes either of the fol
lowing: 

This is called a 4-cycle, and we shall 
write it in a more compact way: (ur, br, 
dr, Ir). Of course, it does not matter 
where we start writing; we could equally 
well write (br, dr, Ir, ur). On the other 
hand, the order of the letters in cubie 
names does matter. We can reverse all 
of them or none of them but not just 
some of them. If you think of the letters 
as designating facelets, it will become 
clear. For example, if we wrote (ur, rb. 
dr, r/ ), it would represent a 4-cycle in
volving the same four cubicles, but one 
in which each cubie flipped before mov
ing from one cubicle to the next. Of 
course, such a cycle cannot be accom
plished by a single q turn, but it may be 
the result of a sequence of q turns of 
different faces (an operator). Or consid
er the following 8-cycle: (ur, u/. ul. ub. ru. 
lu. lu. bu). This has length eight but in
volves only four cubicles. Each cubie, 
after making a full swing around the top 
face, comes back flipped. After two full 
swings it is back as it started. Each face
let has made a "Mobius trip." We can 
designate this "flipped 4-cycle" as (ur. 1I/. 
ul. ub) +, where the plus sign designates 
the flipping. The designation (ru. lu. lu. 
bu) + and numerous others would do as 
well. Thus the cycle notation tells you 
not only where a cubie moves but also 
its orientation with respect to the other 
cubies in its cycle. 

To complete our description of the ef
fect of R we must transcribe the 4-cycle 
of the corners. As with edges we have 
the freedom to start at any corner we 
want, and once again we must be careful 
to keep track of the facelets so that we 
get the orientations right. Still, R has a 
rather trivial effect on corners: (ur/. bru. 
drb. jrd), which could also be written 
(rub, rbd. rd/. rlu) and many other ways. 
Summing up, we can write R = (lir. br. 
dr./r)(ur/. bru. drb./rd). This says that R 
consists of two disjoint 4-cycles. (If we 
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wanted to, we could throw in a term 
standing for the 90-degree rotation of 
the R face's center, but since such rota
tion is invisible, we shall not do so.) 

What about transcribing a move se
quence such as RU?Well, take a pristine 
cube and perform R U. Then start with 
some arbitrary cubie that has moved 
and describe its trajectory. For example, 
ur has moved to br. Therefore br has 
been displaced. Where has it gone? Find 
the new location of that cubie (it is dr) 
and continue chasing cubies around and 
around the cube until you find the one 
that moved into the original position of 
ur. You will find the following 7 -cycle: 
(ur, br, dr,fl', ul ul, ub) [see illustration 011 

next page]. 
What about corners? Well, suppose 

we trace the cubie that originated in uri 
Where did R U carry it? The answer is: 
nowhere; it took a round trip but got 
twisted along the way. It changed into 
Ifu. We can designate this clockwise 
twist-this quark-(l/If)+. This "twisted 
unicycle" is shorthand for the following 
3 -cycle: (uri rlu,lur). You can even see 
this as cycling the three letters u, I' and I 
inside the cubie's name. If the cycle had 
been an antiquark, we would have writ
ten (l/If) _ and the letters would cycle the 
other way. 

What about the other seven corners? 
Two of them-dbl and dl/-stay put and 
the other five almost form a 5-cycle: (ubI'. 
bdl'. d/l'. lui bull. It is unfortunate that 
the cycle does not quite close, because 
bul. although it gets carried into the orig
inal ubI' cubicle, does so in a twisted 
manner. It gets carried to rub. which is a 
counterclockwise twist away from ubI'. 
This means we are dealing with a 15-cy
cle. It is so close to the 5-cycle above, 
however, that we shall just add a minus 
sign to represent the counterclockwise 
twist. Our twisted 5-cycle is then (ubI'. 
bdl'. dlr. lui bull _, and the entire effect of 
R U. expressed in cycle notation, is (ur. 
br. dr, II'. ul ul, ub)(ur/)+(ubr. bdl'. dfl-. 
lui bul)_. 

Now that we have RU in cycle nota
tion we can perform rotations mentally 
by sheer calculation. What would be the 
effect, for instance, of (R U)5? Edge cu
bie ur would be carried five steps for
ward along its cycle, which would bring 
it to ul. (This can also be seen as moving 
two steps backward.) Then III would go 
to /I' and so on. The 7-cycle is replaced 
by a new 7-cycle: (ur, ul,fl'. br. lib. III dr). 
Let us now look at the twisted 5-cycle. 
Corner cubie IIbr would be carried five 
steps forward along its cycle, which 
brings it back to itself negatively twist
ed, namely rub. Similarly, all the cor
ner cubies in the 5-cycle would return 
to their starting points, but negatively 
twisted; thus on being raised to the fifth 
power a negatively twisted 5-cycle be
comes five antiquarks. But if that is so, 
how is the requirement of integral twist 
satisfied? Do we not have one quark-

The 4-cyc/e (ur, br, dr, fr) is at the left. the 4-cyc/e (ur, rb. dr, rf) at the right 

The 4-cyc/e (ur, uf, ul, ub) is at the left, the flipped 4-cyc/e (ur, uf, ul, ub) + at the right 

(url )+ -and five antiquarks, and does 
that not add up to four antiquarks, 
which have a total twist of -I1/3? Well, I 
have slipped something by you here. 
Can you spot it? To gain facility with the 
cycle notation you might try to find the 
cycle representation of various powers 
of RU and UR and their inverses. 

Any sequence of moves can be repre
sented in terms of disjoint cycles of var
ious lengths: cycles with no common 
elements. If you are willing to let cy
cles share members, however, any cycle 
can be further broken up into 2-cy
cles (called transpositions, or sometimes 
swaps). For example, consider three ani
mals: an alligator, a bobcat and a camel. 
They initially occupy three ecological 
niches: A, Band C [see illustration on page 
30]. The effect of the 3-cycle (A. B. C) is 
to put them in the order camel, alliga
tor, bobcat. The same effect can be 
achieved, however, by first performing 
the swap (A, B) (what was in A goes to B 
and vice versa) and then performing (A. 
C). Of course, this can also be achieved 
by the two successive swaps (A, C)(B, C) 
and (B, C)(A, B). On the otlier hand, no 
sequence of three swaps will achieve the 
same effect as (A, B, C). Try it yourself 
and see. (Note that a niche is like a 
cubicle and an animal is like a cubie.) 

An elementary theorem of zoo theory 
(a field we shall not go into here) states 
that no matter how a given permutation 
of animals among niches is reduced to a 

product of successive swaps (which can 
always be done) the parity of the num
ber of such swaps is invariant, that is to 
say, a permutation cannot be expressed 
as an even number of swaps one time and 
an odd number another time. Moreover, 
the parity of any permutation is the sum 
of the parities of any permutations into 
which it is broken up (using the rules 
for the addition of even and odd num
bers: odd plus even is odd and so forth), 

Now, this theorem has repercussions 
for the Magic Cube. In particular you 
can see that any q turn consists of two 
disjoint 4-cycles (one on edges and one 
on corners). What is the parity of a 4-cy
cle? It is odd, as you can work out for 
yourself. Hence after one q turn both the 
edges and the corners have been per
muted oddly, after two q turns evenly, 
after three q turns oddly and so forth. 
The edges and corners stay in phase, 
in the sense that the parities of their 
permutations are identical. Now, clear
ly the null permutation is even (zero 
swaps). Thus if we have a null permuta
tion on corners, the permutation on 
edges must also be even. Conversely, a 
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null permutation on edges implies an 
eve n  permutation on corners. Imagine a 
state identical with Start except for two 
interchanged edges (that is, one swap). 
The state is even in corners but odd in 
edges, hence it is impossible. The best 
we could do would be to have two pairs 
of interchanged edges. The same argu
ment holds for corners. In short, single 
swaps are impossible; swaps must al
ways come in pairs. (This is the origin of 
one of our factors of two in the calcula
tion above of the number of states of the 
cube .) There are processes for e xchang
ing two pairs of edges, two pairs of cor
ne rs and even for exchanging one pair of 
edges along with one pair of corners. 
(This last proce ss necessarily involves 
an odd number of q turns.)  

To round out the subject of con
straints let us ponder the origin of the 
constraints on corner twisting and edge 
fl ippin g. Here is a clever explanation 
provided by the mathematicians John 
Horton Conway, Elwyn R .  Berlekamp 
and R ichard K .  Guy, bui lding on ideas 
of Anne Scott. The basic concept is that 
we want to show that the number of 
fl ipped cubies i s  always even and that 
the twist is always integral. In order to 
de termine what is fli pped and what is 
twisted, however, we need a frame of 
re fe re nce. To supply it we shall define 
two things called the "chief face let of 
a cubicle "  and the "chi ef color of a 
cubie . " (Re member that a cubicle is a 
niche and a cubie is a solid object.) The 
chie f  face le t of a cubicle will be the one 
on the up or down surface of the cube, i f  
there is one; otherwise i t  will be the one 
on the le ft or right wall [see top figure in 
illustration on page 32]. There are nine 
chie f  facelets on U. ni ne on D and four 
on the equator. W e  can forget about 
centers, however, because they never 
can be fl ipped or twisted.  The chief col
or of a cubie i s  defined as the color that 
should be on the cubi e's chi ef facelet 
when the cubi e  "comes home" to its 
proper cubicle i n  the Start position. 

The 7-cycle (ur, br, dr, fr, uf, ul, ub) 
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Now suppose the cube is scrambled. 
Any cubie that has its chief color in the 
chief face let of its current cubicle will be 
called sane; otherwise it will be called 

fl ipped (if it is an edge cubie) or twisted 
(if it is a corner cubie). Obviously there 
are two ways a cubie can be twisted:  
clockwise (+ 1/ 3 twist) and counter
clockwise (-1/ 3 twist). The "fl ippancy" 
of a cube state will be defined as the 
number of fl ipped edge cubies in it, and 
the "twist" as the sum of the twists of the 
eight corner cubies. We shall say that the 
fl ippancy and the twist of Start are both 
zero. 

Next consi der the 1 2  possible q turns 
out of which everything else is com
pounded. Performing U or D (or their 
inverses) preserves both the fl ippancy 
and the twist, since nothing leaves or 
enters the up or down face. Performing 
F or B (or the ir inverses) leaves the twist 
constant, by changing th e twist of four 
corners at once : two by + 1/ 3 and two 
by -1/ 3 .  It also leaves the fl ippancy 
alone [see middle figure in illustration on 
page 32]. Performing L or R will likewise 
leave the twist constant (four corner 
twists again cancel in pairs) and will 
change the fl ippancy by 4, since always 
four cubies will change in fl ippancy [see 
bottom figure in illustration on page 32]. 
The conclusion is what we stated above 
without proo f: the eight corner cubies 
are always oriented to make the total 
twist a whole number, and the 1 2  edge 
cubies must always be oriented to make 
the total fl ippancy even. 

After this discussion of constraints 
you should be convinced that no mat
ter how you twist and turn your M ag
ic Cube you cannot reach more than a 
twelfth of the conceivable "uni verse," 
beginning at Start. It is another matter, 
however, to show that every state within' 
that one- twelfth universe is accessible 
from Start (or what amounts to the same 
thing, only backward:  that Start is acces
sible from every state i n  the one-twelfth 
uni verse). For this we need to show how 
to achieve all even permutations of cu
bies and how to achieve all ori entati ons 
that do not violate the two constraints 
described above. What it comes down to 

i s  that we have to show there are opera
tors that will perform seven classes of 
operati ons: (1 ) an arbitrary double edge
pai r  swap, (2 ) an arbitrary double cor
ner-pair swap, (3)  an arbitrary two-edge 
fli p, (4) an arbitrary meson, (5) an arbi 
trary 3- cycle of edges, (6) an arbi trary 3 -
cycle o f  corners and (7) a n  arbi tr ar y  
baryon. 

Of course, each of these operato rs 
shou ld work without causing si de effects 
on any other parts of the cube. Wi th 
these powerful tools in our kit we would 
be able to cover the one-twelfth uni verse 
without any trouble. In the case of the 
overlapping swaps of anim als, I showed 

that a 3- cycle is really two overlappi ng 

2- cycles. Thi s means that classes 5 and 6 

can be made out o f  the first four classes .  
Similarly, a baryon can be made from 
two overlapping mesons. Hence all we 
really need is the first four classes. 

To show that all the operators belong
ing to these four classes are available we 
use another of the most crucial and love
ly ideas of cubology: that of conj ugate 
elements. It turns out that all we need i s  
one example in each class; given one ex
ample, we can constr uct all the other 
operators of its class from it. How d oes 
this work? The idea i s  very simple. 

Suppose we had found one operato r  
in class 1 that swapped, say, u/ with ub 
and ul with ur. leaving the rest of the 
cube undisturbed [see colored arrows ill 
illustration on page 35). Let us call it H. 
Now suppose we wanted to swap two 
entirely different pairs of edge cubies, 
say r/ with d/ and rb wi th dr [see black 
arrows in same illustration]. One day
dreams: "If only those cubies were in the 
' four magical swapping spots' on the to p 
surface . . . .  " W ell,  why not j ust put them 
up there? It would be fai rly si mple to get 
four cubies into four specific cubicles. 
The obvious objection i s: "Y es, but that 
would have an awful si de effect-i t  
would totally mess up the rest of the 
cube . "  There i s, however, a clever retort. 
Let the destructi ve mane uver that gets 
those four cubi es i nto the magical swap
ping spots be called A. Suppose we were 
smart enough to transcribe the move se
quence of A. Then ri ght after perform
ing A we perfor m  our do uble swap H. 
Now comes the clever part. R eading our 
transcript in reverse order and i nverting 
each q turn, we perfor m the exact i n
verse of A. Thi s  wi ll no t only unmane u
ver the fo ur cubi es back i nto their old 
cubicles but also undo the si de effects A 
created. Does that resto re the cube in
tact? Not q uite. R emarkab ly, si nce we 
sandwi ched H between A and A', the 
four edge cubi es go ho me permuted,  
that i s ,  each one wi nds up in  the home of 
its swapping partner! O therwise the cube 
is restored, and so we have accom
pli shed preci sely the do ub le swap we set 
out to accompli sh. 

When yo u thi nk thi s thro ugh, you see 
that i t  i s  fl awless i n  co nceptio n. The in 
verse maneuver ,  A' , do es no t ! ' know" we 
have exchanged two pair s o f  edges. A s  
far as i t  is concerned,  i t  i s  mer ely p utti ng 
everything back wher e i t  was befor e  A 
was executed.  Hence we have "snuck" 
our swaps in under A" s no se, which is to 
say we have " foo led the cube . "  Symboli 
cally, we have carried o ut the sequence 
of moves AHA', w hi ch i s  called a "con
j ugate" of H. 

It i s  this ki nd o f  marvelously co n· 
crete i ll ustrati on of an abstract noti on 
of group theory that makes the Magi c  
C ube one o f  the most amazi ng thi ngs 
ever i nvented fo r teachi ng mathemat
i cal i deas. Normally in group- theory 
courses the examples of conj ugate ele
ments ar e ei ther to o tri vi al or too ab-
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"By the time we get out of this traffic, 
my 6-month auto policy will  be up 

"6 months? 

for renewal. 
And they may raise my rate, too!" 

\ 

Next time, call GEICO and /get a 12-month policy." 

Unlike most companies, GEICO still 
offers the 12-month auto policy . . .  a full 
year's coverage at a low rate. With a 
choice of convenient payment plans to 
fit your budget. Up to 9 payments if 
you wish.  

And this is possible because GEICO 
tries  to insure only good drivers. Good 
drivers are the best inflation-fighters 
around. You have fewer accidents. You 
cost us less .  So you are one reason we 
can afford to charge you less. 

" G o o d "  d o e s n 't m e an " p e rfect ." 
Even good drivers may occasionally 
have an accident. That doesn't neces
sarily bar you from GEICO . . .  or from 
being renewed once you 're a GEICO 
policyholder. 

If you call, you'll talk directly to a 
GEICO sales insurance counselor, not a 
salesman. So there's no pressure. And 
no extra sales expense to inflate the 
cost. 

GEICO has been saving money for 
good drivers since 1936. 'lbday, nearly 
1,500,000 people are satisfied GEICO 
policyholders. And that makes G E I CO 
the 5th largest of the more than 1,000 
stock companies insuring autos in the 
U.S .  

GEICO has fast and efficient claim 
service with toll-free and collect-call 
telephone n u m b e rs throughout the 
U.S. So if you have to report an acci
dent or loss, you can call our cla im 
adj usters immedi ate ly. We also have 

over 3,500 claim rep resentatives coun
trywi d e  to ass ist  in handl ing your  
claim if necessary. 

NOTE: While you're checking GEl CO, why not 
find out about our rates for homeowner/renter 
and boatowner coverage. And -even if you do not 
meet GEI CO's auto policy standards- you may 
still obtain the same quality auto coverage and 
service from our affiliate, Criterion Insurance 
Company, at somewhat higher rates. Criterion 
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stract to be enlightening or exciting. The 
Magic Cube provides a vivid illustration 
of conj ugate elements and of many oth
er important concepts of group theory. 

Suppose you want to get a quark-anti
quark pair on opposite corners but know 
how to do so only on adjacent corners. 
How do you do it? Here is a hint: There 
are two nice solutions, but the shorter 
and prettier one involves using a conj u
gate. Incidentally, any maneuver that 
creates a quark on one corner (with oth
er effects, of course) might be called a 
quarkscrew. 

What we have shown for edges goes 
also for corners: the ability to swap two 
specific corners enables you to swap any 
two corners. Conj ugation allows you to 
build up an entire class of operators 
from any single member of that class. 
Of course, the question still remains: 
How do you find some sample operator 
in each of the four classes? For example, 
how do you find an operator that creates 
a meson on two adjacent corners (a 
combination of a quarkscrew and an 
antiquarkscrew)? How do you find an 

a 

A 

operator that exchanges two edge pairs 
both of which are on the top surface? I 
shall not give the answer here but shall 
follow Singmaster, who points the way 
by suggesting quasi-systematic explora
tion of some small "subuniverses" with
in the totality of all cube states, that is, 
he suggests you look at subgroups. This 
means limiting your set of moves delib
erately to some special types of move. 
Here are five examples of interesting 
subgroups created by various kinds of 
restriction: 

1 .  The Slice Group. In this subgroup 
every turn of one face must be accompa
nied by the parallel move on the oppos
ing face. Thus R must be accompanied 
by L',  U by D' and F by B'. The name 
comes from the fact that any such dou
ble move is equivalent to rotating one of 
the three central slices of the cube. Sing
master abbreviates the slice move RL' 
by R" R'L by R; and so forth. With this 
restriction faces cannot get arbitrarily 
scrambled. Each face will have a pattern 
in which all four corners share one col
or. A special case is the pattern called 

c 

All alligator, a bobcat al/d a camel (a, b, c) are permuted ill their e�ological l/iches (A, B, C) 
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Dots, wherein each face is all one color 
except for its center [see illustration on 
page 21). Can you figure out how to 
achieve Dots from Start? How many 
different ways are there of arranging the 
dots? How does the Dots pattern resem
ble a meson? (Note: The reader will find 
answers to all these questions, along 
with much else, in Singmaster's  book. 
Please do not send me answers. Send 
novel ideas to Singmaster . )  

2 .  The Slice-squared Group. Here we 
restrict the Slice Group further, allow
ing only squares of slice moves, such as 
Rs2 (which is the same as R2L2) or 
Fs2 (which is the same as F2B2). 

3. The Antislice Group. Here instead 
of rotating opposing faces always in par
allel we rotate them always in antiparal
leI, so that R is accompanied by L, F by 
B and U by D. An antis lice move has a 
subscript a, as in Ra, which equals RL. 
(Of course, the Antislice-squared Group 
is no different from the Slice-squared 
Group.)  

4. The Two-Faces Group. Allow 
yourself to rotate only two faces, say F 
and R. 

5. The Two-Squares Group. As in the 
Two-Faces Group, you may rotate only 
two faces, using only l 80-degree turns 
at that. This is a very simple subgroup. 

If you limit your attention to j ust the 
Two-Faces and Two-Squares groups, 
you will be able to find processes that 
achieve double swaps, some of edges 
and others of corners. It is a remarkable 
fact that these processes alone, together 
with the notion of conj ugation, will al
low us-in a theoretical sense-to solve 
the entire unscrambling p uzzle. 

Why do we not also need a meson 
maker and a double edge flipper? Well, 
consider how we might make a double 
edge flipper from the two classes of 
tools one may assume will be found. In 
order to flip two edges without creating 
any side effects we shall perform two 
successive double edge-pair swaps, and 
both times they will involve the same 
pairs! For example, we might swap u/ 
with ub and d/ with db and then re
swap them. This seems to be an abso
lute "nothing process," but that need not 
be the case. After all, j ust as before, we 
can sandwich the second swap between 
a process X and its inverse X', where 
we carefully choose the process X so as 
to . . .  (Oh dear, I totally lost my train 
of thought there. I am sure you can fin
ish it up, though. I do remember that it 
was not too tricky, and that I thought 
the idea was elegant. I am sure you 
will too.) 

The same kind of thinking will show 
how you can build up a meson maker 
out of mere corner-swapping processes 
and conj ugation. Given mesons you can 
build up baryons. And with mesons and 
baryons, double edge flippers and dou
ble edge-pair swappers and double cor
ner-pair swappers you have a full set of 
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tools with which to restore any scram
bled cube to Start, as long as it belongs 
to the same orbit as Start. This is, need
less to say, a highly theoretical existence 
proof, and any practical set of routines 
would be organized quite differently. 
The type of solution we have described 
has the advantage of being compact in 
description, but it is enormously ineffi
cient. In practice a cube solver must de
velop a fairly large and versatile set of 
routines that are short, easy to memo
rize and highly redundant. There is an 
advantage to being able to carry out re
quired transformations in a variety of 

ways: one can choose whichever tool 
seems best adapted to the situation at 
hand, instead of, for instance, using 
some theoretical tool that can make a 
baryon in several hundred q turns. 

The typical solver evolves a set of 
transforms partly by intuition, partly 
by luck, sometimes with the aid of di
agrams and occasionally with abstract 
principles of group theory. One princi
ple nearly everyone formulates quite 
early is that of "getting things out of the 
way. "  This is once again the idea of con
j ugates, only in a simpler guise. The typ
ical patter that goes along with it is 

The cube is  in  the Start position. The chief 

facelets of the cubicles are shown by the 

black X's and the ch ief colors of cubies by 

the colored O 's.  (The centers can be ignored, 

since they are stationary. )  Think of the X's 

as floating i n  space and the O's as being 

attached to the cube, so that when the faces 

turn, the X's stay where they are but the O's 

move. 

The q turn F has been executed. The two 

empty colored circles indicate that those two 

facelets have lost their "san ity. " For them to 

be retu rned to sanity one would have to be 

twisted one-th ird clockwise and the other one

third count erclockwise. The same thing has 

happened on the i nvisible left-hand face. 

The q turn R has been executed from the 

Start position. Empty circles occu r i n  pairs. 

The top and bottom corner yellows have can

cel i ng twists. The blue edges from a pair, and 

the yel low edge is paired with a fli pped edge 

on the invisible back face . 

Proof that flippancy is even and twist is integral 
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something like this (I have included 
sound effects of a sort) : "Let's see, I'll 
swing this out of the way [flip, flip] so 
that I can move that [flap, flap, flap], and 
now I can swing this back again [unflip, 
unflip] . There-now I've got that where I 
wanted it to be. "  You can hear the con
j ugate structure inside the patter. 

The only problem with being con
scious of why it all works as you carry it 
out is that it may be too taxing. My im
pression is that most cubemeisters do 
not think in such detail about how their 
tools are achieving their goals, at least 
not while they are in the midst of re
storing some scrambled cube. Rather, 
expert cube solvers are like piano vir
tuosos who have memorized difficult 
pieces. As one M.l .T.  cubemeister said 
to me, "I have forgotten how to solve 
the cube, but my fingers remember. "  

The average operator seems t o  be 
about 1 0  to 20 q turns long. You do not 
ever want to get lost in mid-operator, 
because if you do, you will have a totally 
scrambled cube on your hands, even if 
you were carrying out your final trans
form. As cubemeister Bernie Green
berg, who with Dave Christman is re
sponsible for the beautiful computer 
graphics of the cube on the cover of this 
issue, said to me once, "If I were solving 
a cube and somebody yelled 'Fire! ' I 
would finish my transform before clear
ing out." 

My own style is probably overly 
blind. Not only do I not think about why 
my operators work as I am carrying 
them o ut; I must also admit that with 
some of them I have not the foggiest 
idea why they work at all. I found these 
"magic operators" through a long and 
ard uous trial-and-error procedure. I 
used some heuristic approaches:  "Ex
plore various powers of simple se
quences," "Use conj ugates a lot" and so 
on. One thing I hardly used at all-alas, 
poor Rubik-was three-dimensional vi
sualization. I do, however, know one 
Stanford cubemeister, J im McDonald, 
who can give the reason for every q turn 
he makes. His operators do not seem 
magic to him because he can see what 
they are doing at every moment along 
the way. In fact, he does not have them 
memorized as I do mine; he seems to 
reconstruct them as he unscrambles 
cubes, relying on his "cube sense. "  He is 
like an expert musician who can impro
vise where a novice must memorize. For 
interested readers the central idea of 
Jim's method is first to solve the top lay
er, minus one corner, and then to let a 
vertical column of three cubicles act in 
the manner of a driveway one uses as an 
aid in turning a car around. The other 
two layers are cleaned up by shunting 
cubies in and out of the "driveway."  

Perhaps not  coincidentally, the ab
stract approach has been carried to 
its extreme by Singmaster's officemate 
Morwen B.  Thistlethwaite (I am not jok-
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OUR RESEARCH IN CCDs 
HAS GlVEN US A VERY PRACIlCAL 
VISION OFlHE FUfURE. 

THE INTEGRATED 
SENSORS IN OUR 
NEW ELECfRONIC 
A UTOFOCUS SYSTEM 
FOR SLR C AMERAS 
COULD ALSO  

TURN ROBOfS INlO 
VISUALLY S MART 
MACHINES. 

In 1980, Honeywell will include 
more than 80 million of its own 
integrated, solid-state sensors into 
the products it produces . Given 
that volume, it  is not surprising to 
find an ongoing program in each 
of Honeywell's four Minneapolis 
research centers -programs 
which focus on the latest develop
ments in silicon-based technologies . 

Charged-Coupled Devices 
(CCDs) represent one of the areas 
in advanced microelectronics 
where Honeywell research teams 
have had considerable success . 
And where there appears to be the 
promise of even bigger break
throughs in the years to come. 

Our Solid State Electronics 
Center's work in monolithic CCDs 
has resulted in a new electronic 
autofocus system for SLR cameras 
(U.S. patent No. 4,185,191 is held 
by Honeywell 's Visitronic Venture 
Group). Called TCL (for Through 
Camera Lens), this system has uti
lized the high speed optical 
scanning and signal processing 
capabilities of CCDs to create the 
first electronic focusing system 
which is able to compensate for in
terchangeable lenses . 

We use 48 sets of CCDs. One 
CCD element in each set "sees" 
from one-half the camera lens. The 
other element "sees" from the 
other lens half. When the light to 
each element is the same , the 
image is in focus . 

At our Technology Strategy 
Center, which concentrates on indus-

Although Honeywell engineering is 
world-wide, the bulk of research and 
applied research is done in Minneapolis. 
The most recent Quality of Life Study 
conducted by Midwest Research Institute 
shows Minnesota to be one of the best 
places in the country to live and work 
considering cultural,  social , economic, 
educational and political factors. 

trial and commercial research, 
another group is looking at the 
possibility of using CCDs as a way 
to provide robots with optical 
intelligence. An array of CCDs , no 
larger than a postage stamp, could 
contain enough sensors and 
circuits to give a robot capabilities 
in optical sensing, pattern 
recognition, and distributed control 
processing. 

CCD technology is also at 
the leading edge of infrared imaging 
systems. Our Systems & Research 
Center is currently working to use 
CCDs to process the electronic 
readout in low-cost, high-resolution 
infrared staring focal planes for 
detection and recognition systems 
designed for aerospace and defense 
applications.  

Supporting these efforts is  the 
basic materials research being 
done at our Corporate Technology 
Center. A research team there is 
developing the technology needed 
to grow large crystals of mercury 
cadmium telluride. These infrared 
sensitive crystals will then be 
bonded to a silicon CCD chip, creating 
a hybrid CCD with integral sensing 
and processing capabilities. 

If you are interested in 
learning more about the research 
work on CCDs being done in any one 
of these four research centers , or if 
you have an advanced degree 
and are interested in a career in solid
state electronics , sensors , or' 
material sciences , please write to 
Dr. W. T. Sackett, Vice President, 
Honeywell Corporate Technology 
Center, 10701 Lyndale Avenue 
South, Minneapolis , MN 55420. 

Honeywell 

This ideal research environment is 
further enhanced by Honeywell's 
affiliations with universities across the 
country. We have an ongoing program of 
seminars with Berkeley, MIT, Stanford, 
Carnegie Mellon , the University of Illinois , 
Cornell,  Waterloo of Ontario and the 
University of Minnesota. 
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ing), who c urrently holds the world rec
ord for the. shortest unscrambling al
gorithm. It requires at most 52 "turns." 
(A turn is either a q turn or a half turn, 
that is, a I 80-degree turn of one face . )  
Thistlethwaite has  used ideas of group 
theory to guide a comp uter search for 
special kinds of transforms. His algo
rithm has the property of not seeming 
to converge toward the solved state at 
all-until the last few turns. 

This must be contrasted with the more 
conventional style. Most algorithms be
gin by getting one layer, say the top lay
er, entirely correct. (In saying "top lay
er" rather than "top surface" I mean 
that the "fringe" has to be right, too: the 
cubies on top must be correct as seen 
from the side as well as from above .)  
This represents the first in a series of 
"plateau states. " Although further prog
ress requires any plateau state's destruc
tion, that state will later be restored, and 
each time this happens more order will 
have been introd uced. These are the suc
cessive plateau states. 

After getting the top layer the solver 
typically works on corners on the bot
tom layer, or perhaps on getting the hor
izontal equator slice all fixed up. Most 
algorithms can, in fact, be broken up 
into about five natural stages, corre
sponding to natural classes of cubies 
that get returned to their home cubicles. 
My personal algorithm, for instance, 
goes through the following five stages:  
top edges,  top corners, bottom corners, 
equator edges and bottom edges. In the 
first two of my stages placement and ori
entation are achieved simultaneously. 
Each of the last three stages breaks up 
into a placement phase and then an ori
entation phase. N aturally the operators 
of any stage must respect all the accom
plishments of preceding stages. This 
means they can damage the order built 
up as long as they then repair it. They 
are welcome, however, to indiscrimi
nately j umble up cubies sched uled to be 
dealt with in later stages. I find that other 
people's algorithms are usually based on 
the same classes of cubies, but the order 
of the stages can be wildly different. 

Virtually all algorithms have the 
property that if one were to take a series 
of snapshots of a cube at the plateau 
states, one would see entire groups of 
cubies falling into place in patterns. This 
is called monotonicity at the operator 
level, that is, a steady, visible approach 
toward Start, with no backtracking. Of 
course, there is backtracking at the turn 
level, but that is another matter. 

Very different in spirit is Thistle
thwaite 's algorithm. Instead of trying to 
put particular classes of cubies into their 
cubicles he makes a "descent through 
nested subgroups. " This means that 
starting with total freedom he makes a 
few moves, then clamps down on the 
types of move that will thenceforward 
be allowed, makes a few more moves, 

clamps down a bit more and so on until 
the constraints become so heavy that 
nothing can move any more. J ust at this 
point, however, the Start position has 
been achieved! Each time, the clamping 
down amounts to forbidding q turns on 
two opposite faces, allowing only half 
turns thenceforward in their stead. The 
first faces to be thus "clamped" are U 
and D, then come F and B and finally L 
and R. The strange thing about this ap
proach is that you cannot see Start get
ting nearer, even if you take a series of 
snapshots at carefully chosen moments. 
All of a sudden there it is. 

This raises a natural question. Is there 
any easy way to tell how far you are 
from Start? It could obviously be quite 
useful. For example, it is rather embar
rassing if one has to resort to the full 
power of a general unscrambling algo
rithm to undo what some friend has 
done with four or five casual twists. For 
that reason alone it would be nice to be 
able to assess quickly if some state is 
"really random" or is close to Start. But 
what does "close" mean? Distance be
tween two states in this vast space can be 
measured in two fairly natural ways. 
You can count either the number of q 
turns or the number of turns needed to 
get from one state to the other (where 
"turn, " as above, means either a q turn 
or a half turn). But how can one figure 
out how many turns are needed to get 
to Start witho ut doing an exhaustive 
search? A reliable and at least fairly ac
curate estimate would be preferable, 
one that could be carried out quickly 
d uring a cursory inspection of the cube 
state. A naive suggestion is to count the 
number of cubies that are not in their 
home cubicle. This estimator, however, 
can be totally fooled by the Dots posi
tion, in which nearly all cubies are on 
the "wrong" side. That position is only 
eight q turns away from Start. Perhaps 
the flippancy and the number of quarks 
could also be taken into account by 
a better estimator, but I do not know 
of one. 

There are sophisticated group-theo
retical arguments estimating that the 
farthest one can get from Start is 22 or 
23 turns. This is quite amazing, consid
ering that most solvers' early algorithms 
take several hundred turns, and high
ly polished algorithms take a number 
somewhere in the 80's or 90's. Indeed, 
many mere operators take considerably 
more turns than Thistlethwaite's  entire 
algorithm does. ( M y  first double edge 
flipper was nearly 60 turns long.)  

. One thing we know, and it can be 
demonstrated easily, is that there exist 
states at least 1 7  turns away from Start. 
The argument goes as follows. At the 
o utset there are 1 8  possible turns we 
might make: L, L', L2, R, R', R2 and so 
on. After that there are 1 5  reasonable 
turns to make. (One would not move the 
same face again.)  The number of dis-

Ho w 10 swap arbilrar)' edge pairs 

tinct turn seq uences of length 2 is there
fore 1 8  X 1 5 , or 270. Another turn will 
add another factor of 1 5 , and so on. 
How long does it take before we have 
reached the number of accessible states? 
It turns out that 1 7  turns will create 
more turn sequences than there are dis
tinct states, and that 1 6  turns are too 
few.  N ow, not every turn sequence leads 
to a distinct state, not by a long shot, and 
so we have not shown that 1 7  turns will 
reach every accessible state. We have 
simply shown that at least 1 7  turns are 
needed if you want to reach every state 
from Start. Hence conceivably no two 
states are much more than 1 7  turns 
away from each other. But which 1 7  
turns? That is the question. 

So far only God knows how to get 
from one state of the M agic Cube to 
another in the fewest turns. "God's algo
rithm" is the one that would tell you 
how to do it. A b urning question of cu
bology is: Is God's algorithm j ust a gi
gantic table without any pattern in it, or 
is there a significant amount of pattern 
to it, so that an elegant and short algo
rithm based on it could be mastered by a 
mere mortal? 

If God were to enter a cube-solving 
contest, he might encounter some rather 
stiff competition from a few prodigious 
mortals, even if they do not know his 
algorithm. I am told there is a young 
Englishman from N ottingham named 
N icholas Hammond who has got his av
erage solving time down to close to 3 0  
seconds! S uch a phenomenal perform
ance calls for several skills. The first is 
a deep understanding of the cube. The 
second is an extremely polished set of 
operators. The third is to have the oper
ators down so cold that you could do 
them in your sleep. The fourth is sheer 
speed at executing twisty hand motions. 
The fifth is having a well-oiled "rac
ing cube":  one that turns at the merest 
twitch of a finger, eagerly anticipating 
every operator before it is needed. In 
short, the racing cube is a cube that 
wants to win. 

I have not heard of people naming 
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ONE SYSTEM STANDS A BOVE  THE REst 
VERTICAllY. SIMPlY. MITSUBISHI. 

This is the system destined to tum the audio wond on its ea r. 
If you find that hard to bel ieve, take another look. What you see is the 

InterPlay X-101M The wond's first vertical format complete audio system. 
No trick photography here. The way you see it is the way you play it. 
Vertical ly, 
Play a record. Play a cassette. Play the tuner. Any way you play it. it's 

M itsubishi .  
The vertical linear-track tumtable a l lows the X-1 0 to s it  on a sma l l  book

shelf. lt needs only 10" of shelf depth. 
And we've integrated an AM/FM stereo tuner and cassette deck. 
Hook up the spea kers, plUg it in, and tum it on. The InterPlay X-1 0 is 

stereo at its upright best. 
Fer your nearest dea ler; ca l l  tol l-free (s00l 447-2882 or in I l l i nois, (s00l 

322-4400 and ask for operator X-10. 

�MGA/MITSUBISHI 
MITSUBISHI ELECTRIC SALES AMERICA. INC. 3010 E. Victoria St., Compton, Ca. 90221 S hown  here with optional CX-10 cabinet and SX-10 Loudspeakers 
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their racing cubes, although it is sure to 
come. It would seem, however, that 
there is an association between color
ful names and major contributors to 
cubology. Apart from Singmaster and 
Thistlethwaite there is Dame Kathleen 
Ollerenshaw (recently Lord Mayor of 
Manchester), who has discovered many 
streamlined processes, has written an ar
ticle on the Magic Cube and has the dis
tinction of being the first to report an 
attack of cubist's thumb, a grave form 
of the disease mentioned at the begin
ning of this column. Then there is Oliver 
Pretzel, the discoverer of a delicious 
twisted 3-cycle and the creator of a love
ly "pretty pattern" called the 6-U state, 
which can be reached from the start po
sition by way of the word L' R2 F' L' 
B' UBLFRU' RLRsFsUsRs· 

Pretty patterns are of interest to many 
cube lovers, but I cannot do them jus
tice here. I shall mention only a few 
of the best. My favorite is the Worm, 
whose "genotype," or turn sequence, is 
RUF2D'RsFsD' F'R' F2RU2FR2F'R' U' 
F' U2FR. Then there is the Snake, a sim
ilar sinuous pattern that winds around 
the cube: BRsD'R2DRs'B'R2UB2U'D 
R2D'. If you cut off the Snake's tail R2 
D' and stick on instead B2RaU2Ra' B2 
D', you will create a curious bi-ringed 
pattern. All of these are from pretty
pattern-meister Richard Walker. 

A beautiful pattern is the Giant Mes
on, made from a giant quark (a 2 X 2 X 
2 corner subcube rotated 1 20 degrees) 
and a giant antiquark. To top it off you 
can use quarkscrews to twist a standard
size quark and an antiquark onto the 
corners of the giant quark and anti
quark, like cherries on top of sundaes 
[see illustration on page 21]. I shall let you 
figure this one out. A good warm-up ex
ercise is to figure out how to make the 
Pons Asinorum (Bridge of Asses) state 
[see same illustration], so called because, 
as one M.LT. cubemeister remarked to 
me, "If you can't hack this one, forget 
about cubing." Then there are two kinds 
of cross, known to the M.I.T. cube-hack
ing community as the Christman cross 
and the Plummer cross [see same illus
tration]. The Christman cross involves 
three pairs of colors (U-D, F-R and L-B 
in the illustration); the Plummer cross 

The Magic Domino in a scrambled state 

involves two triples in the quark-anti
quark style. 

I should like to leave the reader with a 
set of hints and some things to think 
about. A difficult challenge, good for 
cubists at all levels of cubistry, is for 
someone to do a handful of turns on a 
pristine cube, for him to give it to you in 
this mildly scrambled state and for you 
to try to get it back to the Start position 
by finding the exact inverse word. Cube
meisters will be able to invert a bigger 
handful of turns than novices. Appar
ently Kate Fried can invert seven turns 
regularly, and once after a full day of 
staring at the cube she undid 10. (I can 
undo about four.) 

My royal road to discovering an algo
rithm is based on two challenging ex
ercises involving corner cubies only. 
The preliminary exercise is as follows. 
Maneuver the four corner cubies with 
white on them to the top face with their 
white facelets pointing upward. Do not 
worry about which cubie is in which 
cubicle. Simultaneously do the same 
thing on the bottom face (of course 
with its color pointing downward). The 
advanced exercise is to do the preced
ing one but in addition to make sure that 
all the corner cubies are in their proper 
cubicles. This amounts to solving the 
2 X 2 X 2 Magic Cube puzzle, and it 
will take you a long way toward mastery 
of the Magic Cube. 

To help you with your edge processes, 
here is a wonderful trick discovered by 
David Seal, based on a type of operator 
called a monoflip. I shall give it to you as 
a puzzle. How can you make a double 
edge flipper out of a process that messes 
up the lower two layers but leaves the 
rop layer invariant except for flipping 
a single edge cubie? I shall give you a 
hint: The answer involves the important 
group-theoretical idea of a commutator, 
a word of the form PQP'Q'. I shall also 
leave it to you to find your own monoflip 
operator. After I found out about it I 
incorporated the trick into my method. 

Here is a small riddle: Why do 5- and 
7-cycles crop up so often in an object 
whose symmetries all have to do with 
numbers such as 3, 4, 6 and 8? Where 
do cycle lengths such as 5 and 7 come 
from? A somewhat related question is: 
What is the maximum order a word can 
have? The order of a word is the power 
you have to raise it to in order to get the 
identity. (For example, the order of R is 
4.) You can show that the order of RU, 
for instance, is 105 by inspecting its 
cycle structure. 

Where do we go from here? I must 
mention that I have only scratched the 
surface of cubology in this column. Ru
bik and others are working on generali
zations of various types. There already 
is a Magic Domino, which is like two
thirds of a magic cube: two 3 X 3 layers. 
You can rotate it only by half turns 
about two of its three axes and by q turns 
about the third axis. In its Start posi-

tion one face is black, the other is white 
and both faces have numbers from 
1 through 9 in order. 1t resembles the 
15 Puzzle even more strongly than the 
cube does. Various people have made 
2 X 2 X 2 cubes, and such cubes may go 
on sale one day. You can make your 
own by gluing little three-cornered hats 
over each of the eight corners of a 
3 X 3 X 3 cube. Readers will naturally 
wonder about such enticing possibilities 
as a 4 X 4 X 4 cube. Rest assured, it is 
being developed in the Netherlands, and 
it may be ready soon. Inevitably there is 
the question of both higher and lower 
dimensionalities. Cube theorists are be
ginning to discuss the properties of high
er-dimensional cubes. 

The potential of the 3 X 3 X 3 cube is 
not close to being exhausted. One rich 
area of unexplored terrain is that of al
ternate colorings. This idea was men
tioned to me by various M.LT. cube 
hackers. One can color the cubies in a 
variety of ways. Each new coloring 
presents a different kind of unscram
bling problem. In one variant coloring, 
edge-cubie orientations become irrele
vant and center-cubie orientations take 
on a vital importance. In another vari
ant, corner-cubie orientations are irrele
vant and centers matter. Then, moving 
toward simplicity, one can color two 
faces the same, thereby reducing the 
number of distinct colors by one. Or one 
can paint the faces with just three colors. 
An extreme would be to have three blue 
faces meet at one corner and three white 
ones meet at the corner diagonally op
posite. The French government official I 
mentioned above says that on the cubes 
he saw, five faces had one color and the 
sixth face had another color! 

Who knows where it will all end? 
As Bernie Greenberg has pointed out: 
"Cubism requires the would-be cubist 
to literally invent a science. Each solver 
must suggest areas of research to him
self or herself, design experiments, find 
principles, build theories, reject them 
and so forth. It is the only puzzle that 
requires its solver to build a whole sci
ence." Could Rubik and Ishige have 
dreamed that their invention would lead 
to a model and a metaphor for all that is 
profound and beautiful in science? It is 
an amazing thing, this Magic Cube. 

I should like to thank the many cube
meisters and cubists who have contrib
uted directly or indirectly to my knowl
edge and enthusiasm. Among them are 
Clark Baker, Alan Bawden, Jim Boyce, 
Larry Breed, Charles Brenner, Bob Fil
man, Carl Hoffman, Scott Kim, Bill 
McKeeman, Jeannine Moseley, Rich
ard Pavelle, Dave Plummer, David Pol
icansky, David Singmaster, Ann Trail, 
Allen Wechsler, Dan Weise and John 
Woodcock. My warmest thanks, how
ever, are reserved for Greenberg, who 
set up a cube-in for my benefit at M.LT. 
and who infected me with his enthu
siasm for the beauties of cubology. 
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Chrysler wins 
the MotorTrend . 

Car of the Year award. 
Again. 

Chrysler� � cars win the 1981 Motor Trend Car 
of the Year award . It's the second time in four years 

I Chrysler� front--wheel--drive cars have won a top 
automotive industry award-Omni and Horizon 
were chosen Car of theYear in 1978. Only Chrysler 
gives you four front--wheel--drive winners 
to choose from. 
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Chrysler's � cars beat Ford Escort, Ford 
after 50 tough Motor 

This year, the Motor Trend Car of the Year finalists were 
rated on more than 50 counts of performance, quality, comfort, 
and design. A 75 .. mile torture course, with every driving 
condition from freeways to twisting mountain roads, was used 
to evaluate the quality of ride and drive. And a panel of 

1981 DODGE ARIES K COUPE 41 �* $5,880** 
EST HWY. EPA EST MPG. 
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es 

Mercury Lynx and Oldsmobile Cutlass Diesel 
_ ...... - test evaluations. 

Motor Trend experts rated the cars on passenger comfort, 
styling and design, and dollar value. When the results were in, 
the K cars had outscored the Ford and GM contenders on an 
overall point basis. Everything you want in a new car, 
Motor Trend found in the K cars. 

The New Chrysler Corporation 
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"In this part of the new decade, passenger comfort, 
ride and drive styling and design . . .  and most 
important, dollar value • • •  are more re levant than 
all-out performance. In these classes, the K car simply 
outscored its competition; and in tItree cases out 
of four, the competition turned out to be another 
Kcar. This accomplishment alone was enough 
to make it Car of tlie Year!' 

The Editors, Motor 'frend Magazine, February issue 

1981 PLYMOUTH RELIANT K SEDAN 
41 �* $5 ,980** 

EST. HWY. EPA EST. MPG. 
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BOOKS 
Lightning, whales, a reminiscence of modern 

physicists and the architecture of the Incas 

by Philip Morrison 

I:GHTNING AND ITS SPECTRUM: AN AT
LAS OF PHOTOGRAPHS, by Leon E. 
Salanave. University of Arizona 

Press ($25). BALL LIGHTNING AND BEAD 
LIGHTNING: EXTREME FORMS OF ATMO
SPHERIC ELECTRICITY, by James Dale 
Barry. Plenum Press ($2 9.50). Folk wis
dom notwithstanding, lightning mostly 
strikes twice. First of all, down from the 
negatively charged thunderhead a faint 
leader steps its way, 50 meters at a time. 
Fading out at the end of each step, it 
brightens again as it essays the next seg
ment of a halting, tortuous journey to 
ground. That first path, once complete 
(only in this phase does lightning send 
out dead-end branches inconclusively 
into the air), marks out the route for the 
swift, brilliant upward return. Again 
and again the sequence continues, slow
ly enough so that a hand-held camera, 
swept back and forth without hurry, the 
shutter open for a minute or two under 
storm clouds on a dark night, will beau
tifullY'record the mUltiple flash, from a 
handful up to a dozen or more strokes 
easily separated in the print. 

A typical event lasts for at least half 
a second. Down the quick frames of 
high-speed photography that initial 
path wanders; the cascading pathfinder 
spends up to a millisecond on each step, 
and the strong current stream returns 
the visit at a good fraction of the speed 
of light, appropriate for ionization trav
el. Subsequent leaders, which can follow 
the first one down to initiate succeeding 
strokes, called dart leaders, move an or
der of magnitude faster than the first 
stepped leader in the freshly ionized gas, 
although they tend to slow down as they 
travel. If the next stroke is delayed more 
than a tenth of a second, there are no 
darts. The process reverts to the slow
er pace of the stepped beginning; the 
ionic channel has decayed, its ions re
combined. 

Succeeding return strokes can surge 
upward from different ground points, to 
rejoin the older channel just where the 
dart leader lost its swift way. The light
ning has then forked; a fork is the sign 
not of a divided simultaneous current 
path but rather of two successive jour
neys, conflated by the eye but distinct to 
the moving camera. (About one in four 
flashes forks.) Some flashes are initiated 
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by a positive leader that moves up from 
near ground level; such flashes are less 
branched, smoother, single rather than 
multiple, draining the cloud charge in 
one slow, strong stream instead of in a 
dozen swifter strokes. All these proces
ses and much more are plainly revealed 
to the eye in Lightning and Its Spectrum. 
Its photographs are made with equip
ment ranging from sophisticated, rotat
ing, dispersive instruments to the famil
iar hand-held 35-millimeter camera. 

Time is only one dimension of the 
lightning phenomenon entered by these 
images. Indeed, the time scale of the 
multiple stroke is marginally percepti
ble to the unaided eye; the flicker seen in 
some flashes led 100 years ago to the 
first simple swinging-camera resolution 
of the lightning flash. One photograph 
shown here from New Mexico disclosed 
26 strokes making up one swollen flash, 
almost two seconds in duration. The 
wind can sweep some glowing section 
of channel along to make the visibly 
broadened path called ribbon lightning. 
It too was first clarified a century ago. 

Some pictures explore the three di
mensions of space. One stereoscopic 
pair shows lightning vivid in depth, 
something we can hardly see because of 
the large scale of the phenomenon. Eyes 
are "too close and head motion too small 
and slow to perceive lightning in depth 
without cameras spaced in the kilometer 
range. With them, however, we can see 
the long, twisted path. One wonderful 
cross view explains the tight reentrant 
figure drawn by one flash, a Chinese 
character coiling in the air. That arc did 
not in fact cross itself over and over 
again, like the brush stroke it resembles; 
it was a normally twisted, extended sin
gle path, by chance seen more or less 
end on. The crossfire camera view disen
tangles the calligraphy. 

The subtlest fact recovered by pho
tography is atomic: the composition of 
the glowing gas in the transient channel. 
Some dispersing device-a prism or a 
grating-simply diverts each color pres
ent in the glow into a distinct direc
tion. Withbut a slit or a collimating lens 
the instrument yields a photograph on 
which the lightning is repeated in its 
own inimitable forms, zigzag by identi
cal zigzag standing in uniformed proces-

sion, ranked in the colors of the rain
bow. This, of course, is the slitless spec
trogram of the astronomer, and such a 
photograph is the best possible intro
duction to the meaning of the spectrum. 
The spectral line is revealed as the opti
cian's artifact it is. 

It is no surprise that the lightning flash 
is the luminous output of oxygen and 
nitrogen atoms and ions. They, of 
course, comprise the air. Atmospheric 
argon shows up with a strong infrared 
line, and some N 2 and O2 molecular 
lines are conspicuous at both ends of the 
spectrum. There is a weak continuous 
spectrum, across it the molecular ab
sorption bands of the cool intervening 
air. Even single strokes can be analyzed 
today, with the new gratings, fast lenses 
and films. 

The peak temperature of flashes has 
been measured; for a few microseconds 
as the big return surge begins the tem
perature reaches about 30,000 degrees 
K:elvin. It is a little more unexpected to 
learn that the red end of the visible spec
trum is dominated by that familiar deep 
red line of hydrogen called Ha. The air 
has no free hydrogen atoms to speak of, 
and even water is usually a weak constit
uent. In a thunderstorm matters are dif
ferent: the storm world is watery, and 
the dissociation of H20 to release atom
ic hydrogen is no trick at all for the ener
gies in play. Lines of titanium, calcium 
and even copper show up above where 
the lightning strikes the southern Arizo
na desert. 

Ball Lightning and Bead Lightning is 
entirely different in aim and nature. It is 
a comprehensive report on the strange 
phenomena of its title (although there is 
not much to be said about the bead 
case). Another such survey appeared a 
decade ago, by Stan Singer of Pasadena, 
with whom the present compiler, anoth
er Los Angeles physicist, is in close 
touch. The later book attempts a com
prehensive literature list: more than 
1,600 references are cited back to 1850 
and some 50 before then. The earlier 
book, learned and rather brief, sought 
more to present the entire history of the 
topic, with a friendly exposition ot:every 
theory proposed. It was not critical. 

James Dale Barry, the author of this 
volume, explicitly sifts every available 
photograph published, setting out stiff 
criteria for accepting them as evidence. 
A good many, of course, are chance 
finds in photographs made for other 
purposes, some unattended camera set 
with an open lens. Most of the pictures 
seem to be the result of streetlights, un
expected camera motion, unusual ex
amples of ordinary lightning and so on. 
Of two dozen published photographs of 
natural ball lightning Barry admits only 
three as being reasonably representa
tive. Not one can be regarded as definite. 
The better part of the evidence is anec
dotal, but it is often crisp. Above all one 
forms the impression of a phenomenon 
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of modest scale, intimate rather than 
daunting, perhaps a little dangerous but 
not on the explosive scale of even a hand 
grenade. 

Ball lightning is a luminous sphere 
about the size of a toy balloon, drifting 
or hovering nearby for a second or two, 
with a marked odor, glowing usually 
with a red or whitish yellow light but 
of no intolerable brightness. There is a 
famous engraving showing the death 
of Dr. Georg Richmann in Saint Peters
burg, when in 1753 that early electrical 
martyr sought to improve on Benjamin 
Franklin, collecting storm-borne charge 
from an ungrounded lightning rod on 
the laboratory roof. The drawing shows 
a luminous ball passing straight to the 
head of the unfortunate physicist. The 
cut was first published in Paris around 
1870, and it looks too anachronistic in 
detail to offer hard evidence about a 
tragedy during the reign of the daughter 
of Peter the Grea\. Poor Richmann was 
certainly electrocuted; the autopsy was 
clear. The blue white lightning ball was 
not, however, so plain in more contem
porary reports. In the 300-year record 
the peak of ball-lightning reports came 
just a century ago, "when observational 
investigation of atmospheric electrical 
phenomena was popular." 

A few chapters are given to a skeptical 
calculational study of the general phys
ics of the events. The calculations yield 
convincing, if not quite certain, results. 
The ball hovers freely, so that in pres
sure and density it cannot differ much 
from the ambient air. It answers to no 
strong forces. Energy estimates based 
on a dozen reports are distributed al
most too neatly along a single normal 
curve of error; the mean energy in the 
ball is like that of a few matchsticks in 
1,000 times the volume. The ball may 
vanish suddenly or decay more slowly. 
Its light is not thermal but of quite an
other kind. 

The best clues seem to have been 
found in the shipyard and the laborato
ry. A glowing fireball rather like the ac
counts can be "repeatedly produced un
der quasi-controlled conditions," float
ing off the big switches that make and 
break the 100-kiloamp currents from 
the main batteries of a diesel-electric 
submarine. That ball looks green: plen
ty of copper vapor. Even more to the 
point, the plasma physicist David Fin
kelstein and his colleagues have learned 
how to make a long-lived glowing ball 
in ordinary air as the low-efficiency re
sult of a powerful radio-frequency dis
charge. "The ball occasionally disap
peared suddenly with a loud noise." Its 
color depended on the ambient gas; in 
air it was yellow white, then it turned 
orange, brightened and lasted the longer 
as more nitrogen oxides were present. 

The books are not yet closed, but it 
seems a good bet that ball lightning is 
neither some ionized plasma wonder 
nor any other very powerful energy con-

centration. It is rather a local puff of 
fluorescing gas, the energy stored as 
long-lived molecular excitation in some 
plausible constituent of disturbed air 
and fed thereto rarely and at low effi
ciency from some strong natural electri
cal discharge. Watch for the bright ball, 
but stay calm and observant; listen and 
sniff, but it would be best not to touch it. 

THE BOOK OF WHALES, written and il
lustrated by Richard Ellis. Alfred 

A. Knopf ($25). The epigraph is from 
Moby-Dick: "It is some systematized ex
hibition of the whale in his broad genera 
that I would now fain put before you. 
Yet it is no easy task .. ..  Any way you 
may look at it, you must needs conclude 
that the great Leviathan is that one crea
ture in the world which must remain un
painted to the last. " So disarmingly be
gins this book by a well-known marine 
painter of New York. In it he offers big 
full-color reproductions of his easel 
paintings of 13 of the best-known whale 
species, which he has done over the past 
five or six years. They are colorful, 
probably heightened beyond life yet 
natural in form and pose, but most of 
them lack the sense of great size. His 
right whale looks like some sleek curled 
carp. All the animals are shown, alone 
or paired, against the bottom texture of 
a transparent sea or against a blander 
area evoking the colors of seawater. But 
absent those ponderous smooth motions 
amidst revealing veils of sea surface and 
spray, how can the prodigious be caught 
on canvas? Melville was right: "There is 
no earthly way of finding out precisely 
what the whale really looks like" except 
to see one. 

Still, Ellis presents us with a fine visu
al approximation. Even better is his live
ly, documented and remarkably up-to
date text. It is the first of two vol umes; 
the second will treat the dolphins and 
porpoises, along with the orcas and the 
pilot whales. He includes 33 species-all 
the great whales-in this book, which 
soon grew far beyond his plan for a field 
guide, a few paragraphs to a species, 
into full-scale essays, each with its draw
ings of the entire animal and important 
details. 

The center of the text is the interac
tion of each species of whale and its hu
man students and predators. We learn 
the general size and habitat, the look 
and actions and then, particularly for 
the important species, the ebb and flow 
of those relationships. Not a general bi
ology of whales, the book is valuable for 
the personal quality of the writing and 
the degree to which Ellis stays in touch 
with the scientific and the popular litera
ture, with the whaling industry and its 
growing controls, with the whole of the 
cetological news. He refers to more than 
one result so new that it is not yet pub
lished. 

We still know whales poorly. One spe
cies (its description is illustrated by the 

only photograph in the book, a picture 
of a whale skull) is known solely from 
two skulls, one found 50 years ago on 
a beach in Australia, the other found 
more recently in a fertilizer factory near 
Mogadishu, where fishermen who had 
picked it up on a Somalian beach had 
sent it. That Indo-Pacific beaked whale 
is the poorest known of all the large an
imals of whose existence we are cer
tain. No beaked whales are truly well 
known; what is one to make of a certain 
species, the strap-toothed whale, a six
meter form found all over the Southern 
Hemisphere? The adult males cannot 
open their mouths "to any significant de
gree" because their front teeth grow 
into curved straps a foot long that grow 
out and around to lock the upper jaw 

The humpback whales are well de
scribed, including their famous and re
markable songs, complex patterns of 
sound lasting for half an hour. Not only 
are these common to all whales of a giv
en breeding population-humpback dia
lectal music-but also they change over 
the years, and each year "all the whales 
seem to have learned the changes." No 
full publication of this remarkable ob
servation, made by Roger and Katha
rine Payne, is yet cited. 

It is noteworthy that the humpbacks, 
the most playful of the great whales, are 
easy to visit in our years. Their protect
ed populations are small compared with 
the great herds hunted down in the cold 
North Pacific even in the 1960's, as in 
the North Atlantic a century ago. They 
perform now in groups of dozens in the 
rich waters off the tip of Cape Cod, each 
spring and fall as they pass in migra
tion. A lucky visitor by boat can see 
them lobtailing, spy-hopping, fin-flap
ping and breaching, the animals still 
"the most gamesome and lighthearted 
of all whales." Their presence turns the 
coastal waters of Massachusetts into a 
nature watcher's wonder, a sea rival to 
the green plains of the Serengeti. A simi
lar humpback park is found in Hawai
ian waters. The long-protected eastern 
Pacific grays are a famous tourist sight 
off the coast of California and Baja Cal
ifornia, but their Korean counterparts, 
unprotected, seem to have vanished. 

The sperm whale, wide-ranging in the 
open seas, has survived our dogged cen
tury-long chase, now all but ended by 
law. The animals may still be numbered 
worldwide at some half million or even 
a million individuals, living chiefly on 
squids. Each year they take about 100 
million tons, double the total human 
catch of all kinds of fish. Some of the 
squids are giants too; there is one rec
ord of a 10-meter specimen found in a 
sperm stomach, and the tall tales of bat
tle between whales and squids of whale 
size are not to be held mere fantasy; per
haps we shall yet know the big squids 01 
the dark depths, well hunted now by the 
sperm whale alone. 

Even in our cetacean ignorance there 
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is a sense of growth, which does not so 
clearly attend the search for those lonely 
monsters dear to mysterymongers. Ed
ward A. Wilson, the young artist-natu
ralist with Robert Falcon Scott who was 
to die of hunger and fatigue in his sleep
ing bag beside his dying captain on that 
fatal expedition to the South Pole, had 
earlier drawn some unknown whales 
along the Ross Ice Shelf. The whales 
were handsome, rather like the common 
killer whale but with a much higher 
dorsal fin, "erect, pointed and sabre
shaped." In 1964, 15 or 20 animals were 
seen and photographed on the coast of 
Chile that "agreed well" with Wilson's 
drawing, and in 1967 a fishing captain 
saw some again near Tobago, elusive 
yet not beyond our hopeful quest. 

F
ROM X-RAYS TO QUARKS: MODERN 

PHYSICISTS AND THEIR DISCOVER
IES, by Emilio Segre. W. H. Freeman 
and Company ($20). The 20th century 
opened for physicists a few years early. 
"People, when they found out about it, 
would say, Der Rontgen ... has really 
gone crazy. On the first of January 
[ 1896] I mailed the reprints, and then the 
devil was to pay!" The discoverer of X 
rays, whose find makes a reasonable 
marker for the rise of what we now call 
particle physics, the continuing elucida
tion of the ultimate structure of matter 
and radiation, thus wrote to a friend in a 
letter cited here in full. Professor Segre 
implicitly offers the highest credentials 
for the validity of his lucid account of 
that unfolding: he was there. 

One document is a snapshot show
ing him with that youthful team in shirt 
sleeves before a shuttered window of 
the Institute of Physics in Rome, where 
neutron-induced radioactivity was first 
found (and fission missed). Only Enrico 
Fermi, a little the senior, is wearing 
a tie. We see Segre next in wartime, 
this time out for a walk, dark glasses 
against the New Mexico sun, along with 
Fermi, Hans Bethe, Victor Weisskopf 
and a few other companions. Then he is 
standing on the steps of the Delta Kap
pa Epsilon house at Rochester in 1960, 
along with I. I. Rabi, Werner Heisen
berg, T.-D. Lee, C. N. Yang and a few 
other Nobel prizewinners. 

The reader must not take away any 
hint that the account is self-centered; 
rather, it centers on the exciting times, 
people and places where this prizewin
ner, codiscoyerer of the antiproton, was 
at home. Its terse appraisals and its 
acute and definite opinions are just what 
the author's reputation would lead one 
to expect. He has supported his ready 
phrases with precise scholarship, pre
senting with very few errors of omission 
or commission an entirely nonmath
ematical "impressionistic view of the 
events as they appeared to me" over 
some 50 years of action. Facsimile pa
pers and personal photographs, with 
much apparatus and many laboratories, 
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enrich the book, a fresh and pointed col
lection of ill ustrations. 

Segre periodizes the history of mod
ern physics, if not explicitly, then at least 
in feeling. First came the Edwardian 
world, shared by the theorists Planck 
and Einstein with their experimental 
counterparts, such as the Curies and Er
nest Rutherford. Then enters the young 
Bohr, by way of Rutherford's own labo
ratory, his quantum-state insight built 
on the Rutherford nuclear atom ("the 
highest form of musicality in the sphere 
of thought," as Einstein described it). 
Rutherford and Einstein could hardly 
even have exchanged ideas on physics; 
their viewpoints were utterly distinct. 
Yet Rutherford and the theorist Bohr 
remained close friends. The young Bohr 
came back to Manchester that summer 
to defend his manuscript (the marvel of 
1913) obstinately line by line against 
Rutherford's criticism. He won his case, 
and the paper bears at length the rather 
stilted, meticulously phrased tentative
ness of Bohr's lifelong style. 

Then there grew in splendor the "true 
quantum mechanics at last," fully pow
erful by 1932, that year of particle won
ders: the neutron, the positron and deu
terium (and by 1933 Fermi's neutrino). 
The next'phase sees the accelerators and 
a rich nuclear physics, first in peace, 
then terribly in war. By 19 5 1  Fermi, 
"with an ironical smile," set about re
newing himself, with mesons. The next 
2 5  years (although alas not for Fermi) 
went "beyond the nucleus." Bigger and 
still bigger machines, immediate com
plex numerical processing, novel and 
abstract algebraic theories, all still rest
ing on the sturdy foundations set before 
1932, span the remaining story, told 
briefly with some allusions to condensed 
matter and to astrophysics. The book 
tapers rapidly to its close around 1975, 
although there are some later points. 
(That was the writing date of the first 
version, published in Italian.) 

We learn how the science spread far 
.beyond Europe, particularly to Hideki 
Yukawa's generation in Japan and now 
to all the world. Segre sees the forerun
ner of all our great physics laboratories, 
with their heavy engineering, big staff 
and mUltiple researches, in the famed 
low-temperature laboratory of Heike 
Kamerlingh Onnes at Leiden soon after 
1890. "Even if ... Onnes's work is the 
first example of large-scale physics, it 
was not particularly familiar to ... accel
erator builders," who came many years 
later. (The great observatories and the 
big organic chemistry laboratories had 
begun even earlier.) 

The book ends with a reflective chap
ter, all too brief, in which the author 
tries to untangle the structure of the liv
ing being, physics, with its complex in
teractions and its many indispensable 
organs of thought and experience. It is 
no linear block diagram that can gener
ate discovery; rather, we see an evolv-

ing interconnection of diverse activities, 
places for fruitful work by all kinds of 
personalities. The record is clear on that 
human diversity and on the continued 
evolution of insight. "I do not believe 
Galileo, Newton and Einstein have been 
the last of their ilk" is the concluding 
sentence of this affirmative and never 
ingenuous text. 

There is a series of appendixes on a 
more mathematical level, a full set of 
indexes and a candid and helpful anno
tated bibliography. 

I
NCA ARCHITECTURE, by Graziano 

Gasparini and Luise Margolies. 
Translated by Patricia J. Lyon. Indiana 
University Press ($32.50). "The long ro
sary" of the Royal Highway of the Incas 
stretches from Cuzco north along the 
high valley of the Cordillera all the way 
to equatorial Quito. Along it are strung 
its beads: scores of the imposing stone 
settlements of the Inca empire. Alexan
der von Humboldt wrote of them 150 
years ago: "It is impossible to examine a 
single edifice of the Incas ... without rec-
ognizing the same type ... throughout 
the Andes, extending over four hundred 
leagues .... It seems as if a single archi
tect built this great number of monu
ments." These authors, an architect and 
an anthropologist in partnership at the 
Universidad Central de Venezuela in 
Caracas, entirely agree. They have visit
ed, drawn, photographed and pondered 
the sites, their eyes keen for both struc
ture and function. They have carefully 
compared what is there on the ground 
with the rich but confusing testimony of 
those chroniclers of the 16th century 
who saw the monuments of the Inca 
state, Tawantinsuyu, before they were 
unmade by the conquistadors. 

The authors conclude that indeed 
there was a single architect, that extraor
dinary state itself. Its chief tool was its 
thoroughgoing organization of its sub
jects. Their technology, their ancient 
mastery of stonemasonry (with stone 
tools) achieved eight centuries before 
the first Incas, are witnessed in the mas
sive, ornate ruin of Tiwanaku at the 
southern end of Lake Titicaca. The In
cas left no moldings, cornices, pilasters 
or other ornament, no geometric or rep
resentational carvings, no inscriptions, 
no reliefs. Civil servants were trained in 
Cuzco to direct the great public works. 
They applied the same austere norms 
with diligence everywhere. Trapezoidal 
niches, doorways and windows always 
mark Inca work; even along the north
ern coast of Peru, where the Incas ruled 
over old and populous seaside cities, we 
find Inca structures with trapezoidal 
niches, although here they were built not 
of stone but of sun-dried adobe, the lo
cal material. 

The Inca state endured for only about 
80 years. Its founder, Pachakuti, built 
his planned capital, Cuzco, a uniform 
one-storied city in worked stone, out of 
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The Questar 40-120 

A unique instrument for which a patent has now 
been granted, the Questar 40-120 establishes prime 
focus at both 40 and 120 inches (1000 and 3000 mm.). 
Other lenses-particularly the zooms-can vary their 
focal lengths but with a compromise of quality and 
with relatively low magnification. The 40-120 resolves 
100 lines per millimeter at the lower focal length and 
at least 55 lines per millimeter at the upper; one can 
move in a few seconds between the two, and since 
the shift is managed by internal optical change the 
barrel length remains at a constant 30 inches and 
weighs only 40 pounds. 

These boundaries of size and weight allow un
equalled versatility in the use of the instrument for 
security and tracking purposes. Typically it is teamed 
with a video monitor, which permits constant obser
vation of a border area, a missile site, an airfield or a 
harbor. 

In many ways this is the most sophisticated of the 
Questar Security Systems, ideal for a variety of uses 
where the observer must be at a great distance from 
the area or activity under scrutiny. The dual focal 
length is particularly important for objects in motion, 
and its usefulness is enhanced by tower installations, 
where "seeing" limitations imposed by heat and 
humidity can be more readily overcome. 

This optical system is as unique in quality as in 
concept. Both are necessary to give the user such 
remarkable access to his subject, and enable him to 
make his judgments with assurance; he will see 
exactly what is there. 
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a highland village in a generation. Its 
great open plazas gave the town plan 
a particular Renaissance quality, a fea· 
ture older in this and other centers of the 
Incas than it was in Spain. The wide 
Plaza Mayor of Madrid was started 
only in 1617. Cuzco was partly burned 
during the war of conquest, but the 
most important change came after 1534, 
when the Spanish distributed private 
house lots within the original open pub
lic spaces. Superposed on the first-floor 
Inca stonework, so severe in its monu· 
mentality and precision of workman
ship, is now a Spanish colonial second
story city in plastered adobe and wood. 

The Inca settlements were not real cit· 
ies except near Cuzco. The triumphant 
Inca strategy for wide conq uest and rule 
was "archipelagic ... rather than con· 
version of every last peasant to the solar 
cult." Up and down the Inca lands the 
imposing stone settlements grew, but 
their forms disclose their nature. Ter· 
raced fields for crops are few; storage 
cells for imports of grain and potatoes 
are numerous. There are no cemeteries; 
the pottery is state ware, not the same as 
that of the farmers round about. The 
settlements appear suddenly, without 
archaeological roots; they were aban
doned rapidly once the state fell. No one 
was at home in them. The most striking 
buildings are long halls, stone-walled 
and pitch-roofed. They seem meant not 
for resident families but for transients, 
conscript soldiers passing through, or 
the crowds of laborers who were ful
filling their mita, the universal levy of 
forced labor demanded as the chief trib
ute to the Inca ruler. The workers were 
called up in rotation, never permanent
ly, and often served hundreds of miles 

. from home. 
The great blocks of local limestone in 

Cuzco's wondrous walls, particularly in 
the zigzag platforms of Saqsaywaman 
on the heights just north of the town, 
were never fortifications. The Incas had 
no powerful enemies in their central 
lands. Those immense stones, "more 
than twenty feet long, and others thicker 
than an ox, and all set so delicately that 
between one and another they could not 
fit a real," amaze us still. They were the 
top of that hierarchy in stone the Incas 
built to house and to mirror their re
gime. The more important the building, 
the greater the excellence of its walls. 
The chief structures of Cuzco are mar· 
vels of size and fit; practical structures in 
some provincial way station are most 
often of dry-laid fieldstone. True, it is 
hard to explain the "lapidary fanati
cism" of those huge fitted blocks, puffy 
and elegant, wildly polygonal, artful, 
lavishly laborious. They were not mere 
practical solutions; the masons weary of 
their tax labor may have taken delight in 
them, and Leviathan, then as now cen
tered on its power, may have ·'permitted 
the . . .  justifying byword": anything at 
all, as long as it keeps them working. 
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The Service Sector 
of the U.S. Economy 

It is now the dominant sector, replacing the goods-producing sectors. 

Other changes are the growth of the nonproht sector, the increase 

in human capital and the further internationalization of the economy 

by Eli Ginzberg and George]. Vojta 

A
proPosition that has gained popu

larity with the change of admin
istration in Washington holds 

that the Government should speed the 
"reindustrialization" of the U.S. econo
my. The economy, it is said, has lost 
momentum because of a failure to keep 
modernizing its basic industries. The 
same failure is said to have reduced 
the nation's competitiveness in exports. 
This proposition and its supporting 
rationale warrant close inspection and 
perhaps second thought. 

Public discussion of the economy 
tends to focus on the short run: the next 
quarter, the next year, the next turn in 
the business cycle. Implicit is the as
sumption that the economy of today 
is basically the same as the economy 
of yesterday. Over the years, however, 
changes that go unperceived in the short 
run accumulate. A dynamic, growing 
economy inevitably undergoes structur
al transformation. 

In 1929 the U.S. gross national prod
uct was just over $100 billion. By 1980 
it had grown 24 times to $2,400 billion. 
Allowing for inflation, the growth (in 
constant dollars of purchasing power) 
was almost fivefold. Profound changes 
in the structure of the economy that ac
companied this growth are reflected in 
the distribution of the labor force and 
the gross national product. The data 
show that the provision of services has 
displaced the prod uction of goods as 
the country's principal economic activ
ity. Since much of this service activ
ity is conducted by the Government 
and by private nonprofit institutions, a 
vast not-for-profit sector, encompass
ing Government and nonprofit institu-
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tions, has emerged. Concurrently the 
growth of the economy has come to de
pend on human capital more than on 
physical capital. Finally, the growth of 
imports and exports as a percentage of 
the gross national product demonstrates 
that the economy has also become in
creasingly internationalized. 

Hence in the perspective of a half cen
tury a fourfold transformation of the 
U.S. economy becomes apparenCWe 
shall attempt here an assessment of 
these changes and their implications for 
national economic policy. 

In defining services we observe the con
vention of national accounting that 

allocates to services all output that does 
not come from the four goods-produc
ing sectors: agriculture, mining, manu
facturing and construction. The service 
sector thus embraces distributive serv
ices such as wholesale and retail trade, 
communications, transportation and 
public utilities; prod ucer services such 
as accounting, legal counsel, market
ing, banking, architecture, engineering 
and management consulting; consumer 
services such as restaurants, hotels and 
resorts, laundry and dry-cleaning estab
lishments, and nonprofit and govern
ment services such as education, health, 
the administration of justice and nation
al defense. 

The U.S. economy in 1929 employed 
45 percent of the working population in 
the production of goods; by 1977 that 
sector employed only 32 percent. Em
ployment in the service sector therefore 
increased from 55 to 68 percent of the 
working population. Most of the shift 
came in the three decades after the end 

of World War II. Between 1948 and 
1977 employment in goods production 
declined by 12 percentage points; the 
decline in manufacturing employment 
accounted for two-thirds-8 percentage 
points-of that decline. In 1948, when 
the nation was restocking its homes and 
garages after the long depression of the 
1930's and the wartime restrictions on 
the output of consumer goods, manu
facturing employed one worker out of 
three; by 1977 it employed fewer than 
one worker out of four. Over this period 
the service sector absorbed not only the 
percentages displaced from manufac
turing bu.t also those displaced from ag
riculture and mining. 

The gross-national-product figures in 
both current and constant dollars exhib
it the same massive shift from goods 
to services. Current-dollar figures, al
though they grossly overstate the real 
rate of growth, have the advantage of 
reflecting more accurately the changes 
in relative prices and consumer prefer
ences. Again the major transformation 
came in the postwar years. In 1948 the 
goods-producing sector accounted for 
46 percent of the gross national product 
and the service sector for 54 percent. 
In 1978 the figures were 34 percent 
and 66 percent. The major contributors 
to the total decrease of 12 percentage 
points in goods production were agri
culture with 6 percentage points and 
manufacturing with nearly 5. 

The disparity between the shares of 
the service sectOr in employment (68 
percent) and in the gross national prod
uct (66 percent) reflects differences be
tween services and goods production in 
the type of labor employed and in the 
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utilization of capital; it also reflects cer
tain national accounting conventions. 
The share of government measured in 
terms of employment is much larger 
than it is in terms of gross I')ational prod
uct because of the large number of rela
tively low-paid wage earners (particu
larly women) on the public payroll and 
also because of the national-income ac
counting convention that measures the 
value of government output solely in 
terms of wages and salaries. On the oth
er hand, producer services, with their 
many highly paid professional, techni
cal and managerial people, are more 
prominent in the economy as a share 
of the gross national product than as a 
share of employment. 

Perhaps more dramatically than the 
relative comparisons, the absolute em
ployment and dollar figures demon
strate the transformation of the struc
ture of the economy over the three 
postwar decades. In 1948, 48.1 million 
people were employed, 20.9 million in 
goods production (15.5 million in manu
facturing) and 27.2 million in services. 
The 1977 economy employed 79.5 mil
lion people, an increase of more than 30 
million, 25.1 million in the goods sec
tor (19.1 million in manufacturing) and 
54.4 million-more than the total pay
roll of the 1948 economy-in services. 
Comparison here shows that manufac
turing employed only 3.6 million more 
people (to account for a much bigger 
product, as will be seen below) and the 
expanded service sector employed 27.2 
million more people, roughly 7.5 people 
for every additional worker employed 
in manufacturing. 

In 1948 the gross national product 
had reached $259 billion, with the goods 
sector contributing $118.4 billion ($74.3 
billion from manufacturing) and the 
service sector $140.6 billion. By 1977 
the gross national product had increased 
to $1,900 billion, and the goods sector 
was contributing $649.8 billion ($456 
billion from manufacturing) and the 
service sector $1,250.2 billion. Of the 
$1,600-billion increase in the gross na
tional product manufacturing generat
ed $382 billion and services generated 
$1,100 billion, three times as much. 

Accounting conventions here conceal 
I\.. an even more striking contribution 
to economic growth from the increasing 
number of people engaged in service oc
cupations. The official figures indicate 
that manufacturing in 1978 contributed 
24 percent of the gross national product 
and prod ucer services 19 percent. The 
latter figure represents, however, only 
the contribution from independent ac
counting, architectural, advertising, in
vestment banking, law and management 
consulting firms. A more complete 
statement of the contribution from pro
ducer services would credit the input 
from people employed in the same kind 

of work on the direct payroll of goods
prod ucing enterprises. Between 1948 
and 1978 t,he number of nonproduction 
workers, including those in producer 
services, increased from 4.7 to 12.7 mil
lion. In manufacturing this element in 
the payroll increased from 2.7 to 5.7 
million: three million of the total 3.6 
million increase in manufacturing em
ployment noted above. If a reasonable 
adjustment is made for the people en
gaged in producer-service functions, the 
remarkable result is that the value add
ed by producer services now approxi
mates the "value added by manufac
ture" in the U.S. economy. 

This finding leads to our second the
sis, which is that human capital, defined 
as the "skill, dexterity and knowledge" 
of the population, has become the crit
ical input that determines the rate of 
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growth of the economy and the well-be
ing of the population. We contend that 
the competence of management and the 
skills of the work force, particularly of 
those engaged in producer services, de
termine the ability of enterprises to ob
tain and utilize effectively the other es
sential resources, such as physical capi
tal, materials and technology. 

The concept of human capital is not 
new, but it has not generally been ac
corded priority in economic analysis or 
in business management. An insight into 
the dominance of human resources in 
the economy is provided by the find
ing that in 1947 the compensation of 
employees plus half of the returns (re
flecting the input of labor) to farm and 
nonfarm proprietors amounted to 75 
percent of the national income; in 1979 
it had risen to 79 percent. The return 
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to labor-labor of a new kind-now 
amounts to essentially four out of five 
dollars of national income. 

The economist Edward F. Denison 
of the U.S. Department of Commerce 
has made a comprehensive study of the 
comparative contribution to the growth 
of the economy in this period of the sev
eral factors of production. Of the total 
growth between 1948 and 1973, he cal
culated, 15.4 percent could be credited 
to "more capitaL" The increase in the 
number and the education of the work 
force and the greater pool of knowl
edge available to the workers account 
for about two-thirds of the increased 
growth of the economy during this peri
od. Even the remaining fraction of the 
growth still to be accounted for reflects 
the improved utilization of the human
resource factor by improved manage
ment and the shift of workers to more 
productive sectors. 

The Denison calculations are but
tressed by figures from other sources 
that show human capital formation pro
ceeding at an impressive rate through
out the period under study. Taking edu
cation as a measure of improvement in 
human resources, the figures show that 
the median of the years of school com
pleted by people in the civilian labor 
force stood at 10.6 in 1948. In 1978 
the median was 12.6, a substantial gain 
within a generation and a half. The fig
ures for secondary and higher education 
show still more impressive gains. As re
cently as 1957 fewer than half of the 
labor force had finished high school and 
only 9 percent had finished college. By 
1978 three out of four workers had fin
ished high school, and a third had at
tended college, had obtained a college 
degree or had attended graduate school. 

Improvement in the educational prepa
ration of the labor force is reflected 

in the upgrading of the occupations in 
which the workers are employed. Be
tween 1959 and 1978 total employment 
increased by about 30 million. More 
than half of the increase- 16 million 
new jobs-was in the higher-level pro
fessional, technical, managerial-admin
istrative, sales and crafts occupations. 
The white-collar work force rose from 
42.7 percent of the total in 1959 to 50 
percent in 1978. According to a 1975 
survey by the Department of Labor, 
42. 1 percent of the white-collar employ
ment in the service sector must be reck
oned in the top white-collar occupation
al groups; in manufacturing the figure is 
24.9 percent. The addition of craftsmen 
to these totals brings the respective per
centages to 49.3 and 36. 1. Considering 
the absolute number of jobs in the most 
rapidly growing producer and nonprofit 
service sectors, we find they employ 
more than double the high-level man
power employed in manufacturing. The 
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upgrading of the labor force is also evi
denced by the disappearance of 800,000 
private-household jobs and a 2.5-mil
lion decline in farm employment. 

The foregoing analysis does not deny 
that physical capital continues to play a 
prominent role in the country's econom
ic growth. It does, however, support 
our thesis that human capital has come 
to play an increasingly dominant role. 
Simply put, it is the expansion of knowl
edge, skills, imagination, ideas and in
sights of working people that creates the 
margins from which physical capital is 
accumulated, leading through produc
tive investments to the further accumu
lation of capital. 

We turn now to consideration of the 
not-for-profit sector, which includes pri
vate nonprofit institutions and all gov
ernment, and of the contribution the 
growth of this sector has made, partic
ularly over the past 30 years, to the 
growth of the entire economy. To begin 
with, it is to the not-for-profit sector that 
the country has looked for the enhance
ment of its human capital. From this 
sector there have come also the invest
ment in infrastructure, specific demands 
for goods and services and even outright 
subsidies that have given major impul
sion to the growth of the private for
profit sector. 

At first it is difficult to understand how 
the national political ethos, expounded 
by Republicans and Democrats alike, 
continues to maintain that five out of 
every six jobs are created by the private 
sector. That was true in 1929, when gov
ernment expenditures were about 10 
percent of the gross national prod uct. It 
ceased to be true, however, in the de
pression years of the New Deal and in 
World War II, and it is surely not true 
today. The misconception arises in part 
from the classification of such nonprofit 
institutions as Columbia University, the 
Metropolitan Museum of Art and the 
Jet Propulsion Laboratory as private
sector enterprises and from categorizing 
the production of military aircraft by 
the Lockheed Corporation and nuclear 
submarines by the General Dynamics 
Corporation as private-enterprise ac
tivity. These classifications obscure the 
true situation. 

T
o comprehend the actual dimensions 
of the government sector one must 

count not only the people employed on 
the public payroll but also the people in 
the private sector who are employed be
cause of government purchases from or 
grants to private-sector enterprises. Ci
vilian employment on government pay
rolls increased from 11 million in 1962 
to 16.5 million in 1978. Practically all 
these new jobs were created by state and 
local governments. In addition, during 
this same period purchases by govern
ment at all levels brought an increase in 

the direct employment in the private 
sector occasioned by such purchases 
from 6.3 to 8.2 million. Counting also 
employees in such government enter
prises as the Tennessee Valley Authori
ty, state liquor stores and municipal 
power plants, the number of people em
ployed by government increased from 
18.4 to 26.2 million in those 16 years. 
When the contribution of the private 
nonprofit sector is added to that of gov
ernment, the not-for-profit sector ac
counts for more than a third of the total 
employment and nearly a third of the 
gross national product. 

The argument that such employment 
and expenditure are at cost to the "pro
ductive" side of the economy is belied 
by the historical record of the very peri
od that has seen the rapid expansion of 
the not-for-profit sector. For the past 
several decades agriculture and the au
tomotive industry were the movers and 
shakers of the economy, both at home 
and abroad. The role of Federal Gov-
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ernment expenditures in research and 
development and in the operation of the 
agricultural extension service, which 
was in effect a technology-transfer en
terprise, was crucial to the enormous 
gains of output per man-hour and per 
acre of the country's farms. Similarly, it 
was Federal, state and local outlays for 
highway building, greatly enhanced by 
the Eisenhower Administration's inter
state-highway legislation of 1956, that 
contributed to the prolonged prosperi
ty of the automotive industry that has 
just recently foundered on fuel-price in
creases and competition from imported 
automobiles. 

Today the aircraft and the electronics 
industries continue to contribute signif
icantly, along with agriculture, to the 
country's exports. The facts are clear: 
huge Government expenditures for de
fense and space, for research and devel
opment and for the education of highly 
specialized personnel have underpinned 
and sustained the rapid progress of these 
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PERCENT OF EMPLOYEES 

EMPLOYMENT BY TYPE OF SERVICE shows several shifts over a period of almost SO 
years. The bars represent employment in service industries as a percentage of total employ
ment. Most of the growth was in government at all levels, mainly between 1948 and 1968, and 
in prod ucer services and the nonprofit sector, where the gains have continued to the present. 
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industries. Hence although the private 
sector continues to dominate the U.S. 
economy, the Government and the pri
vate nonprofit sector perform a large 
number of functions, as both investors 
and purchasers, that are critically im
portant to the continued expansion of 
the private sector. 

None of these functions is more im
portant than the acknowledged respon
sibility and role of the not-for-profit sec
tor in the nurturing and enhancement of 
the country's human capital. Between 
1950 and 1979 total expenditures for ed
ucation increased from $8.3 to $151.5 
billion, of which all but $25 billion came 
from public treasuries. Expenditures for 
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higher education alone increased nearly 
30 times, from $ 1.7 to $48.9 billion, with 
the public sector covering two-thirds of 
the bill. In parallel with the growth of 
the educational enterprise, expenditures 
for research and development increased 
from $13.5 to $51.6 billion during the 
same period, with the Federal Govern
ment's share two-thirds of the total in 
1960 and just under one-half in 1979. 
The resulting transformation and up
grading of the labor force contributed 
measurably to the increased wealth of 
the nation. 

Another major contribution to hu
man-capital formation took the form of 
an expansion of the country's health-
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GROSS NATIONAL PRODUCT BY INDUSTRY OF ORIGIN (PERCENT) 

INDUSTRY OF ORIGIN of the major components of the gross national product is indicated 
for 1948 and 1978. The contribution of services now accounts for almost two-thirds of the total. 
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care system, stimulated alike by expen
ditures by government and by nonprofit 
institutions such as Blue Cross. In 1950 
expenditures for medical care were $12 
billion, with consumers paying $4 of 
every $5. In 1980 these expenditures 
had climbed to $240 billion, with the 
Government providing $2 out of every 
$5 and private and nonprofit insurance 
most of the rest. 

The fourth dimension of the continu
ing transformation of the U.S. econ

omy is the trend toward international
ization, which is reflected in the in
creased flow abroad of American trade, 
investments and grants and loans by the 
Government. Between 1950 and 1979 
total U.S. exports increased from $10.2 
to $175.3 billion; exports and imports 
as a share of the gross national product 
rose from 6.8 to 15.4 percent. Taken by 
itself the trade account understates the 
real involvement of the U.S. in the world 
economy. In 1950 American private as
sets abroad totaled $ 19 billion. By 1978 
they were $377 billion, 20 times the 
1950 figure. In the single decade 1966-
76 the yearly sales of foreign affiliates of 
American companies increased from 
$98 to about $515 billion. 

Direct foreign investment in the U.S. 
meanwhile rose from $3.4 to $40.8 bil
lion (12 times). In the late 1940's the 
U.S. was earning annually about $1 bil
lion net on overseas investments. In 
1978 it earned $43 billion on overseas 
investments and paid out $22 billion to 
foreign governments and individ uals, 
leaving a net balance of $21 billion. 
These "invisible exports," preponder
antly the yield from human capacity, 
particularly organizational and mana
gerial capabilities, nearly offset the in
creased expenditure for petroleum im
ports that put the foreign-exchange ac
count $ 7 billion in the red. 

The increasing participation of the 
U.S. in the global economy has been ac
complished largely by the nation'S lead
ership role in international affairs since 
World War II and by the transformation 
of many large American corporations 
into multinational enterprises interested 
in expansion and diversification. Cor
porations could frame and carry out 
such ambitions because they had the 
human capacity to plan, organize and 
control global production, distribution 
and financing systems. Critical to the 
success of their penetration abroad was 
a growing pool of specialized and expe
rienced managerial and technical-pro
fessional people on their payrolls. 
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Therefore four mutually reinforcing 
20 changes-the displacement of goods by 

GROSS NATIONAL PRODUCT BY INDUSTRY OF ORIGIN (PERCENT) 

SERVICE COMPONENTS of the economy contributed to the economy in 1948 and 1978 
as is shown here. The chart provides more detail on the data in the bars labeled "Services" in 
the illustration above this chart. The contribution of producer services is much higher when it 
is measured in terms of gross national product than when it is m easured in terms of employ
ment because the category includes many professionals and specialists who are highly paid. 
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services at the cutting edge of econom
ic growth, the growth of the not-for
profit sector, the increasing importance 
of human capital and the internation
alization of the business system-have 
transformed the U.S. economy over the 
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past 30 years. We now consider the 
linkages and interrelations among these 
developments. The discussion will ex
amine how structural changes in the 
household, in the company and in gov
ernment speeded the transformation. 

B
etween 1950 and 1980 the participa

tion of women in the labor force 
rose from about a third to slightly more 
than half. Three out of every five new 
workers were women. Most of them 
found their jobs in the expanding service 
sector. Most of them also were married 
women living with their husband at 
home, and so their employment brought 
new affluence to the American house
hold. Of the 47 million families (in 
1977) consisting of at least husband and 
wife the husband was the only worker in 
12.7 million, but both spouses worked in 
23.4 million. The median income of the 
former group was $15,400, of the latter 
$20,400. 

If consumer spending is allocated to 
(1) basic necessities, (2) comfort and 
convenience and (3) products and activi
ties related to self-identity or way of life, 
the newly affluent households are spend
ing less on the first two categories and 
more on the third, which includes lei
sure, travel, recreation, education and 
so on. Between 1948 and 1978 consum
ers reduced their outlays for goods from 
68.4 to 54.1 percent of their total out
lays. Expenditures on services rose ac
cordingly from 31.6 to 45.9 percent, 
reflecting primarily changes in taste as
sociated with the continuance of edu
cation, higher income and the need for 
support services (which are more in de
mand when the wife works), together 
with a relatively larger inflationary in
crease in the cost of services compared 
with goods. 

The affluence of the years after World 
War II has substantially broadened and 
deepened the national market. In the 
1930's President Roosevelt identified 
the South as the nation's primary eco
nomic problem. The region's agricul
ture was in decline; its industries were 
concentrated in low-wage manufactur
ing, and its poor whites and blacks were 
underemployed. By the mid-1950's, as a 
result of large-scale emigration of poor 
and unskilled people and of substantial 
expenditures by the Federal Govern
ment for regional development and de
fense that attracted a reverse migration 
of people with higher skills, the South 
had begun to boom. 

The Southwest and the West similar
ly responded to Federal outlays that 
placed the center of the new defense in
dustries there and accelerated the popu
lation growth of those regions. Federal, 
state and local investment in infrastruc
ture underwrote the relocation of Amer
ican households in suburbia, in the new 
"Sun Belt" and elsewhere in the country. 

These changes in the national market 
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INCREASES IN EDUCATION have contributed to the expanding role of human capital in 
the national economy. The chart shows the percentage distribution of the civilian labor force 
in  terms of years of school completed in 1957 (gray) and 1978 (color). In 1948 the median number 
of years of school completed by members of the civilian labor force was 10.6; in 1978 it was 
12.6. One out of three workers had at least attended college and 16.9 percent had finished. 

brought the establishment of many new 
business enterprises in the South and the 
West, and many already established in 
the East and the Middle West expanded 
to beyond the Rockies. It is not surpris
ing that for most of the postwar period 
the South and the West have had above
average rates of gain in employment 
and income whereas in the Middle At
lantic and East North Central regions 
the rate of gain has been considerably 
lower. 

At the end of World War II multiunit 
manufacturing companies employed 
only a third more workers and produced 
only a third more of the value added 
than single-unit companies. By 1972 the 
multiunit companies had three times as 
many employees as the single-unit ones 
and accounted for four times the value 
added. Responding to the growth of 
the national market, these large manu
facturing companies had restructured 
their organization and had also changed 
their ways of doing business. They did 
these things primarily by establishing 
one form or another of decentralized 
operating structure and by building up 
decentralized groups of service func
tions-research and development, mar
keting, advertising, employee and gov
ernment relations, legal, financial, ac
counting-to help them plan and control 
their multiunit enterprises. 

Manufacturers of high-priced items 
such as automobiles, refrigerators, col
or-television sets and mobile homes rec
ognized that they stood to gain almost as 
much from extending credit (a service 
function) as from the markup on their 
products. Between 1950 and 1978 the 

total amount of consumer credit out
standing rose from $25.6 to $340.3 bil
lion, or from about 12 to 23 percent of 
disposable personal income. 

Big companies could diversify into 
services as well as goods prod uc

tion, decentralize their operations and 
plan and control them on a national 
scale because they could call on a wide 
variety of specialized knowledge and 
talent in their growing cadres of mana
gerial-administrative and technical-pro
fessional personnel. Once an aggressive 
company had found its way onto the 
national scene its managers and pro
fessionals would naturally look for 
new worlds to conquer. As early as the 
1950's many companies entered the rap
idly recovering European market before 
the Common Market erected barriers, 
and many others recognized that dur
ing the second half of the century there 
would be a quickening of economic ac
tivity in other areas: Asia, Australia, 
Latin America and even Africa. The ex
perience these companies had acquired 
at home in establishing close links with 
their customers and in tying the sale of 
goods to financing and servicing gave 
them confidence that they could sur
mount the special problems they would 
encounter in expanding abroad. Their 
ventures abroad were also facilitated, 
directly or indirectly, by foreign loans 
and grants extended by the Federal 
Government in the amount of $234 bil
lion between 1945 and 1978. 

Since services for consumers have 
to be provided where the consumers 
are, economists have long assumed that 
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the economies of scale characteristic of 
manufacturing could not be achieved in 
service enterprises. Services cannot be 
produced for inventory and cannot be 
shipped. That, however, is not the en
tire story. Improvements in communi
cations, particularly in processing and 
transmitting numerical data, facilitated 
the growth of large service companies in 
the postwar decades by linking togeth
er in single enterprises large numbers 
of small service establishments. Major 
banks were among the first to develop 
worldwide systems of branches. Now 
multiunit hotel chains, automobile-rent
al companies and fast-food-franchise 
enterprises have followed the example 
set by the banks. 

The economics of these arrangements 
are based on the gains that the large 
service company can achieve through 
integrated planning, financing, account
ing, marketing and similar functions. 
Even large producer-service firms in 
law and accounting have increasingly 
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expanded overseas through the estab
lishment of branches, partnerships or 
franchises. This development helps to 
explain the surprising fact that legal 
services have recently emerged as the 
largest export industry in New York 
City, outranking its apparel industry. 

Government contributed to this trans
formation as an investor in human and 
physical capital, as a purchaser of goods 
and services and as both a direct and an 
indirect employer. It also contributed 
through a variety of other activities: as a 
stimulator of foreign trade by granting 
loans to foreign purchasers and guar
anteeing loans of American exporters, 
through its expanded regulatory activi
ty, which had a substantial impact on 
the flow of private investment for such 
purposes as .the construction of nuclear 
power plants, and through large income 
transfers, subsidies and interest pay
ments that flowed from one group of 
citizens to another, amounting in 1978 
to $648 billion. These large transfers 
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OCCUPATIONS WITHIN INDUSTRY (PERCENT) 

OCCUPATIONAL DISTRIBUTION in the major sectors of the economy, goods (gray) and 
services (color), is charted on the basis of data for 1975. Tbe data are' based on the Survey of 
II/come and Education, published by the U.S. Departm ent of Labor. In services 42 percent of 
the workers are in the high-level white-collar classifications, in manufacturing 25 percent. 
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had uncertain but assuredly large effects 
on investment, consumption and work, 

I
n conclusion let us consider the impli
cations for policy that stem from the 

transformation of the economy. To be
gin with, the proposed reindustrializa
tion of the country collides with the 
hard economic fact that traditionally 
structured manufacturing activity can
not be maintained intact while the serv
ice sector continues to expand. The Joss 
of competitiveness in some companies 
and industries is inevitable in an increas
ingly open world economy character
ized by changing technologies, enter
prises, labor forces and markets. Import 
quotas, tariff barriers, export subsidies 
and the large-scale commitment of Fed
eral credit to shore up weak and failing 
enterprises would threaten the U.S. with 
the same consequences as the British 
policy that has subsidized labor and 
capital in dying industries and commu
nities. Potentially profitable sectors of 
the economy would necessarily be de
prived of resources they need to opti
mize their growth. 

The U.S. cannot maintain its position 
among the industrial nations of the 
world unless it pursues policies that en
courage the greater use of resources in 
which the country has gained a compar
ative advantage as a result of its gener
ous investment in human capital, such 
as research and development, manage
ment and organization, the develop
ment of new products and improved 
services ranging from financing to mar
keting. What is needed is not reindustri
alization but revitalization of the U.S. 
economy. 

Since people represent the principal 
input of an advanced economy, and 
since their contributions will vary ac
cording to their endowment, their devel
opmental opportunities and their moti
vation, the nation should pursue policies 
aimed at strengthening its human re
sources. The present scanting of public 
expenditure on education at every lev
el of government constitutes a rever
sal of a public policy that has served 
the nation well over the past 30 years. 
Adverse demographic and financial cir
cumstances are weakening the nation'S 
major research universities, with the re
sult that the pool of knowledge and the 
supply of future talent are likely to be 
diminished. The consequences for the 
continued growth of the economy may 
be serious. 

The family has a strategic role in the 
process of human development. Many 
poor and disorganized families in this 
country are not ,able, however, to pro
vide their children with the discipline 
and motivating experience they need, 
and the schools are not able to compen
sate for these shortcomings. As a result 
many a young person reaches working 
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age unable to get or hold a regular job. 
In spite of the large Federal effort direct
ed to training and employing disadvan
taged adults and youths, which involved 
expenditures of $64 billion between 
1962 and 1 978, many of these people 
have been unable to cross the employ
ment threshold; at best they continue to 
move in and out of marginal jobs. Only 
a few ind ustrial companies and labor 
unions have recognized that they must 
help the Government's effort to bring 
the excluded into the work arena. Unac
ceptable delays in achieving this priori
ty are reflected in the riots, arson and 
crimes against individuals and proper
ty that beset, in varying degree, every 
American community with large num
bers of disadvantaged people. 

The obligation and opportunity to 
seek the enhancement of human capital 
do not rest alone with government and 
the schools, nor are they limited to the 
disadvantaged. The big pubJlic, prjva-te 
and nonprofit organizations that loom 
large in the country's life can do more to 
improve the work environment in order 
to motivate their employees to develop 
their potential and use their skills for 
both their own satisfaction and the good 
of the enterprise. Participatory manage
ment, incentive rewards, flexible sched
ules and opportunities for outside as
signments are all appropriate working 
conditions for high-capacity personnel. 
As the U.S. economy comes to depend 
even more on trained manpower this 
challenge becomes greater. It will be 
met only if large organizations learn to 
treat their human capital with the con
cern they have long devoted to their 
physical capital. 

One of the unique characteristics of 
the U.S. economy is the important 

role of its private nonprofit institutions 
and the extent to which government ac
complishes many of its missions by con
tracting with such institutions as well as 
with companies organized for profit. Al
though this pluralistic arrangement has 
served the nation well, the public is be
coming aware of shortcomings. A pro
nounced shortcoming is the absence of 
reliable data that would enable legisla
tors and the public to judge the effective
ness with which the nonprofit sector em
ploys the large resources it commands. 

Current estimates place the unreport
ed income (from transactions kept off 
the books, from barter, from illicit ar
rangements and so on) at about 10 
percent of the gross national product. 
Moreover, it is widely agreed that unre
ported economic activities are growing 
disproportionately fast. To the extent 
that these conditions exist the American 
record of growth, productivity and well
being may be substantially understated. 

Even if the economy is doing better 
than the reporting systems suggest, it 

MANUFAC- DISTRIB- PRO- CON- NON- GOVERN-

TURING UTIVE RETAIL DUCER SUMER PROFIT MENT 

PROFESSIONAL 5.4 3.3 1.3 13.5 .5 36 10.2 

TECHNICAL 5.2 3.4 7 9 4.4 12.9 25.1 

MANAGERIAL 11.5 17 21.5 17.3 9.6 4 12 

SALES 2.8 9.5 25.8 11.7 6 2 1 

CLERICAL 11.3 21.2 20.3 34.1 7.4 17.9 33.5 

CRAFTS 14.9 15.2 11 1 2.6 7.8 2 7.2 

OPERATIVE 42.2 21.3 9.1 2.2 6.8 1.1 2 

SERVICE 1.9 2 2.9 8.2 58.6 24.8 6.5 

LABOR 5 7 7.4 1.5 4.3 1 3.7 

DISTRIBUTION OF OCCUPATIONS in manufacturing and the six service-sector catego
ries (color) is· presented in terms of percentages of the respective work forces. For example, in 
the distributive segment of the service sector 3.3 percent of the employees are professionals. 

faces many serious challenges, the solu
tions to which will not come easily. The 
shift from manufacturing to services is 
making it difficult for many poorly edu
cated young people to find a regular job 
with career prospects. With the Federal 
budget out of balance and defense ex
penditures going up the Federal Gov
ernment will be hard pressed to do more 
to increase investments that are criti
cal for the nation'S continuing econom
ic growth. 

Another challenge is that neither gov
ernment with its monetary and fiscal 
policies nor the private sector with its 
wage and price policies has been able to 
control inflation or to find an answer to 
the accelerating costs of energy. More
over, no mechanisms are in place or in 
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sight that will help to keep wage pay
ments in step with gains in productivity. 
Although the trend toward further inter
nationalization of the world's economy 
is likely to be beneficial in the long run, 
many industries and many workers face 
a bleak future because of the disloca
tions that accompany the process. 

The proposed reindustrialization of 
an economy dominated by services is 
an exercise in futility. Americans must 
unshackle themselves from the notion, 
dating back to Adam Smith, that goods 
alone constitute wealth whereas serv
ices are nonproductive and ephemeral. 
At the same time, they should act on 
Smith's understanding that the wealth of 
a nation depends on the skill, dexterity 
and knowledge of its people. 
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INTERNATIONAL TRADE has a growing role in the U.S. economy, in large part because of 
the increasing internationalization of American companies. Here exports (gray) and imports 
(color) are charted for four different years in terms of current dollars, that is, dollars witb the 
value tbey had during eacb of the specified years. Between 1950 and 1979 exports and imports 
as a percentage of the nation's gross national product rose from 6.8 percent to 15.4 percent. 
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The Ground Substance 
of the Living Cell 

The high resolution that has been achieved with the high-voltage 

electron microscope reveals the microtrabecular lattice: a system 

of gossamer filaments that support and move the cell organelles 

by Keith R. Porter and Jonathan B. Tucker 

H
alf a century ago the living cell 

was regarded as a tiny bag of 
fluid with only a few structures 

in it. With the application of the electron 
microscope to the study of the cell in the 
1940's it became apparent that the cyto
plasm of the cell is more rigorously or
ganized, having an assortment of fibers, 
membrane-enclosed vesicles and organ
elles: among others the mitochondria 
(the particles that make A TP, the chem
ical energy currency of the cell), the ri
bosomes (the particles that coordinate 
the synthesis of proteins in the cell) and 
the endoplasmic reticulum and the Gol
gi apparatus (the systems of vesicles that 
package proteins for export from the 
cell). Electron microscopy revealed lit
tle, however, about the nature of the in
distinct, apparently structureless medi
um in which the various cellular com
ponents are suspended: the cytoplasmic 
ground substance. 

The ground substance nonetheless has 
several features that immediately sug
gest a complex internal structure. It dis
plays viscoelastic properties more akin 
to those of a gel than those of a fluid, 
it influences the shape of the cell, it re
generates lost components and it incor
porates molecular machinery for the 
directed transport of vesicles, granules 
and chromosomes. Moreover, the or
ganelles do not flow freely as they would 
in an unstructured solution but retain a 
radial distribution around the center of 
the cell, suggesting that they are re
strained by some kind of internal scaf
folding. 

In the 1970's the understanding of cell 
structure made a quantum leap with the 
realization that the cell has an elaborate 
and dynamic network of skeletal ele
ments. There are at least three chemical
ly distinct cytoskeletal systems: the mi
crotubules, the microfilaments and the 
intermediate filaments. These structural 
elements are implicated in the ability 
of cells to move and to maintain their 
shape. No structure in the cytoplas
mic ground substance was found, how
ever, that could integrate and control 
the assembly of these different fiber net
works so that they could account for 
the known behavior of cells. 

Further insight into this mystery called 
for an analytic tool more powerful 

than the standard electron microscope: 
the high-voltage electron microscope. 
Although the fIrst high-voltage instru
ment was built in 1947, it was not until 
the early 1960's that Gaston-Leopold 
Dupouy of the Electron Optics Labora
tory in Toulouse and V. E. Cosslett of 
the University of Cambridge developed 
models for scientific work. Current ver
sions of the high-voltage electron micro'
scope are some 30 feet high, weigh more 
than 20 tons and are capable of acceler
ating electrons across a potential drop 
of a million volts, 10 times that of stan
dard electron microscopes. That voltage 
gives the electrons sufficient kinetic en
ergy to penetrate thick specimens or 
even intact cells up to several micro
meters thick. (A micrometer is a thou
sandth of a millimeter.) The resulting 

MICROTRABECULAR LATTICE is visible as a mesbwork of interlinked filaments in tbis 
bigb-voltage electron micrograpb of a tiny area near tbe edge of a rat cell grown in culture. 
Tbe lattice is seen only at tbe very bigb magnifications of tbe bigb-voltage instrument because 
tbe microtrabeculae, tbe individual filaments, are exceedingly fine: about six nanometers, or 
six milliontbs of a millimeter, tbick. Here tbe tbree-dimensional lattice suspends a cell organ
elle, tbe lysosome (small dark body at the right), and cross-links a bundle of microfilaments 
(top). Tbe lattice also supports a microrullle: an extension tbat reacbes up like a mitten from 
tbe cell surface (bottom). Tbe small round bodies at a few intersections of tbe lattice are ribo
somes, organelles tbat mediate protein syntbesis. Tbe micrograpb, made by Karen L. Ander
son of tbe University of Colorado at Boulder, enlarges tbe structures some 100,000 diameters. 

image is analogous to an X-ray plate, 
revealing the internal structure of the 
cell without the necessity, as is the case 
at lower voltages, of slicing the cell into 
sections thinner than .2 micrometer. 

The chief advantage of high-voltage 
electron microscopy is that it provides 
information in depth, giving an unparal
leled view of the three-dimensional or
ganization of cells. In addition resolu
tion and depth of field are excellent 
throughout the entire thickness of the 
specimen. In spite of these advantages 
biologists have been slow to exploit the 
full potential of the high-voltage elec
tron microscope; the instrument is cur
rently employed primarily by metallur
gists for studying thin films of metals. 
Although there are several high-voltage 
electron microscopes in Europe and Ja
pan available for biological research, 
there are only three being utilized for 
this purpose in the U.S.: one at the Uni
versity of Colorado at Boulder, anoth
er at the University of Wisconsin at 
Madison and a third in the laboratories 
of the New York State Department of 
Public Health in Albany. 

In the early 1970's one of the authors 
of this article (Porter), working with Ian 
K. Buckley and John J. Wolosewick, 
employed the high-voltage electron mi
croscope at Boulder to search for struc
ture in the cytoplasmic ground sub
stance. Cells grown in culture were 
chosen for study because they tend to 
spread out on a flat surface and hence 
can be viewed throughout their volume. 
Cells were cultured directly on three
millimeter gold grids that had been 
coated with a plastic film; they were 
fixed with glutaraldehyde, stained and 
further fixed with osmium tetroxide and 
dehydrated with alcohol and acetone. 
They were then transferred to liquid 
carbon dioxide and dried by the critical
point method; this method avoids the 
distorting effects of surface tension, 
which causes the cells to collapse when 
they are dried in air. Finally the grid was 
placed in the vacuum chamber of the 
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microscope and the cells were viewed at 
high magnification. 

When the Boulder investigators ex
amined small regions of the cytoplasmic 
ground substance near the edge of the 
cell, they noticed an irregular, three
dimensional lattice of slender strands 
throughout the cytoplasm and coexten-

sive with the outer membrane of the 
cell. The interlinked filaments appeared 
to suspend the various cell systems and 
organelles. Moreover, larger cytoskele
tal elements such as the microtubules 
and the microfilaments were coated 
with a matrix material coextensive with 
the individual lattice filaments, indicat-

HIGH-VOLTAGE ELECTRON MICROSCOPE, installed in 1973 at Boulder, is one of only 
three such microscopes in the U.S. devoted to biological research. The instrument is 32 feet 
high and weighs 22 tons. In order to reduce vibration it has its own foundation independent of 
that of the building. Electrons are injected into an accelerator tube, enclosed in the large pres
sure tank in the center, that increases their energy to a million volts. These electrons are capa
ble of producing images of thick sections and even intact cells without significant loss of resolu
tion, which cannot be done with electrons at lower voltages. The electron-optical column must 
be large to accommodate the powerful electromagnetic lenses required to deflect and focus the 
high-energy electrons. Because of the intensity of X rays generated where the electrons strike 
a surface the microscope column and base are shielded with lead to protect the operator (in 
this case George Wray). The Japanese characters on the sign translate as "Electron Mountain.'" 
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ing that the larger elements were inte
gral with the lattice and essentially sus
pended in it. The lattice was reminiscent 
of the trabecular structure of spongy 
bone, and so it was named the microtra
becular lattice. Since then this lattice 
morphology has been observed in the 
ground substance of all eukaryotic (nu
cleated) cells that have been examined. 

When the first paper fully describ
ing the microtrabecular lattice ap

peared in The American Journal 0/ Anat
omy in 1976, a number of investiga
tors were skeptical. They contended 
that the harsh conditions required to fix 
and stain the cells for microscopy had 
caused proteins in solution in the cyto
plasm to condense around the various 
organelles and fibers, creating the mis
leading impression of a structured ma
trix. The Boulder workers accordingly 
began intensive studies to validate their 
conclusion, employing several different 
methods of fixation and dehydration to 
prepare whole cells for high-voltage 
electron microscopy. In every instance 
the lattice morphology was present in 
the ground substance. Moreover, pro
tein-rich solutions exposed to the same 
treatments failed to show any artifact 
of fixation closely resembling the mi
crotrabecular lattice. 

The lattice does vary somewhat in the 
finer details of its morphology depend
ing on the method of fixation. For exam
ple, in cells fixed with glutaraldehyde 
the individual microtrabeculae can be 
more than 10 nanometers thick at the 
ends but only two or three nanometers 
thick in the middle. (A nanometer is a 
millionth of a millimeter.) When cells 
are fixed in milliseconds by freezing 
them in propane cooled to the tempera
ture of liquid nitrogen ( -196 degrees 
Celsius), the microtrabeculae are thick
er and have a more constant diameter of 
about 15 nanometers. This difference in 
lattice morphology is apparently due to 
the fact that glutaraldehyde is a fairly 
slow fixative, requiring seconds to exert 
its full effect, whereas freezing is virtual
ly instantaneous. Hence during glutar
aldehyde fixation the microtrabeculae 
have time to contract or elongate, alter
ing their diameter and their relation to 
one another and to the cytoplasmic or
ganelles. 

If the microtrabecular lattice is real, 
why had it not been seen in conventional 
electron micrographs? Actually it had 
been, but too indistinctly to be recog
nized as such. In individual thin sections 
the microtrabeculae appear as wispy, 
amorphous structures that are easily 
mistaken for artifacts; the organization 
of the filaments into a lattice is nowhere 
apparent. Part of the problem is that the 
section is so thin the interconnections 
of the lattice elements cannot be seen 
clearly. Moreover, the epoxy-resin em
bedding material required for thin-sec
tioning has the effect of obscuring the 
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ENDOPLASMIC 
RETICULUM 

RIBOSOME CELL MEMBRANE 

MODEL OF THE MICROTRABECULAR LATTICE, some 300,-
000 times its actual size, was derived from bundreds of images of cul
tured cells viewed in tbe bigb-voltage electron microscope. Tbe mod
el illustrates bow tbe microtrabecular filaments are related to tbe otb
er components of tbe cell cytoplasm: tbe substance of tbe cell outside 
tbe cell nucleus. In tbe model tbe microtrabeculae suspend the elon
gated structures of tbe endoplasmic reticulum (tbe system of inter-

connected cbannels witbin tbe cell wbere some of tbe proteins manu
factured by tbe cell are sequestered), tbe mitocbondria (the organelles 
tbat manufacture ATP, the universal fuel of tbe cell), tbe microtu
buIes (tbe complex fibers tbat serve many functions of cell structure) 
and tbe microfilaments buried in tbe cell cortex (tbe layer of material 
just under tbe outcr membrane of the cell). At junctions of tbe micro
trabecular lattice are polysomes: organized clusters of ribosomes. 

cellular structures having an electron
scattering behavior similar to that of the 
epoxy itself. 

In an effort to resolve the problem the 
Boulder group began preparing thin sec
tions of cells by embedding them in a 
water-soluble matrix: polyethylene gly
col. After this material has been cut into 
sections for electron microscopy it can 
be dissolved away and the sections can 
be dried by the critical-point method to 
prevent their collapse. When such sec
tions are viewed in the standard electron 
microscope, they possess a lattice mor
phology closely resembling the one seen 
in unembedded whole cells in the high
voltage electron microscope. Other less 
disruptive preparative techniques, such 
as the freeze-fracture method employed 
by John E. Heuser of Washington Un i-

versity, yield a similar lattice structure. 
Thus although some aspects of the mi
crotrabecular lattice have turned out 
to be artifacts (and it needs to be said 
that the rigorous preparation methods 
of electron microscopy make everything 
seen in the electron microscope to some 
degree an artifact), enough evidence re
mains to indicate that there is indeed a 
structured ground substance in cells. 

Perhaps the most compelling support 
for the existence of the microtrabee

ular lattice is that its structure varies in 
response to changes in cell shape or in 
the cellular environment. For example, 
at a low temperature (four degrees C.) 
cultured cells become spherical, their 
lowest-energy shape. This change is par
alleled by the sequential dismantling of 

the internal skeletal structures of the 
cell. First the microtubules disassemble, 
followed by the microfilaments. Finally 
the microtrabecular lattice deforms but 
does not decompose completely. Some 
of the microtrabeculae sever their con
nections with the lattice and gather into 
minute "gobbets," creating large gaps 
in the lattice. These gaps allow for 
the Brownian motion (free diffusion) of 
cytoplasmic organelles, a phenomenon 
that is seen in chilled cells but not in 
those at physiological temperatures. If 
the cell is returned to body temperature 
(37 degrees C.) for as little as five min
utes, there is a dramatic restructuring of 
the lattice to its former morphology. 

Similarly dramatic effects on the 
structure of the microtrabecular lattice 
can be elicited by cytochalasin B, a drug 
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that inhibits a wide variety of cell move
ments. After 10 minutes of exposure to 
the drug the lattice becomes very coarse: 
the microtrabeculae thicken and elon
gate and the intertrabecular spaces cor
respondingly enlarge. Soon after the 
drug is removed the lattice returns to its 
normal finely divided structure. Other 
agents and conditions (excessively high 
or low osmotic pressure, altered levels 
of specific ions such as magnesium or 
calcium and the presence of metabolic 
inhibitors) also induce unique and re
versible structural changes in the lattice. 
It would be difficult to account for such 
wide fluctuations in morphology if the 
lattice were simply an artifact of cell 
fixation. 

What are the implications of the mi
crotrabecular lattice for cell structure 
and function? It seems clear that the lat
tice divides the cell into two phases: the 
polymerized, protein-rich phase of the 

lattice itself and the fluid, water-rich 
phase filling the interstices in the lattice 
(the intertrabecular spaces). With a wa
ter content of 50 percent, this construc
tion appears to give the cytoplasm its 
gel-like consistency. 

The reality of these two phases was 
demonstrated in experiments by the 
Boulder group (including Karen L. An
derson) in which the water content of 
cells was manipulated. The cells were 
immersed in solutions containing high 
or low concentrations of sugar mole
cules, causing water to enter or leave the 
cell by osmosis. When the cells were ex
amined in the high-voltage electron mi
croscope, it was found that intertrabecu
lar spaces expanded when.water entered 
the cell and shrank when water was 
sucked out of it. When water was re
moved from the cells and then replaced 
soon afterward, the cells survived. This 
observation may be explained by the 

CONVENTIONAL ELECTRON MICROGRAPH of a thin section through the cytoplas
mic ground substance of a cultured human cell shows little evidence of the microtrabecular lat
tice, although thicker filaments can be seen along with parts of the endoplasmic reticulum and 
mitochondria. The ground substance does show numerous randomly distributed wispy strands, 
some of which run between microtubules (long rodlike structures). The epoxy in which the 
structures are embedded for electron microscopy obscures small areas. The micrograph, which 
enlarges the structures some 14,000 diameters, was made by John J. Wolosewick at Boulder. 
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ability of the lattice to preserve the cell's 
viability by protecting it from normal 
fluctuations in water content. 

The microtrabecular lattice may also 
play a role in organizing the enzymes 
in the cytoplasm. In 1929 Rudolph Pe
ters of the University of Cambridge 
contended on purely logical grounds 
that the intricate biochemical reactions 
known to take place in the cytoplasm 
were too rigorously choreographed to 
be ruled by the random collisions of en
zymes and their substrates (the sub
stances whose transformation they ef
fect) diffusing through a structureless 
medium. He postulated the existence 
of "some tenuous network by the ac
tion of which the cell's enzymatic activ
ities are coordinated." Peters' specula
tion was remarkably prescient. There is 
now good evidence that a number of en
zymes involved in metabolic pathways 
(for example the pathway of glycolysis, 
the conversion of glucose to pyruvate) 
are bound to structures within the cy
toplasmic ground substance. It follows 
that such enzymes may be incorporated 
into the microtrabecular lattice, perhaps 
in a nonrandom orientation such that 
one enzyme passes its substrate along to 
the next enzyme in the pathway. In this 
way enzymes that are not bound to cell 
membranes might nonetheless be spa
tially coordinated. 

The watery phase that fills the in
tertrabecular spaces is enriched in 

small molecules such as glucose, amino 
acids, carbon dioxide and oxygen. Be
cause of the pervasive lattice structure 
the distances through which molecules 
diffuse in the water'rich phase are short. 
The effect is to quicken the rate at which 
substrates travel from one enzyme to 
the next. 

The lattice also appears to play an 
important role in cell differentiation 
and the associated protein synthesis: the 
process by which poly somes (clusters of 
ribosomes bound to a strand of messen
ger RNA) translate the genetic code into 
the specific sequence of amino acids in a 

protein molecule. On the basis of thin
section electron micrographs it has been 
generally believed the translation proc
ess is mediated by polysomes float
ing free in the cytoplasm. High-voltage 
electron micrographs reveal a strikingly 
different morphology: the polysomes lie 
at the intersections of the microtrabecu
ladattice, like spiders in a three-dimen
sional web. 

This remarkable organization has sig
nificant implications, since it means that 
once the proteins have been manufac
tured they become part of the material 
associated with the microtrabecular lat
tice. The material is then available in a 
nonrandom way for the controlled as
sembly of microtubules, microfilaments 
and other cellular structures. For exam
ple, microfilaments can be organized 
into parallel bundles called stress fibers 
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or into an amorphous meshwork. They 
are continually being assembled and dis
assembled in different parts of the cyto
plasm as the cell goes about its other 
activities. Examining the role of the 
microtrabecular lattice in the assembly 
of cellular structures may be crucial 
for understanding how cells grow and 
specialize. 

Since the microtrabecular lattice per
vades the entire cell, it appears to link 
the disparate components of the cy
toplasm-organelles and structural fi
bers-into a single structural and func
tional unit called the cytoplast. What is 
the relation between the lattice and the 
elaborate cytoskeletal network formed 
by the three major fiber systems? Man
fred Schliwa, working at Boulder, re
cently explored this question by extract
ing cultured cells with a detergent (Tri
ton X-IOO) in the presence of a buffer 
that stabilizes the cytoskeletal compo
nents. Treatment of the cells with the 
detergent for 60 seconds removed virtu
ally all membrane-enclosed structures, 
including the outer cell membrane, the 
mitochondria, the endoplasmic reticu
lum and the envelope of the cell nucleus. 
In addition nearly all the microtrabec
ular strands were extracted, suggest
ing that they have physical properties 
and a chemical composition different 
from those of the stable cytoskeletal 
elements. 

The material left behind was a fila
mentous framework approximating the 
shape of the cell and made up of micro
filaments, micro tubules and intermedi
ate filaments. In the high-voltage elec
tron microscope the three-dimensional 
organization of these filaments was well 
preserved and virtually identical with 
that of the intact cell. Moreover, the var
ious cytoskeletal filaments appeared to 
be interconnected at multiple sites, ex
plaining why the disruption of one fil
ament system with specific inhibitors 
may induce changes in the organization 
of another filament system. 

T
he microtrabecular filaments, to
gether with the cytoskeletal ele

ments, appear to act as a form-fitting 
support for the outer cell membrane and 
for highly asymmetric extensions of the 
cell surface. For example, cilia and fla
gella, the whiplike appendages that pro
pel protozoa and spermatozoa, are com
plex structures made up of multiple sets 
of microtubules linked by "spokes" and 
"bridges." When these specialized struc
tures are sectioned with a polyethylene
glycol matrix and examined in the high
voltage electron microscope, the spokes 
and bridges look exactly like microtra
beculae. Similarly, the microfilament 
bundles in microvilli, the extensions of 
the cytoplasm seen in cells of the intes
tine, appear to be associated with micro
trabeculae. These observations suggest 
that the morphology within cilia, flagel
la, microvilli and other specialized ex-

EFFECT OF LOW TEMPERATURE on the microtrabecular lattice, perhaps due to a cold
induced shutoff of the cell's metabolic machinery, is dramatic. Normal cclls chilled at four de
grees Celsius for three hours assume a spherical shape. This change in shape is accom panied 
by a number of internal changes. First the microtubules disassemble within a few minntes. 
Then large gaps appear in the microtrabecular lattice, as is apparent in the high-voltage elec
tron micrograph at the bottom. The normal morphology is shown in the micrograph at the top. 
The severed microtrabeculae appear to contract into large clumps as the individual microtra
beculae are transformed into tiny "gobbets." When the chilled cells are reincubated at 37 de
grees c., the gobbets are transformed back into microtrabeculac; aftcr 30 minutes of incuba
tion the lattice is essentially back to normal. The sensitivity of the lattice to changes in the cel
lular environment suggests the lattice is a physiologically active component of the ccll. The 
micrographs, which were made by Andcrson, enlarge the structures some 78,000 diametcrs. 
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SPACES AMONG THE MICROTRABECULAE (top) contain bulk water enricbed in mol
ecules essential to cell metabolism. (The long dark structures are parts of mitochondria.) Since 
the dimensions of the spaces are small, the diffusion of these molecules from one enzyme to 
the next takes only microseconds. The existence of the intertrabecular spaces has been demon
strated by altering the concentration of the extracellular medium, thereby causing water to 
leave or enter the cell by osmosis. If the concentration outside the cell is decreased below that 
in the cytoplasm, water is sucked out of the cell and the intertrabecular spaces are reduced 
(middle). If the concentration is increased, water enters the cell and the spaces expand (bot
tom). The magnification of these micrographs, made by Anderson, is some 35,000 diameters. 
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tensions of the cell is the same as that 
of the cytoplast as a whole: it consists 
of microtrabeculae and intertrabecular 
spaces. 

A cytoplasmic organelle that seems to 
be intimately associated with the micro
trabecular lattice is the microtubule-or
ganizing center ( MTOC), which is near 
the center of the cell. A typical MTOC 
observed in animal cells is made up of a 
pair of centrioles (each consisting of a 
cylindrical array of microtubules) ori
ented at right angles to each other and 
surrounded by a complex of dense satel
lite proteins that vary in form, number 
and disposition from one cell type to 
another. The centrioles and their sat
ellites serve as initiating sites for the 
assembly of microtubules, and it is the 
patterned distribution of these cytoplas
mic elements that influences the shape 
of the cell. 

MTOC's are continuous with the mi
crotrabecular lattice; there is no sharp 
structural demarcation between them. 
Moreover, the information for the loca
tion of this complex in the cell center 
appears to be built into the ground sub
stance. In the region of the cytoplasm 
immediately surrouhding the MTOC 
the microtrabecular lattice is extremely 
dense. As a result this part of the cell, 
known as the centrosphere, is highly 
gelatinous. The density of the lattice 
falls off with distance from the MTOC 
toward the cell periphery. 

In the early stages of cell replication 
the centrosphere divides. Its two proge
ny form the poles of the mitotic spindle, 
which direct the separation of the <tu
plicated chromosomes in the course of 
mitosis, or cell division. At the end of 
mitosis each daughter cell contains a 
centrosphere surrounded by its own mi
crotrabecular lattice. This observation 
raises a provocative question: What is 
the origin of the structural information 
stored in the lattice? Is it encoded in the 
genes or is it passed on physically from 
one generation to the next in the course 
of cell division during embryonic devel
opment? Remarkably, some experimen
tal information suggests that the latter 
possibility may be the case. 

In 1964 T. M. Sonneborn and his col
leagues at Indiana University did 

some elegant experiments on the inheri
tance of cellular structures in the ciliat
ed protozoan Paramecium. This single
cell animal is quite complex, possessing 
among other things numerous cilia at
tached to the cell cortex: the part of the 
microtrabecular lattice just under the 
outer cell membrane. Sonneborn and his 
co-workers performed microsurgery on 
these cells, altering the normal pattern 
of structure in various ways to yield, for 
example, cells with two or more mouths 
or anuses, or sections of the cortex hav-

' 

ing cilia with inverted polarity. The In
diana investigators expected that such 
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imposed upsets of normal cell structure 
would either be lethal or be rapidly cor
rected by the cells' genes. Much to their 
surprise the induced abnormalities were 
inherited by the progeny at successive 
cell divisions! The changes were perpet
uated during divisions for more than 
a year, through more than 700 genera
tions of cells. 

Sonneborn concluded that form in
formation was being transmitted from 
one generation to the next through a. 
nongenetic mechanism: the basic form 
information of the cell is stored in the 
structure of the cytoplasmic ground 
substance, which is passed on to both 
daughter cells at mitosis. This order
ing and arranging of new cell structure 
under the influence of preexisting cell 
structure was termed cytotaxis. Son
neborn wrote: "While the genes deter
mine the molecular building blocks and, 
through their properties, the kinds of 
molecular associations that can occur, 
the associations that actually do occur 
depend also on those that already exist." 

The idea that cytoplasmic structure 
and motility are related goes back to the 
early French cytologist Felix Dujardin, 
who proposed in 1835 that all cells were 
composed of a material called sarcode, 
which had both structural and contrac
tile properties. It now appears that the 
microtrabecular lattice plays such a 
role, serving as a kind of dynamic cellu
lar musculature that continually redis
tributes and reorients the organelles and 
cytoskeletal fibers as the cell goes about 
its activities. The lattice is not in any 
sense static. Rather, it is assumed to 
be constantly changing, displaying local 
contractions and deformations with re
sulting increases or decreases in the size 
of the intertrabecular spaces. 

Cells are capable of many different 
modes of internal movement, ranging 
from the slow, continuous movement of 
chromosomes during mitosis to the dis
continuous backtracking movement of 
vesicles and granules along nerve fibers. 
Chromatophores, or pigment cells, are 
of particular interest to cell biologists 
because they display both smooth and 
jerky intracellular movements. The 
conversion of chemical and electrical 
energy into the mechanical work of 
transporting pigment granules within 
pigment cells is therefore an important 
topic for investigation. 

Chromatophores, situated in the skin 
of certain amphibians and the scales of 
many fishes and reptiles, operate under 
hormonal and nervous control and en
able these animals to darken or lighten 
their skin color to match the color of 
their surroundings. the better to escape 
predators. In experiments by the Boul
der workers the red pigment cells called 
erythrophores. obtained from the squir
rei fish (Holocentrus ascension is), were 
chosen because they can be removed 
easily and maintained in isolation in tis-

sue culture. Thousands of bright red 
granules, dispersed throughout the 
erythrophore's cytoplasm, aggregate in 
the center of the cell in response to the 
hormone epinephri.ne. Each granule ac
celerates to a velocity of between 15 and 
20 micrometers per second and travers
es the entire distance in a straight line 
and without stopping. 

T
he constant velocity of the aggre
gating granules is analogous to the 

movement of chromosomes in cell divi-

sion but is 500 times faster. In three to 
five seconds aggregation is complete; 
the granules are all clustered in a bulg
ing mass at the cell center surrounded 
by clear cytoplasm, with the cell retain
ing its original nearly circular outline. 
The cell nucleus and the mitochondria 
do not move with the granules and ei
ther are left behind in the peripheJ;al cy
toplasm or are independently displaced 
toward the cell center. When aggrega
tion occurs simultaneously in millions 
of erythrophores, the fish can change its 

TREATMENT WITH DETERGENT illustrates th� relation between the microtrabeculae 
and the filaments of the cytoskeleton: th., microtubules, the microfilaments and the interme
diate filaments. The micrograph at. the top shows the untreated cell with the microtrabecular 
lattice and the organelles intact. Th .. micrograph at the bottom shows a similar cell treated 
with the detergent Triton X-IOO, which removes the lattice material covering the cytoskeletal 
filaments, organelles and membranes. What remains is the cytoskeletal elements, which form 
a network that approximates the shape of the cell. The microtubules, microfilaments and inter
mediate filaments can be distinguished by their different thicknesses. The micrographs, which 
enlarge the structures some 40,000 diameters, were made by Manfred Schliwa at Boulder. 
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FLAGELLA OF MOUSE SPERMATOZOA, seen end on in this high-voltage electron micro
graph, are made up of sets of microtubules bridged by spokelike structures closely resembling 
microtrabeculae. Such evidence indicates that specialized extensions of the cytoplasm such as 
flagella, cilia and microvilli share the lattice structure pervading the rest of the cell. The micro
graph, which enlarges the structures some 55,000 diameters, was made by Wolosewick. 

CENTRIOLE, which incorporates the two parallel structures at the lower right center, ap
pears in this conventional electron micrograph of a thin section of a cell. It is one of a pair, 
oriented at right angles to each other. The centrioles and their "satellite" material form a com
plex that directs the assembly and orientation of microtubules. Three microtubules are seen 
projecting from the satellite material surrounding the parallel structures of the centriole. The 
lattice is dense in the vicinity of the complex. The enlargement is some 36,000 diameters. 
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color from bright red to off-white in a 
matter of seconds. Pigment dispersion is 
slower than aggregation, requiring six 
to 10 seconds for completion, and each 
granule travels in a discontinuous man
ner, with many starts and stops and 
even backtracking motions over short 
distances. 

Erythrophores aggregate their pig
ment under conditions of low cellular 
energy, such as when the cell dies or 
when it has had prolonged exposure to 
a metabolic inhibitor. Therefore the ag
gregation process is powered by the 
release of stored potential energy. In 
contrast, dispersion consumes ATP and 
stores potential energy. The slow and 
discontinuous nature of the dispersion 
may result from its energy-dependent 
character. 

It is well known from standard elec
tron micrographs that the erythrophore 
contains a radial array of microtubules 
extending out from the cell center like 
rays from the sun. On the basis of this 
morphology some investigators pro
posed in the late 1960's that pigment 
aggregation is generated by some kind 
of sliding interaction of the microtu
buIes and the pigment granules. This hy
pothesis is now considered an unlikely 
one, because there are few if any close 
contacts between the microtubules and 
the granules. 

In 1977, in an effort to explore the 
possible connection between the micro
trabecular lattice and pigment migra
tion in the erythrophore, the Boulder 
group (including H. Randolph Byers) 
examined intact isolated erythrophores 
in the high-voltage electron microscope. 
As in other cells, they found a space-fill
ing network of fine, elongated micro
trabecular strands connecting the pig
ment granules, the microtubules and 
the cell membranes. In order to study 
further the mechanism of pigment mi
gration they fixed erythrophores in var
ious stages of pigment aggregation and 
dispersion and examined them in the 
high-voltage instrument. It turned out 
that the movement of the granules is 
accompanied by dramatic structural 
changes in the lattice. 

During aggregation the microtrabec
ulae shorten and thicken, drawing 

the granules together into clusters and 
transporting them passively toward the 
cell center along linear paths defined 
by the radial array of microtubules. As 
the lattice contracts, numerous micro
trabeculae sever their connections with 
the granules and shrink back onto the 
surface of the microtubules and the cell 
cortex to form gobbets some 20 nano
meters in diameter. After the granules 
and the associated lattice material have 
withdrawn from the cell periphery the 
upper cell cortex collapses onto the low
er one. When this happens, the radial
ly arrayed microtubules, which do not 
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move with the granules, become readily 
apparent. The lattice, on the other hand, 
is now evident only in those regions of 
the cell immediately adjacent to the cen
tral granule mass and along some bun
dles of microtubules. In those areas the 
lattice is highly compact: the micro
trabeculae are about half their normal 
length and are beaded at regular inter
vals with 20-nanometer gobbets. 

As dispersion is initiated the individu
al microtrabeculae elongate, carrying 
the pigment granules back toward the 
cell periphery and reconstructing the 
lattice. At the same time there is a 
lengthening of the gobbets that were left 
behind in the cell periphery. Together 
with the gobbets the microtubule array 
apparently serves as a structural "mem
ory" to guide the rebuilding of the lat
tice. Indeed, when the population of mi
crotubules is disrupted with the drug 
colchicine, the granules are disorganized 
and cannot disperse. 

The work done by Katherine 1. Luby
Phelps at Boulder has strengthened the 
hypothesis that the lattice mediates pig
ment migration. She studied the effects 
on pigment migration of utilizing meta
bolic inhibitors to deplete the erythro
phore's supply of ATP. The treated cells 
exhibit a lattice with a disjointed ap
pearance, characterized by a large pro
portion of incomplete or free-ending 
microtrabeculae. They can therefore 
disperse their pigment only partially. In 
the absence of ATP the individual mi
crotrabecular filaments are apparently 
unable to elongate and restructure the 
lattice. It therefore seems that through 
the expenditure of chemical energy 
(A TP), potential energy is stored in the 
lattice during dispersion and converted 
into kinetic energy during aggregation. 
The shuttling motions of the pigment 
granules in the resting erythrophore 
may be the result of a continual tug-of
war between the entropic tendency of 
the lattice to contract and its ability to 
expand in response to energy input, like 
a rubber band that is being stretched. 

The contractile state of the lattice 
may be controlled by calcium ions, since 
they are known to regulate muscle con
traction and a variety of motile activi
ties in nonmuscle cells. Indeed, Luby
Phelps has found that an increase in the 
level of free calcium ions in the erythro
phore triggers the contraction of the in
dividual microtrabeculae and leads to 
pigment aggregation. The requirement 
for ATP during dispersion may be, at 
least in part, to power an uptake mecha
nism that removes free calcium ions 
from the intertrabecular spaces, so that 
the microtrabeculae can return to their 
elongated state. 

The most probable source of free cal
cium ions is a membrane-enclosed sys
tem of tubular channels that threads its 
way among the pigment granules within 
the erythrophore. A polygonal system 

-

MOVEMENT OF PIGMENT GRANULES in the erythrophore, or red-pigment cell, of the 
squirrelfish Holocentrus ascension is is illustrated by these two high-voltage electron micro
graphs of whole cells. In the cell at the top the pigm ent granules are aligned along the radial ar
ray of microtubules. The cell nucleus (lozenge-shaped object) is situated toward the periphery 
of the cell and does not seem to interfere with the alignment of the granules. In the cell at the 
bottom the granules are all clumped into a dense mass at the center of the cell. The micrographs, 
which enlarge the cells 3,500 diameters, were made by Katherine 1. Luby-Phelps at Boulder. 
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AGGREGATION AND DISPERSION of the red pigment gran
ules in an erythrophore of the squirrelfish are seen in this series of 
frames from a motion picture made with a light microscope. The 
magnification is 150 diameters. The simultaneous aggregation of pig
ment in millions of erythrophores distributed throughout the scales 
of the squirrelfish enables it to change its color from red to off-white 
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in a matter of seconds. Frames a-J show the aggregation process, 
which involves a rapid, continuous (uniform-velocity) motion of the 
granules toward the cell center and takes from three to five seconds. 
Frames g-l show the dispersion process, a slower, discontinuous 
(nonuniform-velocity) motion back to cell periphery and takes about 
eight seconds. The film was made by Judith L. Fleming at Boulder. 
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of these tubules extends throughout the 
cell, in contact with the lattice and in 
some places with the upper and lower 
cell cortex. Such a system could deliver 
the calcium to all parts of the cell in 
response to a nerve impulse. (The eryth
rophore has many nerve connections.) 
In this respect the tubule system of the 
erythrophore may function analogously 
to the sarcoplasmic reticulum of mus
cle, which responds to a nerve impulse 
by discharging calcium, thereby trigger
ing muscle contraction. 

A
full explanation of how the mi-' 

crotrabecular lattice expands and 
contracts awaits a detailed understand
ing of its molecular composition and 
structure. This biochemical organiza
tion must clearly allow elastic behav
ior and at the same time encourage the 
formation of mUltiple interconnections, 
both with the lattice itself and with mi
crotubules, microfilaments, intermedi
ate filaments and organelles. 

When cells are extracted with deter
gent and the extracted proteins are sepa
rated by two-dimensional gel electro
phoresis, more than toO proteins are 
separated. This indicates that the lattice 
is a complex polymer of many proteins. 
So far a few of the proteins have been 
identified, including actin and myosin 
(the major contractile proteins of mus
cle cells, also ubiquitous in nonmuscle 
cells), tubulin (the building block of 
microtubules) and two specific micro
tubule-associated proteins. Although 
much of the matrix structure may repre
sent a loose association of proteins that 
are readily extractable, there is evidence 
for the existence of a true filamentous 
backbone in the lattice. Many of the mi
crotrabeculae may have a core of fila
mentous actin that is sheathed by other 
proteins. 

Another promising but still embryon
ic field of research concerns differences 
in the structure of the microtrabecular 
lattice in normal cells and in cancer 
cells. The lattice of cancer cells is denser 
than that of normal cells and shows 
signs of a lack of normal organiza
tion, particularly in the distribution of 
polysomes. 

In conclusion, the cytoplasmic 
ground substance, long assumed to be a 
homogeneous, protein-rich solution, is 
now believed to possess a highly intri
cate structure and behavior of its own. 
The microtrabecular lattice organizes 
the diverse components of the cell into 
a functional unity-the cytoplast-and 
mediates regulated and directed trans
port within the cell. It is also becoming 
increasingly apparent that the control of 
cell shape and of cell movement de
pends on the integrated functioning of 
the microtubules, the microfilaments, 
the microtubule-organizing centers and 
the microtrabecular lattice. A new fron
tier in the study of cell structure and cell 
physiology has clearly been identified. 

LINEAR ARRANGEMENT OF PIGMENT GRANULES in the dispersed erythrophore is 
apparent in this high-voltage electron micrograph. The dense cluster of granules at the left is 
at the cell center. Bundles of microtubules project toward the periphery, and the microtrabecu
lar lattice of the ground substance is evident between the granules and the microtubules. The 
micrograph, which enlarges the structures some 17,500 diameters, was made by Luby-Phelps. 

SPHERICAL PIGMENT GRANULES are seen embedded in the microtrabecular lattice in 
this high-voltage micrograph made by Luby-Phelps. The granules are coated with lattice ma
terial, and some of them are clearly linked by microtrabeculae. Microtubules course diagonal
ly across the field from the upper left to the lower right. The magnification is 70,000 diameters. 
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The Eruptions of Mount St. Helens 
The volcano's current cycle of activity is part of a pattern 
extending over 4,500 years. Indeed, its violent eruptions 
of last year were predicted by volcanologists on the scene 

by Robert Decker and Barbara Decker 

The violent eruption of Mount St. 
Helens on May 18 of last year was 
one of the most closely moni

tored, most intensively photographed 
and most fully documented volcanic 
eruptions in history. It was also the first· 
volcanic eruption in the 48 contiguous 
states of the U.S. since the considerably 
milder eruptions of Lassen Peak from 
1914 to 1917. The eruption of Mount St. 
Helens displaced 2.7 cubic kilometers of 
volcanic rock (including .5 kilometer of 
new magma, or liquid rock), devastating 
an area of more than 500 square kilome
ters and causing one of the largest ava
lanches in recorded history. In the past 
century the Mount St. Helens outburst 
was clearly surpassed in magnitude only 
by the eruptions of Santa Maria in Gua
temala in 1902, Krakatoa in Indone
sia in 1883 and Katmai in Alaska in 
1912, which respectively expelled some 
five, six and 12 cubic kilometers of mag
ma (with the volumes reduced to cor
respond to the density of solid rock). 

Even Katmai is dwarfed by ancient 
eruptions that buried thousands of 
square kilometers under huge depos
its of ash and rock tens to hundreds of 
meters thick in Japan, New Zealand, 
Central America, the western U.S. 
and many other volcanic regions of the 
world. The volume of material expelled 
by these enormous eruptions ranged 
from 100 cubic kilometers to more than 
1,000. Did prehistoric volcanism exceed 
anything conceivable today, or has hu
man. experience provided too brief a 
perspective? Most geologists think the 
latter is true. The eruptions of the past 
century are probably only small sam
ples of the volcanic energy still at the 
earth's command. 

In the months since the eruption of 
Mount St. Helens the energy released by 
the eruption has often been described in 
terms of the energy released by nuclear 
explosions. The comparison is useful 
but somewhat misleading. Not only is 
the source of energy totally different; so 
too is the rate of energy release, or pow
er. The thermal and mechanical energy 
released at Mount St. Helens on May 
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18, 1980, was about I. 7 X 10 18 joules. 
Since a nuclear explosive rated at 
one megaton releases about 4.2 X 1015 
joules, the Mount St. Helens eruption 
was equivalent to a 400-megaton explo
sion, one nearly eight times more power
ful than that of the largest nuclear de
vice ever detonated. The comparison is 
misleading because substantially all the 
energy of a nuclear explosion is trans
formed into thermal and mechanical en
ergy in a flash, so that the almost instan
taneous power in watts of a nuclear ex
plosion is essentially' the same as the 
energy in joules. (One joule for one sec
ond equals one watt.) In the Mount St. 
Helens eruption the 1.7 X 1018 joules 
was spread over nine hours, for an av
erage power of about 5 X 1013 watts 
(1.7 X 1018 divided by 32,400 seconds). 
The volcano's sustained power output 
might therefore be compared to the seri
al detonation of some 27,000 Hiroshi
ma-size bombs: nearly one a second for 
nine hours. For another comparison, the 
power generated by Mount St. Helens 
on May 18 was on the order of 100 
times the generating capacity of all U.S. 
electric-power stations. 

Mount st. Helens has erupted during 
at least 20 intervals over the past 

4,500 years, often enough for the Indi
ans of the American Northwest to know 
it as Loowit, the Lady of Fire. Before 
the 1980 eruptions Mount St. Helens 
was last active between 1831 and 1857. 
It is one of 15 major volcanoes in the 
Cascade Range, stretching northward 
from Lassen Peak in California to 
Mount Garibaldi in British Columbia. 
The Cascades are part of the "ring of 
fire," the volcanic ranges that nearly 
surround the Pacific. The mountains are 
thrust up at subduction zones where the 
moving tectonic plates of the Pacific Ba
sin plunge under the confining plates to 
the west, the north and the east. The sub
d uction of the Pacific plates generates 
great earthquakes and provides the mol
ten rock and pressure that powers the 
volcanoes of the ring of fire. In historic 
times alone nearly 400 volcanoes have 

been active on the margins of the Pa
cific Basin. 

The level of volcanic activity seems to 
be governed in part by the rate at which 
the thrusting plates plunge under the 
bordering plates. In Indonesia and Ja
pan, where the annual subduction rate is 
six or seven centimeters, there is usually 
at least one volcanic eruption per year. 
In the Cascades the lower incidence of 
eruptions appears to be related to the 
lower rate of convergence of the North 
American plate and the Juan de Fuca 
plate immediately to the west: two or 
three centimeters per year. 

In the early 1960's an effort to evalu
ate the hazards presented by the dor
mant but potentially active volcanoes of 
the Cascade Range was undertaken by 
Dwight Crandell and Donal Mullineaux 
of the U.S. Geological Survey. They be
gan their program with a study of vol
canic deposits in the vicinity of Mount 
Rainier, 75 kilometers north-northeast 
of Mount St. Helens. Mount Rainier 
had last erupted sometime between 
1820 and 1854. Guided by carbon-14 
dates of earlier eruptions and following 
the geologist's dictum that what has 
happened before can happen again, 
Crandell and Mullineaux were able to 
forecast in a general way the potential 
hazards of each volcano they studied. 

Crandell and Mullineaux' report on 
Mount St. Helens was issued in 197 8. 
They concluded that Mount St. Helens 
had a bad record: over the preceding 
4,500 years it had been more active and 
more explosive than any other volcano 
in the contiguous 48 states. In that peri
od its eruptive products included lava 
domes too viscous to flow from their 
vent, large volcanic-ash falls full of 
lumps of pumice, flows of pyroclastic 
rock (hot fragments shattered and fluid
ized by eruptive activity), flows of lava 
and massive flows of mud in the stream 
valleys radiating from the volcano. The 
average interval between eruptive peri
ods was 225 years. 

On the basis of their study Crandell 
and Mullineaux stated: "In the future 
Mount St. Helens probably will erupt 
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COMPUTER.GRAPWCAL MODELS of Mount St. Helens before 
the explosive eruption of last May 18 (top) and afterward (bottom) 
show how the eruption removed the top 400 meters of the mountain, 

leaving a crater 750 meters deep. In these views the mountain is seen 
from the northeast. They were created by the Digital Elevation Mod. 
el program at Western Mapping Center of U.S. Geological Survey. 
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violently and intermittently just as it 
has in the recent geologic past, and these 
future eruptions will affect human life 
and health, property, agriculture and 
general economic welfare over a broad 
area . . . .  The volcano's behavior pattern 
suggests that the current quiet interval 
will not last as long as 1,000 years; in
stead an eruption is more likely to occur 
within the next 100 years, and perhaps 
even before the end of this century." 

Many volcanic eruptions are preced
ed by swarms of small earth

quakes. Although not all the volcanoes 
of the Cascade Range are monitored by 
seismographs, Mount St. Helens fortu-

nately was. The.University of Washing
ton had a seismograph on the west flank 
of the volcano that was linked to Seat
tle by telemetry. On March 20, 1980, 
at 3:47p.M . . Pacific Standard Time an 
earthquake of magnitude 4 on the Rich
ter scale occurred under the mountain. 
When this unusual event was followed 
by an increasing number of local earth
quakes, it became apparent that a major 
earthquake swarm was in progress. In 
order to improve the recording and lo
cating of the earth tremors additional 
seismographs were installed. 

On March 25 the seismic energy re
leased by the swarm reached its peak 
rate: 47 earthquakes of magnitude 3 or 

more occurred within a 12-hour period 
at shallow depths under the mountain'S 
north flank. The first small explosions of 
steam came two days later, beginning at 
12:36 P.M. and forming a new crater 
about 70 meters across on the snow- and 
ice-covered summit. Large east-west 
cracks also developed in the snow and 
ice, indicating that a down-faulted block 
was forming across the summit area. A 
second crater opened on March 29. Blue 
flames, possibly burning hydrogen 'sul
fide, were visible from the air at night. 
Ninety-three small eruptions of steam 
and ash were observed on March 30. 

On April 1 the seismographs recorded 
the first volcanic tremor, a more or less 

GEOLOGIC MAP outlines the region devastated by the May 18 
eruption. The area in dark color is pyroclastic deposits: hot bits of 
fragmented rock. Hatched area is asb falls. Tbe area in medium color 

is the one in which trees were blown down. The area in ligbt color is 
the one in which trees were left standing but with their needles killed 
by beat. Ligbt gray is tbe avalanche deposits; dark gray, mudflows. 
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continuous ground vibration observed 
at many active volcanoes. The precise 
cause of such a tremor is not known, but 
it presumably reflects the movement of 
magma or the rumbling release of gas 
previously dissolved in the magma. 

By this time the new volcanic erup· 
tion, the first in the Cascade Range since 
Lassen Peak quieted down in 1917, had 
become a magnet for the curious. Nolan 
Lewis, Director of Emergency Services 
for Cowlitz County, Wash., in which 
Mount St. Helens is situated, reported 
that "Sunday [March 30], when the 
weather was clear, the roads up the 
mountain looked like downtown Seattle 
at rush hour." When the potential dan-
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ger of violent eruptions became more 
and more apparent, Governor Dixy Lee 
Ray ordered additional blockades estab
lished on roads leading to the mountain. 

The small steam and ash eruptions 
continued, some as single explosions, 
others as pulsating jets lasting for hours. 
Columns of steam and ash climbed to 
three kilometers above the summit. The 
crater of the mountain grew to a single 
oval basin 500 meters by 300 meters 
across and 200 meters deep. The ash 
consisted of fragments of old volcanic 
rock; the gas emissions included small 
amounts of carbon dioxide, sulfur di
oxide, hydrogen sulfide and hydrogen 
chloride toget.her with large volumes of 
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steam. The small explosive eruptions 
appatently resulted from ground water 
high in the volcanic cone being heated 
above the subsurface boiling point and 
flashing suddenly into steam, much as a 
geyser does but with energy enough to 
incorporate ash particles and blast out a 
crater. The energy released by all the 
steam explosions up to May 18 is esti
mated at 1014 JOUles. 

As the high level of seismic activity 
continued (about 50 earthquakes of 
magnitude 3 and greater per day) there 
was another ominous sign. Several ob
servers had noted as early as March 27 
that the down-faulting of the block 
across the summit of the mountain 
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TECTONIC MAP shows the relation between the North American 
tectonic plate and the Juan de Fuca and Pacific plates to the west. At 
the suhduction zone the Juan de Fuca plate is plunging under the 

North American plate, giving rise to the volcanoes of the Cascade 
Range (small black triallgles). Colored areas are volcanic deposits less 
than two million years old. Data are from the U.S. Geological Survey. 
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seemed to be accompanied by a bulge, 
or uplift, of the high north flank of the 
volcanic cone. The bulge continued to 
grow early in April and was manifested 
by a spreading network of large cracks 
in the cover of ice and snow. Pho
togrammetric maps made by the U.S. 
Geological Survey from aerial photo
graphs taken on April 12 disclosed that 
the bulge was nearly two kilometers in 
diameter and had already moved up or 
out by as much as 100 meters. 

Ground surveys conducted in late 
April and early May established 

that the bulge was continuing to expand 
northward more or less horizontally at a 
rate of about 1.5 meters per day. The 
rapidly deforming area was directly 
over the center of the earthquake zone 
two kilometers below. The consensus of 
observers on the site was that the contin
uing seismic swarm and major surface 
deformation were good evidence that 
magma was being injected under the 
volcano at a shallow depth. They ex
pected a major eruption or an avalanche 
from the expanding north face. The only 
questions were how soon it would come 
and how violent it would be. 

Robert Christiansen, the investigator 
in charge of the U.S. Geological Sur
vey's monitoring program, reviewed the 
historic sequence of activity at other 
volcanoes, specifically Lassen Peak, the 
only Cascade Range volcano with a 
well-observed eruption, and Bezymian
ny on the Kamchatka Peninsula on the 
Pacific coast of the U.S .S.R., which had 
exploded violently in 1956. Christiansen 
concluded that an eruption comparable 
to that of Lassen in 19 15 was the most 
likely course for Mount st. Helens. An 
eruption on the scale of Bezymianny, 
however, could not be ruled out. A third 
possibility was that all the activity might 
subside without a major eruption. 

Meanwhile, on May 7, after about 
two weeks in which there had been lit
tle visible activity, small explosions of 
steam and ash began again. Although 
seismic activity had continued unabated 
and the bulge had grown steadily, the 
lack of dramatic visible activity led resi
dents of the region to question the politi
cal authority that was keeping the area 
around the mountain closed. On May 
15, 16 and 17 earthquakes and bulging 
continued, but there was no sign of 
steam or ash. 

At 7:00 A.M. Pacific Daylight Time on 
May 18 Dorothy and Keith Stoffel, two 
Washington geologists, boarded a light 
plane at Yakima airport near Mount 
St. Helens and set off on their first re
connaissance flight. They made several 
passes around and over the volcano. No 
activity was visible, although the morn
ing was bright and clear. At 8:32 the 
mountain was shaken by an earthquake 
of magnitude 5. 1 centered below its 
north flank. At that moment the Stoffels 
were directly over the summit and look-
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ing down from a height of 400 meters. 
They noted several small ice falls start
ing on the steep sides of the crater. Fif
teen seconds later they were the closest 
witnesses to the onset of a huge volcanic 
eruption triggered by one of the largest 
landslides of historic times. 

"The whole north side of the summit 
crater began to move instantaneously 
as one gigantic mass," Dorothy Stoffel 
recalled. "The entire mass began to rip
ple an<;l churn without moving lateral
ly . Then the whole north side of the sum
mit started moving to the north along 
a deep-seated slide plane." 

Seconds later there was a vast explo
sion. Curiously, the Stoffels neither felt 
nor heard it even though they were just 
to the east of the summit . From their 
position the initial explosion cloud 
seemed to mushroom sideways to the 
north and then plunge down the slope. 
Their first concern was survival. Even 
though they dived at full throttle to 
gain speed, the expanding gray cloud 
gained on them. They finally escaped it 
by turning south. Behind them giant ash 
clouds boiled upward, thrusting north 
and northwest. To the east the clouds 
expanded into billowing mushroom 
shapes, illuminated by lightning bolts 
thousands of meters long. Half an hour 
later the Stoffels landed in Portland. 

In the avalanche they had witnessed 
from the air more than two cubic kil

ometers of crushed rock and glacier ice 
plunged into Spirit Lake and the north 
fork of the Toutle River. Fluidized by 
exploding steam, the avalanche acceler
ated rapidly to velocities as high as 250 
kilometers per hour. One lobe of the gi
gantic mass plowed through the west 
arm of Spirit Lake and northward into 
the valley beyond. An adjacent lobe 
swept across another valley with such 
momentum that it went over a ridge 360 
meters high that bounded the valley on 
the north. The bulk of the fluidized de
bris funneled down the valley of the 
Toutle, forming a hummocky deposit 2 1  
kilometers long, one to two kilometers 
wide and up to 150 meters deep. The 
gravitational energy of the avalanche 
was about 5 X 1016 joules (roughly the 
equivalent of 12 megatons). 

As the great avalanche of rock and ice 
suddenly released the pressure within 
the volcanic cone, superheated ground 
water flashed into steam. Simultaneous
ly dissolved gases exploded from the 
shallow magma body recently intruded 
into the upper core of the mountain. The 
steam blast, magma explosion and giant 
avalanche combined to form a lateral 
blast of hot (up to 300 degrees Celsius), 
dense, debris-filled steam clouds that 
surged northward from the breached 
mountainside at speeds of between 100 
and 400 kilometers per hour. The steam 
blast and its fluidized charge of volcanic 
rock fragments devastated 550 square 
kilometers of mountain terrain north-

west, north and northeast of Mount 
St. Helens. The ground-hugging black 
clouds rolled over four major ridges and 
valleys, going as far as 28 kilometers 
from their source. 

The destruction was complete. For 
the first few kilometers entire trees one 
to two meters in diameter were uproot
ed and swept away with the roiling ex
plosion cloud. Beyond this was a blow
down zone 10 to 15 kilometers across, 
where prime Douglas firs were snapped 
like matchsticks. At the outer limits of 
destruction trees were still standing, but 
their needles were scorched beyond re
covery. 

The first impression from viewing the 
blowdown zone was that a great shock 
wave or concussion front had knocked 
the trees down in a pattern radial to the 
exploding peak. This was not, however, 
substantiated by the evidence. Survivors 
near the edge of the devastated area 
heard only a moderately loud explosion 
or roaring sound two to three minutes 
before the black cloud with its hot hurri
cane winds descended on them. The ve
locity of the front of the steam blast 
clouds was well below the speed of 
sound. On closer inspection the pattern 
of felled trees showed turbulent eddies 
and curving streamlines. Near the edge 
of the devastated area the trees tended 
to be blown down in down-valley direc
tions, even where that meant they fell 
toward the source of the surging clouds. 

Gravity apparently energized the 
dense, fluidized mass as the energy of 
the initial steam blast waned. Then as 
the turbulent internal winds abated, ash 
and rock debris that were carried in the 
dense clouds settled to the surface in de
posits that decrease in thickness, with 
distance from the source, from about 
a meter to a centimeter. Angular frag
ments up to several tens of centimeters 
in diameter of both old volcanic rocks 
and fresh, hot ones were carried in the 
blast clouds to distances of 10 to 15 kilo
meters. Trees were charred and black
ened on the blast side out to seven kilo
meters on the northwest and north, and 
as far as 18 kilometers on the northeast. 

The fluidized character of the masses 
of fragments carried by the blast is even 
more evident in the deposits on steep 
slopes. Here after the initial deposition 
secondary flows formed ponded depos
its tens of meters thick in basins and val
ley bottoms. The total volume of the 
blast deposits is about . 18 cubic kilome
ter . Of this amount about .06 cubic kilo
meter is magmatic: fresh volcanic rock. 
The heat energy provided by the mag
matic component was approximately 
2 X 10 17 joules. 

Another probable source of energy for 
.I\.. the steam blast explosion was the 
superheated ground water inside the 
volcano. Assuming a porosity of 15 per
cent in a volume of two to three cubic 
kilometers filled with water at an aver-
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BEFORE-AND-AFrER PHOTOGRAPHS of Mount St. Helens 
show the extent of the new crater. The photograph at the top was 
made by one of the authors (Robert Decker) in June, 1970. The eleva
tion of the summit, seen here from the north-north east, was 2,950 
meters, rising from a base with an elevation of about 1,000 meters. 

The photograph at the bottom was made by Ray Foster of the Sandia 
Laboratories in July, 1980. The crater, seen here from the north, is 
two kilometers across. The elevation of the rim of the crater is be
tween 2,400 and 2,550 meters, that of the floor of the crater between 
1,800 and 1,900 meters. Pyroclastic flows cover much of foreground. 
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age temperature of 175 degrees c., this 
yields an additional 1017 joules of ener
gy. Steam in the explosion cloud proba
bly was generated in two ways. Heat in 
the flashing ground water would gener
ate 4.4 X 1010 kilograms of steam, and 
the additional heat in the .06 cubic kil
ometer of magmatic fragments could 
convert another 8.8 X 1010 kilograms of 
water into steam. The total of 1.3 X 1011 
kilograms of steam would expand to 
220 cubic kilometers at 100 degrees C. 

and atmospheric pressure. The assumed 
mass of heated ground water inside the 
volcano (3.75 X 1011 kilograms) is near
ly three times more than is needed to 
supply the calculated volume of steam. 
These energy and steam-volume figures 
are only rough estimates, yet they yield 
figures that are reasonable in terms of 
the 550-square-kilometer area devastat
ed by the ground-hugging lateral blast 
clouds. The final blast deposit was a lay
er of wet ash up to six centimeters deep, 

containing in many places the pea-size 
mud balls volcanologists call accretion
ary lapilli. These accretions formed 
around nuclei provided by raindrops 
condensing out of the steam clouds. 

By 9:00 A.M. on May 18 the worst of 
the eruption was over, but the vertical 
column roared on, reaching altitudes in 
excess of 20 kilometers for much of the 
day until it began to wane at about 5:30 
P.M. The source of this almost continu
ously exploding and uprushing column 

VERTICAL BEFORE-AND-AFTER VIEWS of Mount St. Helens 
were made on May 1, 1980 (left), and June 19, 1980 (right), by V-l 

aircraft of the National Aeronautics and Space Administration. The 
peak is at the lower right. The film was infrared-sensitive and the 
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of gas and ash was the effervescing shal
low magma body being progressively 
cored out to greater depths. The abra
sive uprush continued to enlarge the 
horseshoe-shaped crater that had initial
ly been formed by the avalanche and the 
lateral blasts. 

High-altitude winds blew all day to 
the northeast, and ash began to fall on 
towns in central Washington by mid
morning. At Yakima, 150 kilometers 
away, the first ash fall was a "salt and 

pepper" layer consisting of sand-size 
fragments of dark rock and of lighter
colored feldspar crystals. On top of this 
layer was deposited a thicker one of silt
size particles of volcanic glass. Thirty 
kilometers north of Yakima the ash fall 
was about 20 millimeters deep. To the 
east the fine ash was deeper, reaching 
more than 70 millimeters near Ritzville, 
Wash., 330 kilometers from Mount St. 
Helens. Here the texture of the ash was 
like talcum powder. 

Near Spokane, Wash., 430 kilometers 
northeast of the volcano, the ash was 
only five millimeters deep, but by 3:00 
P.M. visibility was reduced to three me
ters in near darkness. At about noon on 
May 19 a trace of ash fell on Denver. 
Within three days the ash cloud had 
crossed the U.S. The weight of the mea
sured ash fall was equal to . 15 cubic 
kilometer of magma and represented a 
dissipation of heat energy amounting to 
5 X 1017 joules. Studies of the traces of 

prints are in false color. Tbe red areas are equivalent to tbe green of 
vegetation, mostly Douglas fir. Gray areas in tbe pbotograpb at tbe 

rigbt are tbose devastated in tbe eruption of May 18. Over tbe peak 
in tbe pbotograpb at tbe rigbt is a fume cloud issuing from tbe crater. 

75 

© 1981 SCIENTIFIC AMERICAN, INC



MOMENT OF ERUPTION on May 18 (actually 20 seconds after 
the eruption began) was captured by Keith and Dorothy Stoffel, geol-

DOME OF LA V A was formed in the crater between June 13 and 
June 20. It was 300 meters wide and 65 meters high and was destroyed 
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ogists who were 8ying over the mountain at the time. The eruption 
was preceded by beginning of the avalanche. The Stoffels escaped. 

by the eruption of July 22. This aerial photograph was made by Mau
rice and Katia Krafft of Centre de VoJcanologie at Cernay in France. 
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ash that fell beyond the area of mea
sured ash thickness and the very fine ash 
and sulfuric acid aerosols still suspend
ed in the stratosphere suggest that an 
additional volume of . 1  cubic kilometer 
of magma was dispersed. 

Judging from experience with other 
eruptions that have injected dust and 
aerosols into the stratosphere, the very 
fine particles will take a year or two to 
settle out. The effect on world climate, if 
any, is not yet evident. 

Floods and mudflows were another 
major aspect of the eruption. The 

flows consisted of a slurry of volcanic 
ash and fine rock particles mixed with 
water, and they had the consistency of 
wet cement. The ash blanket near the 
mountain and the crushed rock in the 
avalanche deposit provided the solid 
matter; the extra water probably came 
from several sources: melting snow and 
ice, the water displaced from Spirit Lake 
and the north fork of the Toutle Riv
er by the avalanche deposit, the water 
from the breached hydrothermal system 
that did not flash to steam, and condens
ing steam. 

The first mudflow crest came in the 
south fork of the Toutle River near Sil
ver Lake at 10:50 A.M. on May 18. It 
exceeded by 30 centimeters the highest 
flood level of historic times. The largest 
mudflow came from the north fork of 
the Toutle and crested at about 7:00 
P.M., destroying the gauge station near 
Silver Lake. High mud and water marks 
indicated that it had exceeded historic 
flood levels by nine meters. 

Downstream from the Toutle, mud
flow deposits clogged the channels of 
the Cowlitz River and caused severe 
shoaling of the navigation channel in 
the Columbia River. The volume of 
mud deposited was about . 1  cubic kilo
meter. Roughly the same volume of 
water would have been involved in mo
bilizing the mudflows. 

Sometime after the initial avalanche 
and steam blast eruption pyroclastic 
flows of fine ash and pumice blocks be
gan rushing down the north slope of 
Mount St. Helens through the breach in 
the newly formed crater. These fluidized 
emulsions of hot rock and glass frag
ments mixed with hot volcanic gases, 
being denser than the ascending ash 
cloud, issued from the crater under 
the uprushing cloud. Successive flows 
poured down the north slope at speeds 
of up to 100 kilometers per hour, cover
ing the earlier landslide and blast depos
its and reaching the south edge of Spirit 
Lake. When these hot (300-370 degrees 
C.) pyroclastic flows came in contact 
with water, they set off secondary explo
sions, sending steam and ash clouds as 
high as two kilometers. The ash and 
pumice flows continued until the eve
ning of May 18. Their total bulk volume 
was .25 cubic kilometer and their esti
mated thermal energy 3.3 X 1017 joules. 
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TOPOGRAPHIC PROFILES show Mount St. Helens as of August, 1979 (solid line at top), as 
of May 1, 1980, when a bulge had formed on the north slope of the mountain (upper brokell 
line), and as of ;July 1, 1980 ([ower broken line). The colored area at the right below the profiles 
is the general region of origin of the thousands of earthquakes in the swarm from March 20 
through May 18. The darker the color, the higher the density of the earthquake locations. Data 
are from U.S. Geological Survey and Department of Geophysics of University of Washington. 

The human cost of the eruption was 
commensurately great. Sixty-two peo
ple were killed or are missing. The eco
nomic loss, mostly to the lumber indus
try, was more than $ 1  billion. Perhaps 
the greatest damage was psychologi
cal. In the U.S. Northwest the Cascade 
Range volcanoes have been perceived as 
silent guardians; now they are a brood
ing threat. 

The huge avalanche and eruption of 
May 18 was followed by smaller ash 
explosions on May 25, June 12, July 22, 
August 7 and October 16- 18. Domes of 
viscous lava were extruded inside the 
crater on June 13-20, August 8-9 and 
October 18- 19. The total volume of 
magma in the eruptions of May 25 
through October 19 is about .05 cubic 
kilometer with an estimated energy con
tent of 1.7 X 1017 JOUles, an order of 
magnitude less than the May 18 erup
tion. The May 25 eruption occurred at 
night and in poor weather, but a sudden 
increase in the volcanic tremor at 2:28 
A.M. probably marked its beginning. By 
2:45 National Weather Service radar 
showed that the ash column had reached 
an altitude of 14 kilometers. It dimin
ished in height within an hour, but the 
volcano continued to emit smaller ash 

clouds throughout the day. New pyro
clastic flows of ash and pumice blocks 
were also emitted, and they covered 
some of the same area on the north 
flank of Mount St. Helens swept by the 
earlier pyroclastic flows. Although the 
ash eruption was much less voluminous 
than the one of May 18, the wind direc
tions were more variable and a thin lay
er of ash fell over wide areas of western 
Washington and Oregon, including the 
Portland metropolitan area. 

The June 12 ash explosions were simi
lar to the eruption of May 25. Volcanic 
tremor began in the afternoon, with the 
first ash emission at 7:05 P.M. reaching 
an altitude of four kilometers. A much 
larger ash eruption began at 9:09 P.M. 
and reached 15 kilometers. The erup
tion faded rapidly after midnight. Heli
copter observation the next day re
vealed that additional pyroclastic flows 
two to 10 meters thick with tempera
tures of up to 600 degrees C. had de
scended toward Spirit Lake. A lava 
dome began to form in the explosion 
crater after the June 12 eruption, and 
when it was seen on June 15, it was 200 
meters wide and 40 meters high and 
was covered with large, glowing cracks. 
The dome continued to rise about six 
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meters per day and by June 20 had 
reached its greatest height of 65 meters. 

I t was quiet until July 22. That morn
ing small, shallow earthquakes began 

under the crater area of the mountain. 
The earthquakes increased in number 
during the day, but no volcanic tremor 
was recorded. Suddenly at 5: 14 in the 
afternoon of a clear summer day a large 
ash cloud began to roil up from the 
mountain. Radar registered the top of 
the cloud at 14 kilometers. A second ash 
cloud erupted at 6:25 P.M. and reached 
an altitude of 18 kilometers in just seven 
minutes 23 seconds, an average velocity 
of 2.2 kilometers per minute. The third 
and longest ash jet began at 7:0 I P.M. 
and lasted for more than two hours, 
reaching a maximum height of 14 kil
ometers. 

Although geologists and Forest Serv
ice fire fighters had left the area after 
being warned of the increase in small, 
shallow earthquakes, the eruptions were 
observed from helicopters and other air
craft. Pyroclastic flows poured from the 
vent during the second and third ash ex-

plosions and spilled down the north 
slope of the volcano toward Spirit Lake. 
Richard Hoblitt of the U.S. Geological 
Survey gave the following eyewitness 
account: 

"We were flying from east to west ap
proximately one mile north of the vent 
as the second eruption started. Follow
ing a period of a few seconds' duration 
during which the rate of gas emission 
increased, an ash fountain was ejected to 
about 1,500 feet above the vent. As the 
projections of the fountain arced over 
and reached the surface in the vicinity of 
the vent, they gave rise to a pyroclastic 
flow that began to rapidly flow north
ward out of the amphitheater. We exited 
to the west as quickly as possible." Not 
many people have seen a pyroclastic 
flow from this close and lived to de
scribe it. 

These new ash and pumice-block 
flows were one meter to two meters 
thick. Their temperature was measured 
the next day; the maximum temperature 
recorded was 705 degrees C. at a depth 
of 1.5 meters. The ash clouds drifted to 
the northeast on July 22, and only minor 
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ash falls were reported from central and 
eastern Washington. 

A change in the pattern of gas emis
sion had preceded the July 22 eruption. 
The gas emissions changed again early 
in August, and volcanic tremor began 
just after noon on August 7. Warned by 
these two signs, investigators in the dan
ger areas were evacuated. An eruption 
began at 4:26 P.M. and rapidly generat
ed an ash cloud that reached a height of 
13 kilometers. Small pyroclastic flows 
swept the area below the breach on the 
north side of the mountain. Smaller ash 
eruptions continued through the late af
ternoon and evening, with another large 
outburst at 10:32 P.M. A new lava dome 
formed in the crater on August 8-9. 

Quiet prevailed for more than two 
months; then small earthquakes similar 
to those that had preceded the July 22 
eruption began on October 16. As the 
swarm increased an alert was issued ear
ly in the evening. It was followed by an 
eruption that began at 9:58 P.M. Four 
ash explosions over the next two days 
sent clouds as high as 14 kilometers and 
destroyed the August lava dome. Some 
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FOUR TYPES OF ACTIVITY associated with the eruptions are 
plotted on this graph: earthquake swarms, the formation of the bulge, 

the emission of sulfur dioxide gas and ,·olcanic tremor. Important 
eruptions are indicated by the vertical lines. The major deformation 
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of the eruptions were accompanied by 
smaller pyroclastic flows that descended 
the north flank of the mountain. Light 
ash fell to the south and southeast, re
minding the Portland metropolitan area 
that Mount St. Helens was still in action. 
A new lava dome, the largest yet to ap
pear, arose on October 18- 19. 

The eruptions of volcanoes vary enor
mously in their explosiveness. In 

Hawaii fountains of incandescent lava 
spray spectacularly but harmlessly into 
the air and lava flows move slowly 
downslope from their vents. At the oth
er extreme gigantic explosions destroy 
entire mountains when a substantial 
fraction of the heat energy in the magma 
is converted into mechanical work. One 
measure of the explosiveness of volca
noes is the nature of their products. Ef
fusive eruptions are characterized by 
lava flows, explosive eruptions by frag
mental products: volcanic ash, rock 
chips and blocks. In Hawaii about 98 
percent of the eruption products are ef
fusive lavas. With the volcanoes rim
ming the Pacific it is nearly the oppo-

AUGUST 7 

4:30 PM 

site: about 90 percent of the eruption 
products are fragmental debris. 

Volcanoes are found in three tectonic 
settings. The volcanoes in each of these 
settings differ remarkably in their explo
sive behavior from those in the others. 
As we have seen, the ring-of-fire volca
noes rise along subduction zones where 
tectonic plates converge. These volca
noes are generally explosive. Rift vol
canoes occur where plates are diverg
ing; their eruptions, particularly the 
deep submarine ones, are more effu
sive. Where rift volcanoes erupt in shal
low water or through continental crust, 
however, they can be explosive. Hot
spot volcanoes, which penetrate tecton
ic plates, are generally effusive where 
they occur in areas of oceanic crust 
(Hawaii) and explosive in areas of con
tinental crust (Yellowstone). 

The key factors governing the explo
siveness of volcanoes appear to be the 
viscosity of the magma, the amount of 
gas dissolved in the magma, the quantity 
of ground water near the vent area and 
the surface pressure. Volcanic explo
sions are caused by the rapid expansion 
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of the bulge and the earthquake energy are related to period before eruption of May 18. Data 
are from U.S. Geological Survey and Department of Geophysics of University of Washington. 

of gas within the magma or in close con
tact with it. There is no release of energy 
as there is in a bomb; a better analogy is 
the explosion of a steam boiler. Viscosi
ty is analogous to the strength of the 
boiler; the higher the viscosity, the larg
er the potential explosion. The availabil
ity of gas within the magma or in con
tact with it is comparable to the volume 
of the boiler. The difference between 
the gas pressure in the magma and the 
surrounding pressure is comparable to 
the pressure difference across the boiler 
walls. Steam is one of the major mag
matic gases, but in volcanic explosions 
carbon dioxide is also important. 

Consider two examples, the first a ba
saltic magma with a relatively low vis
cosity and a low content of dissolved 
gas. If this basalt rises through a fracture 
toward the surface, carbon dioxide and 
water begin to come out of solution as 
the pressure decreases. The bubbles ex
pand against the low viscous forces and 
cause the foaming magma to expand. 
This process is most important in the 
last few meters before the magma 
reaches the surface: it gives rise to an 
effervescing fountain of incandescent 
lava at the vent. If the same basalt 
emerged under two kilometers of sea
water, the decrease in pressure would 
not be sufficient for the dissolved water 
to come out of solution. Some carbon 
dioxide would probably ex solve, but the 
expansion of the mixture of magma and 
carbon dioxide would be small, and the 
mixture would well quietly from its 
submarine vent. In shallow water, de
pending on the rate at which the hot ef
fusive lava mixed with the surrounding 
water, various degrees of explosiveness 
might result. 

The secend example is a siliceous 
magma with a relatively high viscosity 
and a high content of dissolved gas. If 
this dacitic magma rises toward the sur
face, the exsolved gas begins to form 
bubbles. Because of the high viscosity of 
the melt, however, the bubbles do not 
expand to their equilibrium size; they 
have an internal overpressure estimated 
to be as high as several hundred atmo
spheres. When enough bubbles form 
and the external pressure is low enough, 
the magma shatters into fragments that 
are accelerated out of a vent by the ex
plosively released gases. The cooling of 
the expanding gases solidifies the mag
ma fragments; they are ejected as hot 
but solid particles in an emulsion. These 
fluidized mixtures form eruption clouds 
or pyroclastic flows depending on their 
density and the direction and velocity of 
their ejection. 

One of the closest analogues of the 
eruption of Mount st. Helens is the 

eruption of Bezymianny in Kamchatka 
in 1955-56. The Russian volcanologist 
G. W. Gorshkov has divided the Be
zymianny eruption into five stages: ( 1) 
September 29 to October 2 1, 1955, 
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pre-eruption earthquake swarm; (2) Oc
tober 22 to November 30, 1955, strong 
ash eruptions; (3) December I, 1955 to 
March 29, 1956, moderate ash erup
tions with general uplift of the old lava 
dome; (4) March, 1956, gigantic explo
sion and lateral blast; (5) April, 1956, 
growth of new lava dome in the explo
sion crater. 

The volume of rock and the area af
fected in the March 30, 1956, eruption 
of Bezymianny are similar to those of 
the May 18, 1980, eruption of Mount St. 
Helens. The major differences are that 
in the Bezymianny eruption the earth
quake swarm preceding the first ash 
eruption lasted for 23 days compared 
with seven days at Mount St. Helens, the 
preliminary eruptions lasted for 160 
days compared with 53 days and there 
were larger ash explosions in the early 
phase of the preliminary eruptions at 
Bezymianny. In the major explosion at 
Bezymianny most of the ejected rock 
was new magma, in contrast to the May 
18 avalanche and explosion of Mount 
St. Helens, in which less than a fifth of 
the ejected rock was new magma. Per
haps significantly, Bezymianny has re
mained active since 1956. Its last major 
eruption occurred in 1979. 

Mount St. Helens has provided a good 
test case for techniques of forecasting 
volcanic eruptions. There is no single 
key to success in such forecasting; all the 
factors must be evaluated and then in
terpreted in the light of geologic experi
ence. Among the factors are the statis
tics of eruptions in historic times and the 
reconstruction of the statistics of erup
tions in prehistoric times by geologic 

DATES TYPE OF ENERGY 

mapping and dating. The geophysical 
techniques involved include monitor
ing, on and near active and potential
ly active volcanoes, seismicity, ground
surface deformation, magnetic and elec
trical fields, and temperatures. The geo
chemical techniques include monitoring 
the volume and composition of gases, 
liquids and solids emitted by volcanoes. 
Repeated visual observations from the 
ground or the air provide important 
data on evolving volcanic activity. Most 
of the world's volcanoes do not get even 
this basic type of examination, let alone 
the more sophisticated instrumental 
monitoring. 

At Mount St. Helens some methods 
worked better than others. The historic
activity data indicate eruptions in the 
period from 1831 to 1857, but apart 
from identifying Mount St. Helens as an 
active volcano the sample is too small to 
have any statistical meaning. The geo
logic mapping and dating identified 20 
eruptive periods with diverse products 
over the past 4,500 years and established 
some important patterns. Dormant in
tervals formed two populations: 100 to 
150 years and 400 to 500 years. The last 
two dormant intervals before 1800 were 
of the short type. The eruptive products 
also showed that ash and pyroclastic ex
plosions were common and that prehis
toric eruptions of Mount St. Helens af
fected large areas. It was this kind of 
analysis that led Crandell and Mulli
neaux to make their forecast that Mount 
St. Helens was dangerous. 

In 1980 seismic monitoring of the 
increasing earthquake swarm under 
Mount St. Helens gave a week's warning 

of the first small explosive eruptions. 
Photogrammetry and electro-optical 
distance measurements documented the 
spectacular ground-surface deforma
tion associated with the growing bulge 
on the north flank of the mountain. 
There was no change in the rate of seis
micity or ground-surface deformation 
just before the May 18 eruption, but the 
continuation of these phenomena gave a 
general warning that something impor
tant was happening underground. That 
warning allowed Governor Ray and the 
U.S. Forest Service to stick to their or
der to keep the area closed in spite of 
insistent demands for freedom of access 
to it. Their firmness undoubtedly saved 
thousands of lives. 

In the months since May 18, 1980, 
there have been successful forecasts of 
the smaller but still significant explosive 
eruptions of June 12, July 22, August 7 
and October 16. Volcanic tremor pre
ceded the June 12 and August 7 erup
tions by several hours, and the unusual 
buildup of small earthquakes just under 
the mountain preceded the July 22 and 
October 16 eruptions by several hours. 
Anomalies in the pattern of the emission 
of gases and small deformations of the 
ground surface have also preceded some 
(although not all) of the eruptions since 
May 18 by hours or days. 

Any change in the total monitoring 
pattern is suspicious, and experience 
helps in evaluating the change. There 
have been false alarms, but in any prob
abilistic forecasting system that seems 
to be inevitable. Technology has not 
solved the ancient problem of how sure 
one must be before crying wolf. 
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SCIENCE AND THE CITIZEN 
War of Nerves 

F
or more than four years representa
tives of the U.S. and the U.S. S.R. 
have been meeting regularly in Ge

neva in an effort to work out the techni
cal details of a treaty on chemical war
fare. The treaty would prohibit the de
velopment, production and stockpiling 
of chemical weapons, including the le
thal organophosphorus agents known 
as nerve gases. During most of this peri
od and for several years before, repeat
ed requests by the U. S. Army for funds 
to introduce a new generation of nerve
gas weapons, called binary munitions, 
were rejected by Congress, partly on 
the ground that such an action could 
impede the progress of the Geneva 
talks. The one exception came last year, 
when Congress approved a compara
tively small sum-$3.15 million-to be
gin construction of a binary-munitions 
factory at the Pine Bluff Arsenal in Ar
kansas. A bill that would have provided 
an additional $19 million to equip the 
Pine Bluff plant was narrowly defeated. 

The stage has thus been set for the 
Reagan Administration and the new 
Congress to redefine U.S. policy on the 
issue of chemical disarmament. Con
tinued postponement of the Pine Bluff 
project would presumably be interpret
ed by advocates of arms control as an 
encouraging sign, perhaps indicating a 
revived interest on the part of the U.S. 
Government in pursuing arms-control 
measures outside the stalemated Strate
gic-Arms-Limitation Talks. Converse
ly, a prompt commitment to push ahead 
with the binary-nerve-gas facility would 
be viewed as a vote of no confidence in 
the bilateral chemical-disarmament ne
gotiations and would probably be con
sidered the first step in a major accelera
tion of the chemical-arms race. 

Proponents of binary-nerve-gas mu
nitions cite safety as the main justifica
tion for acquiring the weapons. The 
principle of the binary munitions is 
that two chemical precursors of the le
thal agent would be manufactured and 
stored separately. Only when the pre
cursors were mixed could they react to 
form the nerve gas itself. The product of 
the reaction would be one of the chemi
cals already in the U.S. arsenal, such as 
the nerve gas Sarin, or agent GB. In the 
proposed binary version of the 155-mil
limeter nerve-gas artillery projectile, for 
example, only one of the components 
would initially be present in the shell. 
The other component would be stored 
and shipped in a separate canister, 
which would be loaded into the shell at 
the gun site. While the projectile was in 
flight the contents of the two canisters 
would mix and react to form the lethal 
agent. Among the asserted advantages 
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of such an arrangement are that it would 
decrease the likelihood of an unintended 
release of poison gas and that it would 
facilitate the disposal of the chemicals 
in the event of a future chemical-disar
mament agreement or a unilateral deci
sion to decommission the weapons. 

Opponents of the adoption of binary 
munitions question both the utility and 
the safety of the new weapons. For serv
ice in combat, they argue, binary muni
tions offer no real advantages. Existing 
I 55-millimeter nerve-gas projectiles, 
which contain either GB or the agent 
designated VX, can be fired from the 
most advanced artillery pieces, and they 
have been handled safely for decades. 

In any case, the critics say, neither bi
nary nor unitary ground-fired chemical 
munitions can have any military effect 
unless they are deployed near the scene 
of battle. Almost all the large U. S. 
stockpile of G B and VX artillery projec
tiles is currently in the U. S. There is 
some question of the willingness of the 
European allies of the U.S. to allow 
any increase in the number of chemical 
weapons deployed in their territory. 

Although binary munitions may be 
safer in some respects, opponents of the 
weapons point out that they are by no 
means harmless. One of the two precur
sors of agent GB is methylphosphonyl
difluoride, which is reported to be about 
as toxic as strychnine. The other precur
sor, ethyl 2-(diisopropylamino)-ethyl
methylphosphonite (QL) reacts violent
ly with water and oxygen and cannot be 
stored in rubber or in any plastic except 
Teflon. Contact with QL vapor is said to 
cause gastric upset, respiratory difficulty 
and a skin rash. The perceived greater 
safety of the munitions may even in
crease the probability of their acciden
tal release by inviting a relaxation in 
the security precautions taken in their 
handling and storage. 

According to a report prepared by the 
Center for Defense Information, a deci
sion to proceed with the production of 
the binary-nerve-gas munitions would 
make the negotiation of a chemical-dis
armament treaty more difficult in sever
al ways. Because the component sub
stances of the binary agents can be ob
tained from commercial sources a rapid 
buildup of chemical weapons by the 
U. S. would no longer be hindered by the 
need to build and operate a complex 
chemical plant. Verification of compli
ance with such a treaty would be further 
complicated by the fact that facilities 
for the production and storage of the 
binary chemicals would be harder to 
distinguish from commercial chemical 
plants. According to the report, the pro
duction of such weapons by the U. S. 
would also "legitimate and encourage 
the spread of chemical weapons to other 

countries," since the U. S. would have 
declared workable "a new technology 
for the most lethal chemical weapons 
which is well within the grasp of many 
countries." 

Head Starts 

Programs for disadvantaged pre
school children that attempt to over

come the self-perpetuating handicaps of 
poverty were begun in the U. S. about 20 
years ago. Head Start, the largest of 
them, began in 1965. Some early reports 
on the programs, particularly an evalu
ation of Head Start done in 1969 by 
the Westinghouse Learning Corporation 
and Ohio University, concluded that the 
preschool intervention had not done 
much to improve the academic per
formance of disadvantaged children. Of 
necessity such early evaluations could 
follow the progress of the children for 
only a few years. It is now possible to 
ascertain how children who were in the 
programs in the 1960's are doing as 
teenagers and young adults. Two such 
longitudinal studies have recently been 
issued; both find that the preschool pro
grams have been widely beneficial. 

One report is Young Children Grow Up: 
The Effects o/the Perry Preschool Program 
on Youths through Age 15, by Lawrence 
1. Schweinhart and David P. Weikart of 
the High/Scope Educational Research 
Foundation. The project was started in 
1962 among preschool children in the 
attendance area of the Perry Elementa
ry School in Ypsilanti, Mich. The 123 
children included in the longitudinal 
study were black and from poor fami
lies. Over a period of four years 58 of 
the children attended (for either one 
year or two years) a preschool program 
that emphasized active learning, prob
lem solving, motivation and communi
cation with others in the group. The re
maining 65 children received no special 
attention. 

Tracing these children in recent years, 
Schweinhart and Weikart found several 
differences between the two groups. By 
age 15 the children who had attended 
the preschool program scored 8 percent 
higher than the children of the control 
group on tests of reading, mathematics 
and language. The preschool students 
required and received fewer years of 
special ed ucation as they progressed 
through school. Preliminary data indi
cate they are completing high school at a 
higher rate and are showing more inter
est in attending college. They also have 
better employment records and lower 
rates of arrest than the members of the 
control group. 

A cost-benefit analysis done by 
Schweinhart and Weikart found that 
two years of preschool education for 
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one child cost $5,984 in 1979 dollars, 
whereas the benefits have a value of 
$14,819. The benefits include the re
duced need for special education, an in
crease in the projected earnings of the 
students and the value of the mother's 
time as a wage earner when the child 
attended the preschool program. 

The second report, "Head Start: A 
Successful Experiment," by Bernard 
Brown and Edith H. Grotberg of the 
U.S. Department of Health and Human 
Services, appears in the Courrier of the 
International Children's Centre in Par
is. Head Start, which enrolled some 
430,000 children in 1979, provides not 
only education but also assistance in 
health and nutrition. Parents are en
couraged to participate, and social serv
ices are made available to the family. 
Brown and Grotberg summarize the 
conclusions of more than 700 studies of 
Head Start published between 1969 and 
1977. The major findings are that the 
program has brought about gains in in
telligence and academic achievement, 
has had a positive effect on the health 
and social behavior of the children and 
has benefited their families. 

Brown and Grotberg also review the 
work of the Consortium for Longitudi
nal Studies, a group formed in 1976 to 
pool data from a number of studies of 
the long-term effects of preschool pro
grams in many parts of the U.S. They 
find that "long-term positive effects 
were demonstrated in both cognitive 
and noncognitive areas." In the cogni
tive area "the preschool graduates had 
significantly fewer later school failure 
experiences" than control or compari
son groups. Among non cognitive effects 
"preschool graduates had significantly 
higher achievement orientation as re
flected in pride in work and school. " 

In sum, Brown and Grotberg write, 
"Head Start has brought about a quiet 
revol ution in children's institutions . . . .  
Early childhood programs are now ac
cepted and functioning. The acceptance 
can be seen not only in support for Head 
Start but also in the phenomenal rise in 
nursery schools, preschool programs in 
the public schools and quality day care 
for middle-class children. It is evidenced 
in the large numbers of books, records, 
toys and television programs for pre
school children." 

Sunny Disposition 

The persistent human faith that the 
sun will rise tomorrow may have 

been tempered a year and a half ago by 
the suggestion that when the sun does 
rise, it might be slightly smaller. The 
suggestion came from a historical study 
completed in 1979, which indicated that 
the sun may have been shrinking steadi
ly for at least a century. More recent 
studies and reinterpretations of the ear
lier ones now suggest that the rate of 
shrinkage is somewhat lower. Other 
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workers report still smaller limits for the 
shrinkage and assert there has been no 
detectable long-term change. The con
troversy has not been settled. Yet it 
seems theories of the sun must now at 
least consider the possibility that the so
lar diameter is somewhat changeable. 

The question of solar contraction was 
first raised by John A. Eddy of the High 
Altitude Observatory of the National 
Center for Atmospheric Research and 
Aram A. Boornazian of S. Ross and Co. 
in Boston. Eddy and Boornazian had 
examined data collected at the Roy
al Greenwich Observatory from 1836 
through 1953. The data were records 
made at noon on each sufficiently clear 
day of the time at which first one edge 
and then the other edge of the image of 
the sun crossed a wire in the eyepiece of 
a telescope. Although the observations 
were made in order to fix the instant of 
local noon, each such pair of timings 
allows a calculation of the size of the 
sun. Analysis of the Greenwich Obser
vatory records led Eddy and Boor
nazian to report that the sun may have 
been shrinking at a rate of two arc sec
onds per century in its diameter. 

The diameter of the sun is approxi
mately 1,920 arc seconds. Hence a sim
ple extrapolation leads to the prediction 
that the sun will disappear in 960 centu
ries. A more complex calculation takes 
account of the fact that the shrinkage 
converts gravitational potential energy 
into kinetic energy and thereby aug
ments the luminosity of the sun. A cen
tury ago Hermann von Helmholtz pro
posed that a shrinkage of the solar diam
eter by just .01 arc second per century 
would account for all the luminosity. 
(The release of energy in the sun by the 
thermonuclear fusion of hydrogen into 
helium was of course unknown.) What 
gave Helmholtz' speculation a particu
lar appeal was that shrinkage at a rate of 
.01 arc second per century would be un
observably slow. On the other hand, 
shrinkage at a rate on the order of one 
arc second per century, as initially pro
posed by Eddy and Boornazian, might 
increase the luminosity by several hun
dred times if all the mass in the sun took 
part in the contraction. 

A possibility that seems more likely 
(and less disturbing) is that only the out
er layer of the sun is shrinking. No dra
matic effect on the luminosity would 
then be expected. Small changes in 
the solar luminosity might nonetheless 
modify the climate of the earth. There is 
also an alternative to the prospect that 
the sun might dwindle away to nothing. 
The shrinkage may be part of a cycle of 
expansion and contraction. Oscillations 
of the sun that have a period of approxi
mately five minutes are fairly well estab
lished. Oscillations with a longer period 
(for example 160 minutes) have also 
been proposed. 

A group of investigators led by Da
vid W. Dunham of the International Oc-

cultation Timing Association in Silver 
Spring, Md., now reports determina
tions of the solar radius by a technique 
that exploits total eclipses of the sun. 
Some of the results appear in Science; 
others have not yet been published. Dur
ing a total eclipse a circular shadow of 
the moon moves across the surface of 
the earth. The duration of the eclipse is 
maximal in the path traced by the center 
of the shadow; the duration is zero at the 
edge of the shadow or outside it. 

The investigators in Dunham's group 
station themselves just inside the pre
dicted path of the edge of the shadow. In 
such a place totality lasts for only sec
onds. For a period of several minutes, 
however, the mountains and valleys at 
the edge of the lunar disk break the cres
cent of the sun into the string of bright 
spots called Baily's beads. At the edge of 
the path of totality the beads near the 
north or the south pole of the moon are 
observed. The. poles are the places on 
the moon least affected by the slow, 
rocking lunar motion called libration; 
thus the lunar contours that give rise to 
the polar beads are little changed from 
one eclipse to another. Each bead con
stitutes a mapping of a point on the 
moon onto a point at the edge of the 
solar disk. The observers time the ap
pearance of each bead. From the tim
ings and from the known configuration 
and motion of the earth and the moon 
with respect to the sun, the size of the 
sun can be calculated. 

Dunham and his co-workers have 
made such observations themselves for 
solar eclipses on October 23, 1976, Feb
ruary 26, 1979, and February 16, 1980. 
They find no notable change in thafbrief 
interval. "Thanks to the promotional ef
forts of Sir Edmund Halley," Dunham 
and his colleagues write in Science, they 
also have data for "both edges of the 
path of the 3 May 1715 total solar 
eclipse in England. " Halley organized 
observers throughout England and col
lected their reports. 

Dunham and his colleagues note that 
the southern edge of the path of the 
1715 eclipse is reliably fixed by two ob
servations. The northern edge, however, 
must be determined from a single datum 
that has proved difficult to interpret. 
The datum was provided by Theophilus 
Shelton, Esq., who watched the eclipse 
from the village of Darrington in York
shire. He saw, according to Halley, that 
"the Sun at 9hllm was reduced almost 
to a Point, which both in Colour and 
Size resembled the Planet Mars; but 
whilst he watched for the Total Eclipse, 
that Point grew bigger and the Dark
ness diminished; whence he argued the 
[northern) Limit [of the path of the 
eclipse) to have been very little more 
Southerly. " In other words, Shelton 
thought he was just outside the edge. 

Dunham and his co-workers suspect 
that Shelton was just inside the edge, so 
that the limit was north of his position; 
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the redness of the pointlike image of the 
sun (that is, its resemblance in color to 
Mars) suggests that what Shelton saw 
was part of the chromosphere of the sun 
during a brief totality. With Shelton's 
position established, the radius of the 
sun in 17 15 can ultimately be calculat
ed. The finding reported in Science is a 
contraction in the radius of some .34 arc 
second between 17 15 and 1979. That is 
equivalent to a shrinkage of the solar 
diameter at .26 arc second per century. 

Eddy and Boornazian's results as well 
as the lesser contraction found by Dun
ham and his colleagues have been chal
lenged by others. For example, John H. 
Parkinson of University College Lon
don, Leslie V. Morrison of the Green
wich Observatory and F. Richard Ste
phenson of the University of Liverpool 
cite numerous changes in the proce
dures at the Greenwich Observatory. 
Writing in Nature, they point out that the 
method of timing the observations was 
changed in 1854; the telescope's objec
tive glass was repolished in 1891 and 
1906; the te)escope itself was replaced in 
185 1. Each change may have affected 
the trend of the observations. Moreover, 
"the observational reports from Green
wich show that weather and seeing con
ditions were often far from ideal." In 
addition the bias of each observer in 
judging the edge of the sun "would be 
expected to increase the scatter in the 
results." These difficulties make the data 
"unsuitable for investigating possible 
changes in the solar diameter." Parkin
son and his colleagues add that the con
clusion reached by Dunham and his as
sociates "depends critically on the inter
pretation put on the only observation 
made near the northern limit of the 17 15 
eclipse." 

Parkinson and his colleagues have 
studied total solar eclipses in order to 
determine the diameter of the sun. They 
base their findings on the duration of 
totality for the eclipses of 17 15, 1842, 
185 1, 1878, 1900 and 1925. They also 
employ more than 2,000 timings of 30 
occasions in the past 250 years when the 
planet Mercury passed behind the sun. 
They find "no detectable secular change 
in the sun's diameter since at least A.D. 

1700." (A secular change is generally 
one that lasts for some hundreds of 
years.) On a shorter time scale, however, 
the eclipses and the transits of Mercury 
suggest that the radius of the sun is de
creasing by .08 arc second per century. 
The value is not very different from 
that found by Dunham's group. 

Dunham and his co-workers have 
now examined the eclipse of 1925. They 
are preparing to report a net decrease of 
a few tenths of an arc second in the solar 
radius since 17 15. The eclipse of 1925 
seems to suggest a brief upward excur
sion of the radius. The group intends 
to analyze 19th-century observations of 
total solar eclipses. 

Eddy and Boornazian have been re-
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examining the data that started the con
troversy. They agree there are two rea
sons for making adjustments. In the first 
place an observer at the Greenwich Ob
servatory looks south over an industrial 
section of London to see the sun at noon. 
The sky there loses transparency when
ever pollution increases. In the second 
place Eddy and Boornazian now find 
that four workers at the Greenwich Ob
servatory made measurements of the 
solar transit that deviate notably from 
those of the others. (More than 80 peo
ple made the measurements from 1836 
through 1953.) Corrections made for 
both of these reasons now lead Eddy 
and Boornazian to conclude that the 
Greenwich data suggest a shrinkage of 
about one arc second per century in the 
diameter. It is a conclusion, Eddy says, 
"within range of many of the others." 

Eddy considers the present data inad
equate to determine decisively whether 
the sun has a constant size or alternately 
shrinks and expands. The data are large
ly historical. Moreover, none of the data 
constitute a direct measurement of the 
solar diameter or radius. He considers 
it possible, however, that the historical 
data have yielded the first evidence of a 
solar variability that may influence the 
climate of the earth. Three instruments 
are being readied to measure the diame
ter directly. The measurements will be 
made by groups at the Kitt Peak Nation
al Observatory, the University of Ari
zona and the National Center for At
mospheric Research. A result should be 
known in from three to five years. 

The Moving Finger 

Many animal cells are capable of 
amoeboid motion. They flatten 

out and retract; they develop transitory 
bumps or bubbles called blebs; they 
extend ruffled edges (Iamellipodia) and 
wave threadlike extensions (filopodia). 
By alternately affixing lamellipodia or 
filopodia to a substrate and then detach
ing them the cells achieve a creeping lo
comotion that has a role in biological 
phenomena ranging from embryonic 
development to the metastasis of tumor 
cells. Even when the nucleus of a motile 
cell is removed experimentally, the enu
cleated "cytoplast" still ruffles, waves its 
filopodia and manages to get about; so 
do sizable pieces of cytoplasts. Move
ment, then, is evidently a property not 
only of the entire cell but also of parts of 
the cell. Is there some small structural 
unit of amoeboid motion in animal 
cells? A search for the smallest frag
ments of cytoplasm capable of the vari
ous movements has been undertaken by 
Guenter Albrecht-Buehler of the Cold 
Spring Harbor Laboratory. He reports 
his initial findings in Proceedings 0/ the 
National Academy 0/ Sciences. 

Albrecht-Buehler grew fibroblasts 
(connective-tiss'ue cells) from human 
skin in a plastic culture dish. When the 

cells had flattened themselves on the 
bottom of the dish, he treated them with 
cytochalasin B, a substance that causes 
fibroblasts to retract into thiri, branch
ing forms attached to the substrate at 
only a few points. He squirted the re
tracted cells vigorously with cult4l'e me
dium, breaking up most of the cells and 
leaving only small fragments fixed to the 
dish. The fragments healed to. form 
spindly or triangular "microplasts'," 
which were separated from the dish and 
replated on new surfaces for observa
tion by light and electron micros·copy. 

The microplasts lived for eight hours 
or more. Once replated they generated 
waving filopodia, ruffling lamellipodia 
or blebs. Unlike whole cells or larger 
fragments of cells, however, eaFh mi
croplast had a characteristic, stereo
typed mode of movement. Some ruffled 
or formed filopodia or did bothj some 
developed blebs. None of the micro
plasts appeared to be capable of actual 
locomotion. They did display a vestige 
of the contact inhibition by which intact 
cells seem to repel one another. Instead 
of actually moving away from an abut
ting fragment, however, a microplast 
seemed only to stretch away from the 
point of contact, unable to pull its rear
most part along with its leading edge. 

The size of the smallest microplasts 
displaying at least some form of autono
mous movement was about 150' cubic 
micrometers, which is less than 2 per
cent of the volume of the original fibro
blasts. The ultrastructure of the frag
ments, revealed in electron micrographs 
of thin sections, included at least a par
tial complement of typical cytoplasmic 
structures such as microfilaments, inter
mediate filaments and microtubu1es (see 
"The Ground Substance of the Living 
Cell," by Keith R. Porter and Jonathan 
B. Tucker, page 56). No correlation was 
apparent, however, between the ultra
structure of an individ ual micrDplast 
and its limited repertory of moveMents. 
It seems likely that each fragment car
ries some long-lived determinant of one 
type of movement or another, but the 
nature of the determinants is not known. 
It appears to Albrecht-Buehler that 
there may indeed be autonomous units 
of amoeboid motion. The coordinated 
movements of the whole cell, including 
locomotion, may eventually be under
stood as the result of communication 
and cooperation among such units un
der the influence of some supervising 
mechanism. 

Going to the Roundies 

Of all the visual arts the motion pic
ture would seem to offer the most 

persuasive imitation of life, and yet it 
cannot fully satisfy the appetite for veri
similitude. What the movies lack most 
obviously is depth, and a number of 
methods have been tried for adding a 
third dimension to the projected image. 
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Tunable semiconductor lasers can now measure specific gases in 
automotive exhaust with 25-millisecond response time. A successful 
strategy for improving laser reliability developed at the General Motors 
Research Laboratories makes this and other new spectroscopy 
capabilities practical realities. 
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Electron mIcroprobe analysIs of a crystal-contact 
interface, indicating indium penetration into 
the PbSn Te crystal. 

Diagram of hypothetical indium diffusiml paths 
for a three·layer contact structure of Au-Pd-A u. 

LE ACHIEVEMEN T of long 
lifetime and frequency stability 
makes the lead-tin-telluride diode 
laser a practical infrared spectrom
eter. Earlier innovations brought to 
this laser the characteristics of in
creased power, higher temperature 
operation, greater efficiency and 
wider tuning range. 

Operating in the 5- to lO-mi
cron range, the PbSnTe laser spec
t rometer can resolve the time
dependent emission of carbon 
monoxide,  sulfuric acid v apor, 
methane and other species of inter
est in automotive exhaust. This 
permits measurement of t ran
sients in carbon monoxide to car
bon dioxide gas conversion in a 

catalytic converter. This capability 
represents a significant advance 
over conventional spectroscopy in
strumentation. The laser is also 
being tested by NASA for use in 
detecting the molecular species in
volved in chemical reactions in the 
stratosphere. 

New knowledge of the proc
ess by which laser reliability is 
compromised has been revealed in 
fundamental studies conducted by 
Dr. Wayne Lo and his colleagues at 
General Motors. Dr. Lo's investiga
tions have demonstrated that laser 
lifetime and stability are limited by 
the development of excessive elec
trical contact resistance. He has 
been able to stop increases in re
sistance by devising a multilayer 
ohmic c o n t a c t  consisting o f  
d i ff e r e n t  m e t a l  fi l m s .  T h i s  
configuration has extended laser 
operating lifetime to more than 
1,000 hours and increased shelf-life 
to an estimated 25 years. 

Slow degradation due to a 
gradual increase in contact resist
ance was observed in idle lasers 
stored at room temperature, but 
not in lasers maintained at a max
imum temperature of 77 K, despite 
several hundred hours of continu
ous operation. These results sug
gested the temperature-dependent 
process of diffusion. 

Degradation occurred pri
marily on the p-type side of the 
laser, where the contact consisted 
of a thin layer of gold followed by a 
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layer of indium. Electron micro· 
probe analyses revealed that in
dium, a semiconductor donor, was 
diffusing through the gold layer 
into the crystal, apparently causing 
a reduction in hole carrier concen
tration near the p-surface. This 
effect was counteracted to a great 
degree by sandwiching a thin layer 
of platinum between the layers of 
indium and gold. Laser reliability 
reached a full year. 

When degradation was still 
observed, although to a reduced 
extent, Dr. Lo advanced the hypoth· 
esis that diffusion and transport 
were taking place along grain boun
daries in the polycrystalline con
tact layers. He proposed replacing 
the Pt-Au barrier with a three-layer 
structure. Since palladium film 
structures have fewer grain bound
aries than those of platinum, provid
ing fewer leakage paths for the in
dium, Pd was tested in place of Pt. 

DIODE LASERS composed of 
Pbox6Snoll1-e and fabricated with a 
variety of contacts were main
tained at 60°C in order to acceler
a t e  a g i ng, wi t h  p e r i o d i c  
interruptions for testing. The reo 
suits showed that a multilayer 
structure of In-Au-Pd-Au. in which 
the grain boundaries tend to be 
misaligned, provides maximal re
duction of indium penetration. 
confirming Dr. Lo's hypothesis. 

T he misaligned boundaries 
force diffusion to take place lat
erally, which slows transport into 
the crystal. T he additional layer 
slows the process even further. 

Solving the contact problem 
represen ts the culmination of 
efforts that began at General 
Motors with the development of an 
"ingot-nucleation" vapor transport 
method for growing crystals. The 
resulting crystals are of high pur
ity, with a dislocation density of less 
than 1000 cm:2 Lasers made from 
these crystals incorporate a low 
temperature cadmium-diffused p-n 
junction. This process; invented by 
Dr. Lo, increases the laser's output 
to five milliwatts. 

A tuning range of 500 cm-l 
and pulsed operating temperatures 
of up to 140 K are achieved by a 
two-step annealing process. This 
technique induces a graded carrier 
concentration that increases infra
red light confinement in the laser 
structure, thus reducing losses and 
increasing output. 

"These innovations." says Dr. 
Lo. "combine to produce a laser 
that allows us to make measure
ments previously impossible." 

THE 
MAN 
BEHIND 
THE 
WORK 
. Dr. Wayne Lo is 
a S e n  i o r  R e 
search Scientist 
in the Physics 
Department at 
the General Motors Research La
boratories. 

Dr. Lo was born in Hupei, 
China. He did his undergraduate 
work at Cheng-Kung University in 
Taiwan. He received an M.S. from 
the University of Rhode Island and 
a Ph. D. in electrical engineering 
from Columbia University in 1972. 
His doctoral thesis concerned the 
characterization of deep-level 
states and carrier lifetimes in gal
lium a rsenide l ight-emit t i n g  
diodes. 

Before under taking gradu
ate studies, Dr. Lo was instrumen
tal in setting up the first American 
transistor production plant in 
Taiwan. In 1973, he joined General 
Motors. where he is currently in 
charge of semiconductor laser and 
spectroscopy research. 
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Most such methods have been based on 
stereoscopic prInciples, whereby slight
ly different images are presented to the 
two eyes. In the 1960's, however, the de
velopment of laser holography suggest
ed a new approach. A hologram gives 
rise to a true threc-dimensional image, 
which changes in appearance when the 
viewer changes position; one part of the 
image can even be eclipsed from view 
by another part. A holographic movie 
might therefore create a realistic illu
sion of solid objects moving in three-di
mensional space. The techniques need
ed for making and projecting holo
graphic movies have proved difficult to 
master, but some recent progress has 
been reported. 

Investigators at the Cinema and Pho
tographic Research Institute in Moscow 
are at work on a holographic motion
picture system for public theaters. In 
1976 the group exhibited a 45-second 
holographic movie in which a young 
woman holding a bouquet of flowers in 
front of her face seems to walk out of 
the screen toward the audience. Each 
viewer, by moving his head horizontal
ly or vertically, could look around the 
bouquet and see the woman's face. The 
effect was startling, although the reg
istration of the image from frame to 
frame was not perfect and the color was 
unrealistic (the image was yellow). The 
movie and the way it was made are de
scribed by Tung H. Jeong of Lake For
est College in Optical Spectra. 

In the years since the 45-second mov
ie was shown the tcchniq ues of holo
graphic cinematography have improved 
considerably. The recent developments 
are discussed by two members of the 
Moscow group, Victor G. Komar and 
O. I. Ioshin, in SMPTE Journal, a publi
cation of the Society of Motion Picture 
and Television Engineers. 

A hologram generates a three-dimen
sional image of an object by recon
structing the original light waves that 
were reflected from the object. In a basic 
method of making a hologram coherent 
light from a laser is split into two beams. 
One beam, the reference beam, passes 
directly to a photographic plate; the oth
er beam is aimed at the object. The light 
reflected from the obj�ct combines at 
the plate with the reference beam to 
form an interference pattern, which is 
recorded on the plate. The developed 
plate is the hologram. 

The hologram is viewed by illuminat
ing it with laser light of the same wave
length as the light with which the holo
gram was made. The light waves passing 
through the hologram are transformed 
so that the emerging light waves recon
struct the ones that were reflected from 
the object when the plate was exposed. 
An observer perceives the waves as 
coming not from the hologram but from 
the object. 

The theoretical and technological dif
ficulties in extending holography to mo-
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tion pictures are substantial. The Cine
ma and Photographic Research Institute 
is one of only a few institutions where 
the work has been attempted. Surpris
ingly, the most challenging problems 
may lie not in making holographic mo
tion pictures but in projecting them 
to a large audience. The projection of 
the hologram onto an ordinary movie 
screen would destroy the reconstructive 
property of the image. It is necessary for 
the observer to intercept not a projec
tion of the light rays emerging from the 
hologram but the rays themselves. 

One hypothetical method of presenta
tion, explained by Jeong, would employ 
a mirror rather than a diffusely reflec
tive screen as the projection surface. For 
example, the mirror might be an ell ipti
cal one with two foci. The viewer would 
sit at one focus and the holographic im
age would be formed at the other focus. 
The drawback to this method is that it 
would work only for an audience of one. 
For a larger audience the screen would 
have to be equivalent to a superposition 
of as many mirrors as there are viewers, 
with the image at a common focus and 
each seat at the second focus of one of 
the mirrors. 

It is impossible, however, to combine 
mirrors in this way. The investigators in 
Moscow, according to Jeong, overcame 
the problem by employing as the screen 
a spec ially constructed hologram that 
has the same multiple-focusing property 
as superposed mirrors would have. The 
hologram is made by exposing a photo
graphic plate the size of the screen to 
beams diverging from each seat in the 
theater and from the point where the 
image will be formed. When light rays 
from the projector impinge on the holo
graphic screen, they come to a focus at 
each seat. The movie of the woman and 
the bouquet was shown with a screen 
that could accommodate an audience of 
four. The investigators plan to construct 
a seven-foot-wide holographic screen 
for an audience of between 200 and 400 
viewers. 

The Moscow group points out that a 
holographic movie might have advan
tages besides visual realism. For exam
ple, the quality of the reconstructed im
age is not affected by motion of the film 
in a direction perpendicular to the pro
jected beam. As a result the image 
would not be degraded if the film moved 
somewhat irregularly through the pro
jector. Another advantage is that the 
size of the individual frames making up 
a holographic movie could be much 
smaller than the frame size of an ordi
nary movie. The reason is that infor
mation embodied in the light reflected 
from any part of the object is recorded 
over the entire surface of the hologram. 
A decrease in the frame size could lead 
to reductions in the cost of the film 
and in the size of the camera and the 
projector. Moreover, if a hologram is 
scratched or dirty, the flaw will scarce-

ly be noticeable because its effect will be 
spread over the entire image. 

Seismic Shift 
The earthquake that shook San Fran

cisco on the morning of April 1 8, 
1 906, devasted four square miles of the 
city. Although much of the damage was 
actually caused by the ensuing fire, it has 
long been the consensus among seismol
ogists that the earthquake itself was an 
exceptionally large one. It is usually as
signed a magnitude of 8 . 2 5 ,  which sug
gests a geologic blockbuster. Hence the 
San Francisco earthq uake has served as 
a benchmark against which other earth
quakes are compared; it has also been 
adopted with a certain pride by the citi
zens of San Francisco as a measure of 
the city's resilient spirit. 

The extent of the damage and suffer
ing caused by the 1 906 earthquake is 
beyond dispute, but it has now been sug
gested that the earthquake as a geologic 
event was not as extraordinary as had 
been thought. Paul C. Jennings and Hi
roo Kanamori of the California Institute 
of Technology have recovered seismic 
instruments of the period and have re
examined old data in the light of the 
instruments' responses. They conclude 
that the local magnitude of the San 
Francisco earthquake was probably be
tween 6.75 and 7.0 on the Richter scale. 
This magnitude is comparable to that of 
more recent large earthquakes in Cal
ifornia. Because the magnitude of an 
earthq uake represents the base- l 0 loga
rithm of the amplitude of the shocks, the 
revision suggests the force of the San 
Francisco earthquake had been over
estimated by as much as a factor of 30. 

Why is there such a large discrepancy? 
Jennings and Kanamori point out that 
the assigned magnitude of 8.25 is an esti
mate of the surface-wave magnitude: a 
measure of the amplitude of low-fre
quency (three per minute) ground vibra
tions. This amplitude depends mainly 
on the length of the fault line along 
which the plates of the earth's crust slip 
during an earthquake. The surface-wave 
magnitude of 8.25 tells the tale of a gi
gantic movement in the crllst, running 
some 2 50 miles along the San Andreas 
Fault. 

The slow surface-wave motions, how
ever, are scarcely noticeable to those for 
whom an earthquake is a matter of per
sonal or architectural concern. Most of 
the ground shaking near an earthquake 
epicenter results instead from higher
frequency (one per second) vibrations. 
The one-per-second waves are more de
structive, but they are also more quickly 
attenuated by passage through the earth. 
Beyond a distance of some hundreds of 
miles the longer-period surface waves 
become dominant, and at extreme dis
tances only the surface waves can be de
tected. The potential destructive inten
sity of an earthquake is best estimat-

ed, therefore, by local magnitude, which 
alone is capable of measuring the one
per-second waves. The Richter magni
tude properly refers to this local mag
nitude, but common usage has extend
ed it to refer to earthquake magnitude 
scales in general. 

Various kinds of seismic instruments 
had been in use for some 50 years by the 
time of the San Francisco earthquake, 
but none were specifically tuned to one
per-second vibrations. One of the sim
plest instruments was the seismoscope, 
in which a massive pendulum is sus
pended over a smoked glass, with the 
pointed end of the pendulum bob just 
touching the glass. In an earthquake a 
record of the ground motion is scribed 
onto the glass. Seismoscopes were in 
operation near the epicenter of the San 
Francisco earthquake, but most of them 
were thrown off scale. Estimates of the 
earthquake magnitude have therefore 
been based entirely on measurements 
of distant surface-wave amplitudes. In
deed, until now the size of the San Fran
cisco earthq uake has been inferred pri
marily from data recorded by European 
seismic stations. 

Jennings and Kanamori reasoned that 
the signature of the one-per-second 
waves associated with the 1 906 earth
quake might be reconstructed from re
cordings made by instruments that were 
close enough to the epicenter to respond 
to this rapidly fading vibration yet far 
enough away so as not to be thrown off 
scale. Recordings made on such early 
instruments, however, would bear no 
simple relation to local magnitudes. 
Hence the problem facing Jennings and 
Kanamori was not merely that of find
ing the appropriate instruments; their 
task amounted to the archaeological re
construction of a broken tool and the 
theoretical reinterpretation of the mark
ings made by it. 

Jennings and Kanamori turned up 
two early seismoscopes in laboratory 
storerooms along with records of the 
1 906 earthquake made with those in
struments. One of the se·ismoscopes was 
in Yountville, Calif., about 65 kilome
ters from the epicenter of the earth
quake. The other was found in Reno, 
Nev., but had recorded the San Francis
co earthquake from Carson City, Nev., 
some 2 9 1  kilometers from the epicenter. 
Both of the instruments were put in or
der and calibrated for period, damping 
and gain so that their recordings could 
be evaluated. 

The revised estimate of the magnitude 
of the San Francisco earthquake might 
be seen as supporting the uniformitarian 
basis of modern geology: the catastro
phes of 75 years ago were not differ
ent in kind from those of today. The 
revision does prompt one melancholy 
thought. Under 1 906 building standards 
it did not take an 8.25 earthquake to 
bring San Francisco to the ground; a 
6 . 7 5  or a 7.0 was quite enough. 

9 1  
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The Milky Way Galaxy 
A few years ago the fundamental facts about it 
seemed to be fairly well established. Now even 
its mass and its radius have come into question 

by Bart J. Bok 

On a clear and moonless night free 
of the lights of civilization the 
most arresting thing in the sky is 

the luminous band of the M ilky Way. 
Even without a telescope there is much 
one can say about it. One can see, for 
example, that stars become more nu
merous as one directs one's gaze across 
the sky and into the band. The fact that 
the band itself is made up mostly of stars 
then seems less astonishing. One can see 
that the band follows a great circle that 
bisects the celestial sphere. Hence the 
earth is embedded in the central plane of 
the band. One can see, moreover, that 
the band is widest and brightest in the 
d irection of the constellation Sagittar
ius. Surely this is the direction to the 
center of the system. The system is the 
Milky Way galaxy. 

A telescope will reveal that certain 
starlike points in the Milky Way are ac
tually great aggregations of stars. They 
are plainly d istant objects; they are 
known as globular clusters. Between 
19 18 and 1 92 1  Harlow Shapley em
ployed the telescopes of the Mount Wil
son Observatory to demonstrate that the 
clusters, like the stars in the band, are 
commonest in Sagittarius. In an area of 
Sagittarius that makes up only 2 percent 
of the sky Shapley plotted a third of all 
the globular clusters then known. Evi
dently, therefore, the solar system is far 
from the center of the galaxy; the dis
tance from the sun to the center is now 

estimated to be 8,500 parsecs. (A parsec 
is 3 .26 light-years.)  It has since been es
tablished that the solar system, along 
with the rest of the mass in the central 
plane of the galaxy, revolves about the 
center . The sun revolves at a rate now 
taken to be some 2 3 0  kilometers per sec
ond. It thus completes a revolution ev
ery 200 million years. 

In 1930 Robert J .  Trumpler of the 
Lick Observatory showed that an inter
stellar medium of gas and dust dims the 
light of the stars, particularly the stars in 
the central plane of the galaxy. In 1 95 1  
William W .  Morgan o f  the Yerkes Ob
servatory and his students Donald E. 
Oster brock and Stewart L. Sharpless 
found evidence that the band is an edge
on view from the earth of the galaxy's 
spiral structure. Evidence for spiral fea
tures soon followed at radio wave
lengths. In the 1 960's Chia Chiao Lin 
of the Massachusetts Institute of Tech
nology and Frank H. Shu, then at the 
Harvard College Observatory, suggest
ed that waves of increased density in the 
interstellar medium precipitate the spi
ral features and are responsible for the 
formation of stars. Meanwhile the ad
vent of infrared astronomy provided a 
means for exploring the interior of dark 
interstellar clouds. It now appears that 
the clouds are where most of the gal
axy's new stars form. By 1970 radio as
tronomy had begun to reveal the com
position of the dark clouds. They are 

MAP OF THE MILKY WAY shows the galaxy in accord with the hypothesis that it is unex
pectedly large and massive. The three long-recognized components of the galaxy lie well in
side the coordinate grid. Their dimensions are given in parsecs. (A parsec is 3.26 light-years.) 
Among the three components the central bulge, with a radius of 4,000 to 5,000 parsecs, con
sists mostly of a dense packing of old stars. The galactic disk, with a radius of 15,000 parsecs, 
consists of younger stars and dust and gas. Its spiral features (colored curves) have been traced 
only in the sun's vicinity. The galactic halo, with a radius of 20,000 parsecs, consists mostly of 
a thin packing of old stars and of roughly half of the stellar aggregations called globular clus
ters. The hypothetical outermost component of the galaxy is called the corona; its presence is 
inferred from the velocities of the visible matter. Presumably the objects in the corona are not 
highly luminous. In this map the "galactic companions" visible in the corona to a distance of 
100,000 parsecs are plotted by sun-centered coordinates. The direction from the sun to the cen
ter of the galaxy defines zero degrees galactic longitude. Angles above and below the galactic 
plane are measured in galactic latitude. The companions include 10 globular clusters, four 
dwarf spheroidal galaxies and the irregular galaxies the Large and Small Clouds of Magellan. 
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made up of dust and hydrogen, with 
an admixture of some surprisingly com
plex molecules, many of them organic. 

For many years I have been a night 
watchman of the M ilky Way galaxy. 
I remember the mid- 1 970's as a time 
when I and my fellow watchers were no
tably self-assured. The broad outlines 
of the galaxy seemed reasonably well 
established. The galaxy had two main 
components: a dense central bulge of 
stars with a boundary between 4,000 
and 5 ,000 parsecs from the center, and a 
flat, much thinner disk of stars and inter
stellar gas and dust whose inner margin 
abutted the bulge and whose outer mar
gin lay some 1 5 ,000 parsecs from the 
center. The bulge is in Sagittarius; the 
disk is flung across the sky. 

The combined mass of the disk and 
the bulge was then calculated to be well 
under 200 billion times the mass of the 
sun. The disk and the bulge were sur
rounded, however, by a "halo" of mat
ter on each side of the galaxy'S central 
plane. In overall form the halo is a 
slightly flattened sphere. In the plane of 
the galaxy it has a radius on the order of 
20,000 parsecs. It is notable for old 
stars, and also for a scattering of per
haps 1 00 globular clusters. (Another 
1 00 globular clusters lie in or near the 
galactic disk.) The halo might add at 
most 1 00 billion solar masses to the to
tal mass of the galaxy. 

M uch work was still to be done. We 
felt confident nonetheless that the basic 
findings would stand, and that astron
omers would be undistracted as they 
looked into such matters as how stars 
form and how the M ilky Way's spiral 
features evolve. We did not suspect it 

would soon be necessary to revise the 
radius of the M ilky Way upward by a 
factor of three or more and to increase 
its mass by as much as a factor of 1 0. 
The revisions are emblematic of a num
ber of recent upheavals. Here I shall 
take up several aspects of the current 
effort to understand the M ilky Way. J 
include most of them because they are 
areas of notable ferment where progress 
in understanding may be imminent. I in
clude one, in contrast, because I fear it is 
reaching a dead end. 

Galactic Coronas 

Suggestions that the M ilky Way gal
axy is unexpectedly large and massive 
were offered as early as 1 974.  On the 
theoretical side they came principally 
from Donald Lynden-Bell of the Uni
versity of Cambridge and from Jeremi
ah P .  Ostriker, P .  J .  E. Peebles and 
Amos Yahil at Princeton University. 
The basic argument was that the dynam
ical stability and permanence of the gal
axy cannot be guaranteed unless the ga
lactic disk is surrounded, and thereby 
stabilized gravitationally in spite of its 
thinness and its delicate spiral structure, 
by an extended and massive halo. 

J. Einasto and his associates at the 
Tartu Observatory in Estonia came for
ward with a d ifferent chain of reasoning. 
For several years investigators looking 
into the dynamics of the M ilky Way had 
argued that the velocity of the sun with 
respect to the globular clusters in the 
halo of the galaxy is only some 1 80 kilo
meters per second. Since the clusters are 
scattered throughout a large spherical 
volume, it seems plain that on the whole 

they do not participate in whatever rota
tion the galactic disk may have. The dis
tribution of the clusters thus should be 
more or less stationary with respect to 
the center of the galaxy. Specifically, it is 
thought the rotational velocity of the 
system of globular clusters about the 
center of the M ilky Way can be no more 
than 50 kilometers per second. Hence 
the rotational velocity of the sun about 
the center of the galaxy should be no 
more than 2 3 0  kilometers per second, 
and certainly no more than 2 50. 

Meanwhile other investigators had 
determined the velocity of the sun with 
respect to the average motion of nearby 
galaxies, namely those whose distance 
from the sun is no greater than a million 
parsecs. Their result for the rotational 
velocity of the sun about the center of 
the M ilky Way was 3 00 kilometers per 
second. The d ifference between the two 
results could best be interpreted as indi
cating that the center of the M ilky Way 
galaxy is moving at a velocity of 50 to 
80 kilometers per second with respect 
to the nearby galaxies. That velocity 
seemed surprisingly large. 

Einasto argued that the result might 
nonetheless be correct and that the 
unsuspected massiveness of the M ilky 
Way system might be the cause of it. To 
test his hypothesis he examined the mo
tion of the M ilky Way within the group 
of galaxies of which it is a member. 
Einasto proposed that there are sub
groups within the group and that in one 
of the subgroups the Milky Way is grav
itationally dominant over several other 
aggregations of stars, such as the two 
small nearby galaxies called the Large 
and Small Clouds of M agellan and a 
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ROTATION CURVE grapbs tbe circular velocity of matter in rota
tion about tbe center of the Milky Way. Here two such curves are 
drawn. A rotation curve plotted in 1965 by Maarten Schmidt of the 
Hale Observatories (solid black lille) shows a circular velocity tbat de
clines toward tbe limit of tbe visible galaxy at 20,000 parsecs. If all 
tbe mass in the galaxy lay inside that limit, a test mass placed fartber 
out would rotate at lower speed, in approximate obedience to a law 
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first formulated (for tbe motion of tbe planets) by Johannes Kepler 
(broken lille). Data analyzed by Leo Blitz and his colleagues at tbe 
University of California at Berkeley now yield a rotation curve (col
ored lille) tbat rises toward a value of 300 kilometers per second at 
20,000 parsecs. The rise of the newer curve implies unseen mass in 
great quantity outside the visible limit of the galaxy. Eacb point in 
tbe newer data is the circular velocity of a cloud of bydrogen atoms. 
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T he new Memorex® M Formula 
magnetic coating is redefining perform
ance standards for all new generation 
rigid disc drives. Containing our exclu
sive Hi/Oxide'" formulation, M Formula 
offers the highest signal to noise 
ratio->30 dB at 10,000 
flux changes per inch-of any rigid 
media in the industry. With higher 
performance margins and protection 
against random errors, you're 
assured greater data integrity. And that 
means more flexibility for the advanced 
drive designer, too . 

4 5 6 

The unique M Formula coating 
has created a new benchmark for sur
face smoothness. CLA has been 
reduced to <51l:' and the deviation 
has been reduced to within 51l�' 
This represents a 100% improve
ment over existing industry averages. 
The smoother surface significantly 
reduces noise and improves head 
flying uniformity. 

Our revolutionary Hi/Oxide™ 
coating forms a hard surface that resists 
wear and has set new standards for 
durability. M Formula's extraordinary 

MEMOREX 

7 8 9 10 11 12 1: 

- thermoset properties also allow it to 
withstand a wide range of temperature 
changes . 

It all adds up to trouble-free data 
handling. But most importantly, the new 
M Formula ensures far greater data 
integrity than you'll find in any other rigid 
media available. 

To learn more about how Memorex 
is redefining data integrity, contact 
Memorex Rigid Media and Components 
Division, 1500 Memorex Dr., 
Santa Clara, CA 95052 or call N. "Vis" 
Viswanathan at (408) 987-1928. 
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CARINA DWARF GALAXY 1s tbe latest addition to tbe catalogue of galactic companions; 
its estimated distance of some 100,000 parsecs from tbe center of tbe Milky Way apparently 
makes it an outer member of tbe galactic corona. In tbis negative print of a pbotograpb tbe 
dwarf galaxy is tbe loose, inconspicuous aggregation of small dark points near tbe center. Tbe 
larger points are stars mucb closer to tbe solar system along tbe same line of sigbt. Tbe pboto
grapb was made as part of tbe United Kingdom-European Soutbern Observatory Sky Survey. 
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HERTZSPRUNG-RUSSELL DIAGRAM for stars in tbe central part of tbe Carina dwarf 
galaxy makes it possible to determine tbe distance of tbat galactic companion. Tbe diagram 
plots tbe apparent luminosity of eacb sucb star (vertical axis) against a measure of its color (hori
zontal axis). Tbe stars in wbat is called tbe borizontal brancb of tbe diagram turn out to bave 
an apparent luminosity of approximately 20.4. Tbeir intrinsic luminosity would place tbem 20 
magnitudes bigber. From tbe dimming of tbeir luminosity tbe distance of 100,000 parsecs is in
ferred. At a galactic latitude of -22 degrees, tbe Carina dwarf galaxy is well outside tbe cen
tral plane of tbe Milky Way; bence tbe correction of tbe calculation for tbe absorption of Iigbt 
by intervening interstellar matter sbould be small. The data were gatbered by Russell Cannon 
and bis associates at tbe Royal Observatory in Edinburgb and at·tbe Anglo-Australian Obser
vatory. Tbe limit of sensitivity of tbe workers' apparatus is just below tbe borizontal brancb. 
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number of dwarf spheroidal galaxies, 
of which seven are now known. One of 
the dwarf spheroidal galaxies lies some 
1 50,000 parsecs from the center of the 
Milky Way. The velocity of the sun with 
respect to the average motion of these 
galactic companions proved to be al
most 3 00 kilometers per second. It too 
was surprisingly high. Einasto interpret
ed the velocjty as an effect of the great 
mass of our galaxy on its nearest neigh
bor galaxies.  

Einasto was therefore strengthened in 
his suspicion that the Milky Way is 
more extended and more massive than 
had been supposed.  In 1976 he offered 
a model of the Milky Way system in 
which the mass of the central bulge, the 
disk and an extended halo is 900 billion 
solar masses. Even that mass is insuffi
cient to account for the great velocities 
observed among the galaxy and its com
panions. Einasto therefore proposed 
that the bulge, the disk and the halo are 
embedded in a still larger but nonethe
less unseen component of the galaxy, 
the corona (as he called it), which ex
tends out to at least 1 00,000 parsecs 
from the center and has a mass of 1 .2 
trillion solar masses. The total mass 
of the M ilky Way would then be 2 . 1 
trillion solar masses, or at least seven 
times the value accepted in 1975 .  

Supporting evidence was forthcoming 
from several investigations. First, Vera 
C. Rubin, W. Kent Ford, Jr., and N or
bert Thonnard of the Department of 
Terrestrial Magnetism of the Carnegie 
Institution of Washington examined the 
Doppler shifts of spectral lines in the 
light emitted by matter in the outer part 
of 1 7  galaxies .  Each such shift is a dis
placement of a spectral line to a wave
length different from the one it would 
have if the source of the radiation were 
motionless with respect to the instru
ment that receives it. The investigators 
concluded that the outlying matter in 
each galaxy circles the center of the gal
axy j ust as fast as the matter nearer the 
center. To put it another way, a rotation 
curve-a graph of rotational velocity as 
a function of distance from the center of 
the galaxy-was essentially a horizontal 
line for the outer part of each galaxy 
they studied.  

The discovery of such flat rotation 
curves is remarkable. After all, the dis
tribution of brightness in the optical im
age of a typical spiral galaxy leads one 
to infer that the galaxy's visible matter is 
concentrated toward the center and gets 
sparse at the periphery. From this con
centration one can deduce that the ouf
ermost visible matter ought to be mov
ing in response to forces analogous to 
those acting on the outermost planets of 
the solar system. The peripheral matter 
ought to be rotating about the center 
of the galaxy at a lower circular veloci
ty (expressed in kilometers. per second) 
than the matter nearer the center. Evi-
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dEIl1 Compare the relative mer
its of today's family cars, 
and you' ll f ind that a trip to 

41N THE FlioNl���l�t�J 
BIN THE BACK Jetta. 

I n the front, 
for example, 

• there's room 
enough for a family of 4 to ac-

© lsea VOLKSWAGEN OF AMERICA 

tually stretch out and enjoy the 
ride. 

In back, there's a tr unk big 
enough to handle 8 suitcases. 
(Something you don't even get 
with a Roils-Royce.) 

And under the hood, there's a 
CIS fuel-injeded engine powerful 
enough to take you from 0 to 50 
in just 9.2 seconds. As well as 
around any trucks, onto any high
ways and up any mountains 
you meet along the way. 

Whats more, even though Road 
& Track has said it "will embar
rass a lot of cars costing a lot 
more" with its performance and 

h a  n d  l i n g ,  J e t t a  w il l  n e v e r  
embarrass you at the gas pumR 

It gets an EPA estimated I23J 
mpg, 40 mpg highway estimate. 
(Use "estimated mpg" for com par
isons. Your mileage may var y 
with weather, speed and trip 
length. Actual highway mileage 
will probably be less.) 

And it gives you front-wheel 
drive, rack-and-pinion steering, 
all-independent suspension and 
classic European styling. 

Impressed with Jetta's relative 
merits? 

Your relatives will be, too. 

VOLKSWAOEN DOES IT 
ADAIN 
® 

© 1981 SCIENTIFIC AMERICAN, INC



• • � • ' • •  ' ' • •  , • • • • •  : " j. 

© 1981 SCIENTIFIC AMERICAN, INC



into 3�x4�prints. 
. In seconds. 

Now you can produce your own 
lrints from your slides. On the spot. In 
;econds. With Polaroid's remarkable 
lew Polaprinter slide copier there's 
10 more waiting for days to get your 
lrints back. 

How does it work? Frame your 
15mm slide on the illuminated preview 
creen. Then insert it in the copier and 
lush a button. Seconds later you have 
. beautiful, fully-developed color or 
llack-and-white 311.1 x 411.1" print. Every 
o seconds you can start producing 
nother picture from a slide. It's a 
lo-fuss, push-button job. 

T he Polaprinter uses our Type 668 
lolacolor film to give you sharp, vivid 
olor prints in 60 seconds. With our 
ype 665 positive/negative film, you 
let a black-and-white print plus 
high-resolution negative in just 30 

econds. 
The Polaprinter itself is small and 

;Jhtweight and takes up less than a 
quare foot of space . It has fully auto
latic exposure control, a specially 
esigned lens for optimum sharpness 
nd an independent control for adjust-

ing contrast to your liking. A cropping 
selector is included to adjust for the 
slight disproportion between the slide 
and print formats. 

You'll find that the Polaprinter is the 
quickest, easiest way to prepare prints 
from your horizontal or vertical slides 
to illustrate reports and articles. 
Or to keep records of patients or 
projects. Or to supplement 
correspondence and propos
als. If you have a large collec
tion of slides, you can make 
yourself a handy print file for. 
quick reference. And, of course, 
you always have the security of 
dOing your own copy work at 
your desk or in your lab. 

Bring one of your 35mm slides 
to a Polaroid Polaprinter dealer for 
an on-the-spot demonstration. See 
for yourself how easily and quickly you 
can turn important data or pictures 
on your slides into superb prints. 
For the name of your nearest ..... i�� 
Polaprinter dealer, call us toll-free 
from the continental U.S.: 800-225-1618. 
In Mass., call collect: 617-547-5177. 

© 1981 SCIENTIFIC AMERICAN, INC



THREE·KILOPARSEC ARM 

TO 
THE 

CENTRAL PART of the Milky Way is shown schematically in an il
lustration devised by Thomas R. Geballe of the Hale Observatories. 
The view is from above. The scale decreases logarithmically "lith dis
tance from the center, so that the innermost parsecs are magnified. 
The three most central parsecs include the densest congestion of stars 
(colored dots) in the galaxy. (Throughout the illustration the density 
of stars has been reduced by a factor of 2,000.) The region also har-

100 

. �. . 

. .  : . : " ... .. . . ,' 

. . . : 

bors compact clouds of ionized gas (dark color) that are made up most
ly of hydrogen. The velocity of the clouds suggests they are circling a 
supermassive object, perhaps a black hole, that lies precisely at the 
center. A thinner distribution of ionized gas (light color) permeates 
the central 100 parsecs. It is surrounded in turn by a ring of cooler, un
ionized gas (gray) whose hydrogen consists of both atoms and mole
cules. The ring includes giant complexes of dust and molecules (dark 
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gray). In some of tbem young stars (white dots) 
bave formed. A dense band made up mostly 
of un-ionized bydrogen appears at tbe left. It 
is tbe innermost part of an expanding feature 
called tbe tbree-kiloparsec arm. On one by
potbesis tbe arm was created by an explosion 
at tbe galactic center 30 million years ago. 

dently it does not. The rotation curves 
calculated by Rubin, Ford and Thon
nard thus imply the presence of unseen 
matter in large quantity beyond the ap
parent periphery of each of the galaxies. 

The Corona of the Milky Way 

Studies similar to those of Rubin, 
Ford and Thonnard bear d irectly on the 
distribution of mass in the M ilky Way. 
In one of them F. D. A. Hartwick of the 
University of Victoria and Wallace L. 
W. Sargent of the California Institute of 
Technology calculated the velocities of 
globular clusters at d istances greater 
than 20,000 parsecs from the center of 
the galaxy. In other studies James E. 
Gunn, Gillian R.  Knapp and Scott D. 
Tremaine employed data gathered at 
the Owens Valley Radio Observatory to 
determine the velocities of clouds of in
terstellar hydrogen atoms. Maurice P .  
Fitzgerald of the University of Water
loo, together with Peter D. Jackson of 
the University of Maryland and Antho
ny Moffat of the University of Montre
al, determined the velocities of stars and 
star clusters as much as 1 7 ,000 parsecs 
from the center of the galaxy. William 
L. H. Shuter of the University of British 
Columbia determined the velocities of 
clouds of hydrogen and carbon monox
ide that lie in the galactic anticenter: the 
direction opposite to the l ine of sight 
from the earth to the center of the gal
axy. Recently Leo Blitz and his col
leagues at the University of California 
at Berkeley have measured the Doppler 
shifts in both the optical and the radio 
parts of the electromagnetic spectrum 
for lines from 1 84 nebulas and large 
clouds of interstellar hydrogen and car
bon monoxide in the anticenter. All the 
results are consistent with a rotation 
curve that does not fall. 

From the evidence available today it 
seems fair to conclude that the rotation 
curve for the M ilky Way attains a value 
of 230 kilometers per second at 8 ,500 
parsecs, the distance from the galactic 
center that marks the position of the sun. 
From there the rotational velocity con
tinues to increase. It reaches 3 00 kilome
ters per second at a distance of 20,000 
parsecs. 

Several objects more distant than 
20,000 parsecs are visible; a list of them 
was published by the International As
tronomical Union in 1 979 .  Four glob
ular clusters lie between 20,000 and 
40,000 parsecs from the galactic center; 
the Large Cloud of M agellan and two 
globular clusters lie between 40,000 and 
60,000 parsecs; two dwarf spheroidal 
galaxies and the Small Cloud of Magel
lan lie between 60,000 and 80,000 par
secs, and one dwarf spheroidal galaxy 
and three globular clusters lie between 
80,000 and 1 00,000 parsecs. Four more 
dwarf spheroidal galaxies and two glob
ular clusters lie between 1 00,000 and 

220,000 parsecs, but their claims to 
membership in the corona of the M ilky 
Way are more dubious. 

Plainly our galaxy is far more extend
ed and of much greater mass than was 
hitherto thought; the M ilky Way has 
been elevated to the rank of a major 
spiral galaxy. Taken together, however, 
the visible constituents of the corona 
have only a tiny fraction of the hundreds 
of billions of solar masses that ought 
to be there. Apparently the M ilky Way 
shares with the galaxies studied by Ru
bin, Ford and Thonnard the property 
that much of its outlying matter is dark. 
Indeed, John N. Bahcall and Raymond 
M. Soneira of the Institute for Ad
vanced Study infer from the invisibil ity 
of the hypothetical matter that if there 
are stars in the corona that are not 
bound into clusters or into dwarf galax
ies, their intrinsic brightness should be 
less than a thousandth that of the sun. 

What, then, is the unseen mass? Three 
facts are worth noting. First, dwarf gal
axies and globular clusters consist main
ly of old stars. Second, old stars are not 
highly luminous. Third, no one has de
tected from the corona the spectral l ines 
that characterize clouds of gaseous mat
ter such as hydrogen and carbon mon
oxide in more central parts of the gal
axy. At present, therefore, the best sug
gestion is that the corona of the Milky 
Way is composed mainly of old, burned
out stars. On the other hand, the unseen 
mass of the galaxy's corona may not fit 
any of the categories based on what can 
be seen in more accessible regions. We 
do not know yet what is out there. 

The Central Bulge 

It may come as a surprise that the cen
ter of the M ilky Way is no less mysteri
ous than the galactic corona. In fact it 
is only slightly more visible to observ
ers on the earth. Twenty-five years ago, 
when observations could be made only 
at visible and radio wavelengths, three 
kinds of object were known to be plenti
ful in the galactic center. Each of them 
is old. The first is globular clusters. The 
second is RR Lyrae variables. These are 
old stars that alternately brighten and 
dim with a period on the order of a day. 
The third is  planetary nebulas. Most of 
them are the old, collapsed stars called 
white dwarfs, each one surrounded by a 
cloud of gas that is thought to be the 
shed atmosphere of the star. The galac
tic center itself was hidden from optical 
view by layers and shells of dust that are 
estimated to dim the l ight from the cen
ter by as much as 30 astronomical mag
nitudes, or a factor of 1 012. The dust is 
particularly effective at blotting out the 
blue light to which the photographic 
emulsions employed in earlier days of 
astronomical photography were often 
made most sensitive. Some of the dust 
lies in a lane at the margin of the central 
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bulge, a few thousand parsecs from the 
solar system. Some of it lies only 300 
parsecs from the solar system, in the 
constellation Ophiuchus, along the line 
of sight from the earth to the center. The 
only thing then known about the cen
ter was that it harbored a strong radio 
source. Electromagnetic radiation in the 
radio part of the spectrum is not ab
sorbed by the dust. 

Some 1 5  years ago the prospects be
gan to brighten. The detection of radio 
emissions at a wavelength of 2 1  centi
meters served to del ineate the sources of 
such radiation : clouds of neutral (un· 
ionized) hydrogen atoms. The detection 
of emissions at other wavelengths re
vealed the presence of dark interste llar 
clouds consisting mostly of molecules. 
Above all, the advent of infrared astron
omy opened a window to the center of 
the galaxy at wavelengths of from a mi
crometer to a millimeter. Infrared radia
tion constitutes a second band of wave
lengths that the interstellar dust does not 
heavily absorb. One of the most useful 
new techniques is the detection of the 
infrared radiation emitted at a wave
length of 1 2 . 8  micrometers by ionized 
neon atoms. Because neon is a by-prod
uct of energetic events such as ste llar 
explosions it becomes a ubiquitous con
stituent of interstellar clouds. The neon 
therefore serves as a tracer. 

The observations at radio and infra
red wavelengths yield four kinds of 
data. First, they reveal the presence of 
local maximums in the rain of radiation 
from certain directions in the sky. Sec
ond, the Doppler shift of spectral lines 
in the rad iation reveals the radial veloci
ty of such a source : the speed of the 
so urce either toward the solar system or 
away from: it. Third, the broadening of a 
spectral line can suggest that the source 
is expanding or contracting. Fourth, the 
relative intensities of certain lines in the 
spectrum suggest the temperature of the 
source. Even when all possible informa
tion has been extracted from the radia
tion, however, much remains uncertain. 
It cannot be ascertained, for example, 
whether a source in approximately the 
direction of the center of the galaxy lies 
in front of the center or behind it, or 
whether the radial velocity of a source 
actually means it is rotating about the 
center. 

Let me summarize the present state 
of knowledge about the central bulge 
of the M ilky Way. In its overall shape 
the central bulge is a sl ightly flattened 
sphere. Its outer boundary, which lies 
5 ,000 parsecs from the center, is marked 
by a ring of what are now called giant 
molecular complexes.  They are large, 
dark, cl umpy interstellar clouds made 
up mostly of hydrogen molecules. I 
shall be returning to them. The bulge 
itself consists in general of a dense clus
tering of old stars in a rather thin matrix 
of interstellar gas and dust. The stars are 

known from their infrared radiation, 
which can be distinguished from that of 
gas or dust. One way to account for the 
relative scarcity of gas and dust in the 
bulge is to assume that much of it plac
idly condensed long ago to form the 
stars of the bulge. On the other hand, 

several interstellar features in the bulge 
suggest that the center of the galaxy has 
had a complex and violent history. 
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The outermost detectable feature of 
the bulge is a ring of ne utral hydrogen at 
a distance of 3 ,000 parsecs from the cen
ter. The ring was discovered in 1 964 by 
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SPIRAL STRUCTURE of the disk of the Milky Way in the vicinity of the sun has been traced 
by observations at optical wavelengths with varying success, depending on what classes of as
tronomical objects are employed in the attempt. The upper chart shows the positions of loose 
groups of young stars (open circles) and of clusters in which at least some of the stars are young 
(solid circles); the distribution of such stars confirms the presence of the spiral features called 
the Perseus arm, the Orion arm and the Sagittarius-Carina arm. The lower chart shows the po
sitions of long-period Cepheid variables. These young giant stars are thought to form inside 
spiral segments. Although the same part of the galaxy is mapped, no spiral structure appears. 
Data for the charts were collected by Roberta M. Humphreys of the University of Minnesota. 
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BRIGHTEST SPIRAL FEATURE in the vicinity of the sun is the 
Great Nebula in Carina, which marks the place where the Sagittari
us arm and the Carina arm meet. The nebula is a cloud of hydrogen ' 
that has been ionized, and hence rendered luminous, by the ultravio-
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let radiation of newly formed blue-white supergiant stars in its midst. 
The nebula cannot be seen from the Northern Hemisphere. The dis
tance to the nebula is 2,700 parsecs. The photograph was made at 
Mount Stromlo Observatory of the Australian National University. 
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Jan H. Oort and G. W. Rougoor of the 
Leiden Observatory. The Doppler shifts 
of the radiation it emits show it is ro
tating and, more important, expanding, 
with velocities away from the center 
that range from 50 to 1 3 5  kilometers per 
second. Perhaps the ring is a new spiral 
arm unfurling. One is equally tempted, 
however, to specl!late that the center of 
the galaxy expelled a kind of smoke ring 
some 30 million years ago. It is as if 
there had been a titanic explosion there. 
Perhaps the explosion swept away much 
of the gas and dust in the bulge. 

The next feature inward lies at a dis
tance of about 1 , 500 parsecs from the 
center. It is construed by its discoverers, 
Butler Burton of the University of M in
nesota and Harvey S. Liszt of the Na
tional Radio Astronomy Observatory, 
to be a disk of both atomic and molecu
lar hydrogen. It too is both rotating and 
expanding. Surprisingly, the best way to 
interpret the data is to assume that the 
disk is tilted at an angle of 1 5  to 20 de
grees to the plane of the galaxy. 

One might hope that the composi
tion of the central bulge would be more 
or less homogeneous from the Burton
Liszt ring to the center, if only to simpli
fy the task facing those who attempt to 
understand the structure of the bulge. 
More surprises, however, await. Anoth
er smoke r ing is evident some 3 00 par
secs from the center. This one too is a 
mixture of molecular complexes, dust 
clouds and regions of atomic and molec
ular hydrogen. The atomic hydrogen is 
ionized in places, which means it is quite 
hot: well over 1 0,000 degrees Kelvin. 
Associated with these hot spots are clus
ters of newly formed blue-white super
giant stars. Why should these realms of 
high temperature and star formation lie 
precisely in this ring? One is particularly 
puzzled because a cooler r ing of only 
mildly ionized atoms at a temperature 
of 5 ,000 degrees lies a mere 10 parsecs 
from the center. The 1 0-parsec ring is 
rather dense, and it is rotating. 

The central three parsecs of the gal
axy evidently includes several million 
stars; they give the center the densest 
packing of stars in the galaxy. The core 
region also includes a number of com
pact clouds of ionized gas; a group 
of workers led by John H. Lacy and 
Charles H. Townes of the University of 
California at Berkeley has detected 1 4  
o f  them. A typical cloud has about the 
mass of the sun and a diameter of a 
fraction of a parsec, and it is speeding 
around the center: it completes an orbit 
in some 1 0,000 years (compared with 
the sun's orbital period of some 200 mil
lion years). Luis Rodriguez and Eric J .  
Chaisson o f  the Harvard College Obser
vatory hav.e shown that the velocity of 
the ionized gas increases with proximity 
to the center. All of this suggests the 
clouds are satellites of a supermassive 
innermost object. 

Whatever it is at the very center ap
pears as a bright infrared source in maps 
made by Eric E. Becklin and Gerry 
Neugebauer of the California Institute 
of Technology. According to Bruce Bal
ick of the University of Washington and 
Robert L. Brown of the N ational Ra
dio Astronomy Observatory, who have 
studied the radio emissions of the cen
tral object, it has a d iameter no great
er than 10 times the distance from the 
earth to the sun. Its mass may be as great 
as 50 million solar masses. The most 
likely conjecture is that the very center 
of the M ilky Way harbors a black hole 
created by the infalling of hundreds of 
thousands of stars. The center would 
then be in essence a stellar graveyard. 

Optical Spiral Structure 

When the periphery and the center of 
the M ilky Way have been considered, 
there remains a middle region, which 
has the solar system in its midst. It is the 
part of the galaxy in which spiral struc
ture prevails. 

The tracing of the spiral arms of the 
M ilky Way began in earnest three dec
ades ago, when Morgan, Oster brock and 
Sharpless d istinguished three spiral-arm 
segments. To trace them they plotted the 
positions of the blue-white supergiant 
stars classified on the basis of their pat
tern of spectral lines as 0 and B stars, 
together with the bright clouds of ion
ized hydrogen atoms that often sur
round such stars. Their diagrams show 
an Orion arm, of which the sun is a 
member; a Perseus arm, 2,000 parsecs 
farther from the center of the galaxy, 
and a Sagittarius arm, 2,000 parsecs 
closer to the center of the galaxy. The 
naming of the arms reflects the general 
practice in astronomy of employing the 
constellations to signify d irections in the 
sky. To the three arms distinguished by 
Morgan and his colleagues has since 
been added the Carina arm, which may 
be a continuation of the Sagittarius arm; 
the concatenation is called the Sagittar
ius-Carina arm. The two segments that 
compose it meet at the Great Nebula in 
Carina, which enmeshes a large number 
of 0 and B stars. 

Recent work by Roberta M. Hum
phreys of the University of M innesota 
confirms that 0 and B stars are abundant 
in the principal arms that were recog
nized three decades ago. This is cheerful 
news. It means the spiral arms are in
deed delineated by very hot, blue-white 
supergiant stars, by the clusters made up 
of such stars and by the bright clouds of 
gas in which such stars and clusters are 
found. 0 and B stars are quite young; the 
ones seen now in the spiral-arm seg
ments of the M ilky Way were formed no 
more than 10 million years ago. There is 
no question the spiral arms are regions 
of star formation. 

The inner margins of most spiral arms 
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are marked, it seems, by dark nebulas: 
cold clouds of atoms, molecules and 
d ust According to the density-wave the
ory of Lin and Shu, the dark nebulas 
signal the compression of the interstel
lar matter by a wave of pressure that 
advances thro ugh the galactic disk. The 
compression precipitates the condensa
tion of the matter into the stars of the 
spiral segment The young stars might 
be expected to lie behind the advancing 
density wave and dark ne bulas to lie in
side it. According to the theory, howev
er, the wave moves at only two-thirds 
the speed of the galactic disk's rotation. 
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Hence the wave is overtaken by the 
stars that formed inside it, and the loci 
of dark nebulas come to lie at the trail
ing edge of the stars. 

Certain of Humphreys' results, it 
should be said, are less than cheerfuL 
Some of the stars called Cepheid varia
bles are as young as 0 and B stars; in 
particular the Cepheid variables that al
ternately dim and brighten with a peri
od longer than 15 days have ages of no 
more than 10 million years. Moreover, 
they too are large and bright, and so they 
can be seen at great distances. Since they 
are young, they should not have moved 

far from their birthplace: pres umably a 
dark nebula at the inner edge of a spiral 
arm. All things considered, the long
period Cepheid variables should be ex
cellent delineators of spiral str ucture. 
They are not The Cepheid variables 
plotted by H umphreys form an essen
tially random distribution of points in 
the galactic plane . 

One thing must always be kept in 
mind by those who search for spiral 
structure in optical observations of the 
M ilky Way. The usual method of calc u
lating the distance to a star is to compare 
its observed luminosity with what its in-
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RICHEST GLOBULAR CLUSTER in the vicinity of the sun is 
Omega Centauri, shown here in a negative print of a photograph 
made by Gary S. Da Costa with the l.S-meter telescope of the Las 

Campanas Observatory in Chile. The cluster includes several hundred 
thousand stars within a diameter of approximately 30 parsecs. Omega 
Centauri is slightly more than S,OOO parsecs from the solar system. 
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T he all-new Toyota Cressida. 
Lavish. Extravagant. Uniquely 
European in look. T his is a sedan 
different from any Toyota you have 
seen before. 

Inside, the new Cressida offers 
every comfort and convenience fea
ture you could expect in the world's 
highest-priced automobiles-and 
then some. Power windows, cruise 
control, climate control and AM/FM 
MPX 4-speaker stereo are standard 

equipment, of course. 
But Cressida's state-of-the-art 

engineering includes much more. 
Like a unique automatic shoulder
seat belt system. T he belt is guided 
around you by an electric motor! And 
an optional cassette player with am
plifier and graphIc equalizer, for the 
ultimate in automotive sound. 

Performanc� of the Cressida is 
also impressive. Both the Cressida 
Sedan and 5-Door Wagon feature 

electronic fuel injection and an in
novative 4-speed overdrive al!,to
matic ransmission, to enhance the 
new 2.8 liter engine's efficiency 
MacPherson strut front suspension 
assures a soft, controlled ride. 

The Toyota Cressida. If you're 
wondering why you should buy a 
lUxury car from a company famous 
for economy cars, you need d.o only 
one thing. Drive a Cressida, and feel 
how sumptuous a Toyota can be. 

INTRODUCING THE 1981 CRESSIDA. THE SUMPTUOUS 
TOYOTA. 
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trinsic luminosity is taken to be. The in
trinsic luminosity is assigned on the ba
sis of the pattern of lines in the spectrum 
of the star's radiation. The diminution 
of the brightness is a correlate of the 
distance. Even with the best techniques, 
however, the distance of an o star or a B 
star is uncertain by plus or minus 1 0  
percent. For example, a star that i s  cal
culated to be 2 ,700 parsecs from the 
sun-say a star in the Carina nebula
could be as little as 2 ,400 or as much as 
3 , 000 parsecs away. The result is a pure
ly observational blurring of several hun
dred parsecs in the plotting of what 
might actually be a well-defined spiral 
feature. 

With the most modern telescopes, 
spectrographs and photographic equip
ment, 0 and B stars can be detected,  and 
their spectra can be examined, at dis
tances calculated to be as great as 8,000 
parsecs from the sun. At that distance, 
however, the uncertainty in the calcula-

1 1 

1 8 

tion is plus or minus 800 parsecs. In such 
a case a spiral feature may well be un
recognizable. There seems little pros
pect of tracing the spiral structure of 
the M ilky Way by optical means to dis
tances beyond 8,000 parsecs. 

Radio Spiral Structure 

How do the efforts to trace spiral 
structure fare at radio wavelengths? 
Again the prospects are far from en
couraging. By the early 1 95 0's, when 
Morgan, Oster brock and Sharpless pre
sented the key optical features of the 
spiral structure, Harold I .  Ewen and Ed
ward M. P urcell of Harvard University 
had detected radiation from interstellar 
clouds of neutral atomic hydrogen at a 
wavelength of 2 1  centimeters. Within a 
few years the first radio maps of the gal
axy were available. They suggested that 
at least in the outer parts of the galactic 
disk the clouds of neutral atomic hydro-

o .2 .4 .6 .8 1 .0 1 .2 1 .4 1 .6 1 .8 
COLOR INDEX 

CURIOUS STELLAR COMPOSITION of the Omega Centauri globular cluster is suggested 
by a Hertzsprung-Russell diagram for the stars that make up the cluster. The branch of the dia
gram consisting of red-giant stars (upper right) is unusually long. That signifies an unusual de
gree of variation in the giant stars' content of "metals," or atoms heavier than carbon. Specifi
cally, the metal atoms in the star increase its opacity to the radiation escaping from inside. They 
thereby change its color: the metal-rich red giants are redder, and on a Hertzsprung-Russell 
diagram their position is well toward the right. The variation in metal content suggests in turn 
that the stars in the Omega Centauri cluster formed in more than a single episode. Further de
ductions are problematical. In general the age of a globular cluster is determined by comparing 
the luminosity and the color of the stars at what is called the main-sequence turnoff of the 
Hertzsprung-Russell diagram (bottom) with that of the stars at the corresponding position in 
diagrams generated in computer simulations of a clustei-'s evolution. In the case of Omega 
Centauri the data do not reveal the full extent of the main sequence, and so it is difficult to 
place the turnoff precisely. That makes it difficult to establish the age (or ag�) of the cluster. 
The data were collected by Cannon and N. 1. Stewart of the Royal Observatory in Edinburgh. 
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gen are arrayed in nearly circular spiral 
features. 

Some details of the way in which such 
data are amassed and interpreted are 
worth examining. When a radio tele
scope detects radiation at and near 
a wavelength of 2 1  centimeters from 
a small area of the sky, it is actually 
receiving radiation from a number 
of clouds of neutral atomic hydrogen 
along a single line of sight. Each cloud 
has its own velocity of approach or re
cession with respect to the telescope, 
and hence its radiation has a distinctive 
Doppler shift. As a result the telescope 
receives from a single direction a profile 
of peaks and valleys in a graph of inten
sity v.  wavelength. The telltale 2 1 -cen
timeter line is actually a set of close
ly spaced lines with various intensities, 
various degrees of broadening and vari
ous Doppler shifts. Since neutral atomic 
hydrogen is assumed to have its greatest 
density at the trailing edge of spiral fea
tures, it seems reasonable to assume that 
a peak of great strength in the profile 
should lie at the wavelength correspond
ing to the velocity of approach or reces
sion of hydrogen where the line of sight 
crosses a spiral feature. With the aid of a 
rotation curve for the Milky Way one 
should then be able to determine the dis
tance to the feature. 

This chain of reasoning is simple and 
lovely, but it does not stand up under 
scrutiny. The first complication is that 
the clouds of neutral atomic hydrogen 
have motions of their own, quite apart 
from the motion of the spiral features. 
These independent motions can easily 
alter the total velocity of a cloud by as 
much as six kilometers per second. An 
additional complication is that the mat
ter of the galactic disk apparently exhib
its large-scale streamings. Burton and 
his associates at the National Radio As
tronomy Observatory have demonstrat
ed that even slight motions of this kind 
can give rise to peaks of intensity in the 
2 1 -centimeter radiation for directions in 
which the l ine of sight does not cross a 
spiral feature . Further still, there are di
rections in the sky for which the velocity 
of approach or recession of a cloud of 
gas with respect to the solar system 
may change only slowly with distance. 
The 2 1 -centimeter profile may then 
show a peak caused by contributions 
from the width of a single great expanse 
of gas of uniform density. 

Several other approaches can be 
made to the study of spiral structure. 
One is to observe the spectral lines emit
ted by molecules of carbon monoxide at 
radio wavelengths close to 2.6 millime
ters. The carbon monoxide lines give 
access to a class of clouds that are cool
er than the ones composed of neutral 
atomic hydrogen. The cooler clouds are 
composed mostly of molecular hydro
gen, with some admixture of carbon 
monoxide and other substances. (The 
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general principle is that increasing tem
perature leads first to the dissociation of 
molecules into neutral atoms and then 
to the ionization of the atoms.) Wil
liam Herbst of Wesleyan University has 
shown that the presence of carbon mon
oxide in an interstellar cloud is correlat
ed with the presence of dust. The carbon 
monoxide lines therefore aid in the de
tection of distant dust clouds and dust 
complexes that might otherwise escape 
notice. 

A low-resolution survey of carbon 
monoxide clouds by Richard S. Cohen 
and Patrick Thaddeus of the Goddard 
Institute for Space Studies and Thom
as M. Dame of Columbia University 
shows evidence of the existence of spi
ral features.  Indeed, in some instances 
the carbon monoxide clouds seem to fill 
gaps between clouds of atomic hydro
gen in some of the recognized spiral fea
tures.  Still,  I doubt the spiral structure 
of the M ilky Way would have been dis
covered if the only data available had 

been the radio observations at a wave
length of 2.6 millimeters. 

I thoroughly dislike having to be pes
simistic about the prospects for map
ping the spiral structure of the Milky 
Way beyond a distance of about 8,000 
parsecs from the sun, particularly since 
the structure seems firmly established 
up to that distance, but I see no chance 
for improvement in the next decade or 
two. This is not to say there are now 
no possibilities whatsoever for the study 
of spiral structure.  Among optical tel
escopes the great reflectors already in 
place and the Space Telescope, an in
strument that will orbit the earth, prom
ise to reveal the fine details of spiral 
structure and the motions of small-scale 
features.  Among radio telescopes the 
Westerbork Array in the Netherlands 
and the Very Large Array in New Mexi
co, which synthesize images from a set 
of detectors, will advance the investiga
tion of the cold, dark clouds in spiral 
features and no doubt will suggest much 

about the causes of spiral structure. 
These promising developments, how
ever, apply mainly to spiral galaxies 
other than our own. The spiral galax
ies Messier 3 1 ,  3 3 , 5 1 , 8 1  and 1 0 1  are a 
few fairly nearby examples. 

The Ages of Globular Clusters 

One realm of research that is flourish
ing in both galactic and extragala:ctic as
tronomy is the examination of globular 
clusters. The clusters are important in 
part because they seem to be the oldest 
objects in the M ilky Way. They there
fore hint at the birth and evolution of 
the galaxy and indeed of the early uni
verse. The simplest hypothesis about the 
clusters is that they all formed within a 
short time (say a billion years) of the big 
bang:  the instant when all the matter in 
the present universe emerged explosive
ly, it is thought, from a single point. The 
clusters would then have been among 
the first objects to condense as the gal-

BIZARRE BIRTH OF STARS is visible in the small dark cloud at 
the left in this photograph. The cloud is one of those called a globule. 
It is half a parsec in diameter and probably has somewhat less than 
100 times the mass of the sun. The mass of the globule is composed 
of molecules (mostly hydrogen) and dust. From this particular globule 
a pair of incipient stars connected by a luminous strand have evident
ly been expelled. The strand crosses the upper edge of the cloud. The 
expUlsion defies the hypothesis that a globule condenses in about a 

million years to form a single new star. The contour of brightness ex
tending diagonally from the bottom toward the right of the field is an 
edge of the Gum nebula, which is thought to be in part the debris of a 
supernova explosion. Both the globule and the nebula are calculated 
to be approximately 300 parsecs from the solar system. They lie in 
the part of the southern sky marked by the constellation Vela. The 
photograph was made by the author in 1 978 with the four-meter 
telescope at the Cerro Tololo Inter-American Observatory in Chile. 
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axies took shape, each cluster evolving 
from a large blob of gas. It counts in 
favor of this hypothesis that half of 
the roughly 200 globular clusters in the 
Milky Way lie scattered throughout the 
almost spherical volume of the galac
tic halo. Presumably they forme d . there 
well before the galactic disk took shape. 
The orbit of such a cluster is typically a 
rather eccentric ellipse and not the more 
nearly circular orbit characteristic of 
matter in the disk. The major axis of the 
orbit is sometimes several tens of thou
sands of parsecs, and once every billion 
years the orbit sends the cluster rushing 
through the thickness of the disk, which 
is only a few hundred parsecs. 

On the simplest hypothesis the s�ars of 
the globular clusters would have fQrmed 
at a time when the available matter in 
the galaxy was mainly hydrogen atld he
lium, the two chemical elements pre
sumed to have been created in the im
mediate aftermath of the big bang. In 
contrast, a later-born star would con
dense from interstellar gas part of which 
had been cycled through the interior 
of the first-born stars. Some of the gas, 
for example, would have been propelled 
into space by supernova explosions. It  
would be matter in which heavier atoms 
had been created by thermonuclear fu
sion. The later-born star would there
fore have higher concentrations of the 
heavy chemical elements; in the short
hand of astrophysicists all such ele
ments are known as metals. 

It is the concentration of metals in the 
vario us globular clusters that imperils 
the simplest hypothesis. To be sure,  the 
ratio of metals to hydrogen and helium 
is 1 00 times greater in the sun than it is 
in the stars of metal-poor globular clus
ters such as M3 (for Messier 3). More
over, the metal-poor clusters tend 

'
to be 

the ones that are outermost in th€ gal
axy. An age of 1 5  billion years is� now 
assigned to them. On the other hand, the 
globular cluster 47 Tucanae is relatively 
metal-rich. Its age is thought to be 1 0  
billion years, which i s  twice the age of 
the sun. Omega Centauri, the most im
pressive globular cluster in the M ilky 
Way, shows a range of metal concentra
tions. Evidently it is an idiosyncratic ag
glomeration of stars that were born at 
different times. The spread of ages for 
the globular clusters conflicts with cur
rent models of how the galaxy evolved.  
No model allows as much as several bil
lion years for the galactic disk to have 
condensed. 

With respect to the question of age it 
is notable that the maximum age of the 
universe can be inferred from the veloci
ties at which galaxies are receding from 
one another. The current value for the 
maxim um is close to 1 5  billion years. 
Recent investigations of the recession 
rate have tended to reduce the maxi
mum age. If the trend continues, the age 
could conceivably fall to as little as 1 0  

JACK DANIEL AND HIS NEPHE W, Lem 
Morlow, disagreed on most everything. 
Until it came to making whiskey. 

Mr. Jack ( that ' s  him on the left) was a fancy 
dresser. So Lem refused to wear a tie ! But they 
both insisted on mellowing their whiskey 
through huge vats of charcoal before aging. 
And we ' re about the only 
distillery who stil l  does it 
that way today. You see , Mr. 
Jack once said , " Every day 
we make it ,  we ' ll make it 
the best we can ." And nei 
ther Lem nor anybody else 
ever disagreed with that .  

CHARCOAL 
MELLOWED 

6 
DROP 

6 
BY DROP 

Te n nessee W h i s key · 90 Proof · D ist i l led and Boll ied by Jack Dan i e l  D i st i l l e ry 
Lem M otlow, Prop . ,  I n c . ,  Ro ute 1, Lync h b u rg ( P o p .  361) ,  Te n nessee 37352 

Placed in the National Register of His toric Places by the United Sta tes Government. 
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_ The history of business is the history of change. 
Now, from the Bell System, a tool designed to alter the nature of 

business by letting you change the shape of change. 
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Dimension ® PBX creates new communications possibilities for an 
endless variety of businesses, by providing each with its own electronic private 
branch exchange. Bell's Horizon ® communications system offers the same flexibility 
to smaller businesses. 

These innovative systems from Bell break with the past by bringing the 
latest in advanced communications to a new world of critical applications-from 
reviewing the diets and health records of hospital patients to monitoring room 
status in hotels to implementing energy management programs in large buildings. 

Each system's electronic features can be changed by you in seconds to 
meet your changing needs, and those of a changing technology. 

� Your Bell Account Executive, an industry specialist, is ready now to 
discuss the application that meets your unique needs. 

Put our knowledge to work for your business. _ 

The knowledge business 

@ 
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Most people think 
of microcomputers 
as glorified semi
conductors . 

At Digital, we see 
microcomputers for 
what they are . Computers that just happen 
to fit on a single, compact board. It's a sound 
approach. A Iogical approach . An approach 
that's changing the way people evaruate 
microcomputers . 

From this approach came the first 16-bit 
high performance microcomputer on the 
market-the LSI-11 . In simple t�rms, our 
basic PDP-11 16-bit minicomputer design on 
a single board. With software and operating 
systems that have more than 10 years of 
development and refinement behind them. 

But we didn't stop there . We designed a 
total family of microcomputer products.  
From the LSI-11 boards to PDP-11 packaged 
systems and everything in between, suCh 
as accessory boards and peripherals like the 
TU58 tape cartridge. That means you can fit 
a micro product to your needs. Not vice 
versa. 

We've also built a 425,000 square foot 
facility dedicated to the design and manu
facture of custom LSI products. That gives 

our designers the 
opportunity to work 
very closely with our 
production people. 
In short, we've built 
a totally integrated 

facility that allows us to build a totally inte
grated product. 

This total solutions approach is unique to 
Digital. And it's changing the way the world 
thinks about microcomputers .  

Because we've sold more high perfor-
mance microcomputers than anyone. 

Anyone . 
Digital Equipment Corporation, 
MR2-2/M65, One Iron Way, 
Marlboro, MA 01752 

�D�DDmD 
We change the way 
the world thinks. 
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billion years. Then one would have to 
explain the finding that certain globular 
clusters seem to exceed the age assigned 
to the universe. It is clearly important 
that trustworthy values be calculated 
for the ages of the globular clusters. It 
would be particularly useful if such ages 
were available by the end of this decade, 
because by then the Space Telescope 
should have yielded far more reliable 
values for the recession velocities and 
the distances of the galaxies. It will thus 
have yielded a far more reliable value 
for the maximum age of the universe. 

The Evolution of Globular Clusters 

The internal dynamics of the globular 
clusters are well described by three 
characteristic times. The first is the 
crossing time : the time it takes a star 
to move across the cluster under the 
gravitational attraction of the cluster 
as a whole. The second is the relaxation 
time : the time in which the star settles 
down and becomes a stable member of 
the cluster under the influence of its 
gravitational interactions with nearby 
stars. The third is the evolution time: the 
time in which a stable cluster changes its 
form and its stellar composition signif
icantly. For a globular cluster rich in 
stars the crossing time is much shorter 
than the relaxation time, which in turn is 
much shorter than the evolution time. 

The work of Ivan R. King of the Uni
versity of California at Berkeley has 
suggested some further quantifications. 
When a star-rich globular cluster has 
been in existence for roughly 50  cross
ing times, its stars will have settled 
down; the statistics of their velocities 
will be much like those for the velocities 
of the molecules in a cloud of gas. This 
state of equilibrium might persist indefi
nitely if the stars never changed inter
nally and if no stars left the cluster. 

As early as the 1 93 0's, however, Ly
man Spitzer, Jr., of Princeton and Vic
tor A. Ambartsumian of the Byurakan 
Astrophysical Observatory in Armenia 
had concluded that the stars of low
est mass in a cluster were most likely 
to have the greatest velocity, and that 
in many cases the stars with the great
est velocity would escape from the clus
ter. Because of their great velocity the 
escaping stars would take with them 
more than the average share per star of 
the total energy of the cluster. As a re
sult the cluster would contract. Over a 
period of time on the order of the evolu
tion time the cluster would lose appreci
ably in average energy per star, and the 
most massive stars would settle close to 
the center. 

Internal changes among the stars that 
remain can only quicken this trend. To 
begin with, the loss of mass by stars is 
now recognized to be an astrophysical 
commonplace. Early in its evolution a 
typical star is embedded in a shell of gas 

GIANT MOLECULAR COMPLEX 

�./ � / \  
ULTRAVIOLET ----
RADIATION 

SHOCK FRONT 

SHOCK FRONT 

BIRTH OF SUPERGIANT STARS is thought to take place in repetitive stages. The sequence 
begins (top drawing) with the formation of a cluster of supergiant stars near the periphery of a 
giant molecular complex, a cold, dark region of molecules (mostly hydrogen) and dust. After a 
few million years the ultraviolet radiation of the new stars has ionized the nearby hydrogen, so 
that the stars are enmeshed in an emission nebula: a cloud of luminous gas. In addition the pres
sure of the radiation has compressed the matter in the giant molecular complex. (Each quan
tum of the radiation has momentum, and so it pushes the molecules and the dust.) The result is 
the formation of a second group of supergiant stars (middle drawing). In another few million 
years a similar sequence may form still another group of stars (bottom drawing). The diagram 
is based on a hypothesis put forward by Bruce G. Elmegreen of Columbia University and 
Charles J. Lada of the University of Arizona. The hypothesis accounts for clusters of super
giant stars in nebulas, such as the Great Nebula in Orion, that lie next to a molecular complex. 
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that is gradually expelled by the o ut
ward- d irected pressure of the star's elec
tromagnetic radiation. (Each photon, or 
quantum of the rad iation, has momen
tum, and so it  p ushes whatever absorbs 
i t . )  Later the star begins to shed a gentle 
stellar wind of particles.  Stil l  later cer
tain kinds of star explode.  In a nova 
the exploding star ejects into space the 
e q u ivalent of the mass of a planet such 
as J upiter.  A supernova is an explosion 
in which an entire star is destroy e d .  Be
ca use mass is lost thro ugh mechanisms 
such as these the stars in a glob ular clus-

ter move systematically to classes with 
lower mass (and also fainter intr insic 
brightness) .  Over a period of time on the 
order of the relaxation time they acq u ire 
the higher velocity of a less massive star.  
Hence their chance for e scape from the 
c l uster improves.  

Throughout the hundreds of bi l l ions 
of years a cl uster may spend in the thin 
o u ter halo (or even the corona) of the 
M ilky Way the evolution of the cl uster 
is affected only by the internal events I 
have j ust describe d .  There comes a time, 
however, when the cl uster traverses the 

galactic d isk.  At s uch a time the cl uster 
is at risk not so m uch of collision as of 
gravitational interaction with the matter 
in and near the galactic plane. The force 
of the interaction may tear the cluster 
apart. 

As the orbit of a c l uster brings it close 
to the center of the galaxy a further 
threat arises.  The threat exists . because 
the central mass of the galaxy exerts a 
greater attractive force on the side of the 
c l uster that passes nearest the center 
than it does on the side farthest away. 
The d ifference between the inner and the 

.. : 
• 

. .  

BRIGHT NEBULA AND DARK NEBULA are neighbors in the 
constellation Monoceros. Together they form an example of the star 
formation shown on the preceding page. The bright (or emission) 
nebnla, called the Rosette, is the dark cloud at the upper right of this 
negative. Its hydrogen atoms have been ionized by the ultraviolet ra
diation of a group of young blue-white supergiant stars. Several such 
stars lie in what appears to be a hole at the center of the nebula. The 
radiation from the star precisely at the center is particularly intense 
and may have blown out the hole. The dark nebula is a giant molecu
lar complex. It consists almost entirely of cold molecular hydrogen. 
Its full extent is best revealed, however, by the radiation of carbon . 
monoxide molecules at a radio wavelength of 2.6 millimeters. The 
contour lines in the illustration map antenna temperature, which in-

dicates the strength of the carbon monoxide radiation. The pattern 
of the contours suggests that the ultraviolet radiation of the super
giant stars is eating into the complex. A shock front along which the 
matter in the complex is compressed by the radiation apparently lies 
at the lower left edge of the Rosette. The front is presumably a place 
where new stars will condense. One peak of the carbon monoxide ra
diation corresponds to a source of infrared radiation (IR) now iden
tified as a newborn star embedded in gas and dust. Both the Rosette 
nebula and the giant molecular complex are 1 ,600 parsecs from the 
solar system. The illustration displays the results of a study of the in
teraction between the nebulas by Leo Blitz of the University of Cali
fornia at Berkeley and Patrick Thaddeus of the Goddard Institute 
for Space Studies. The photograph is from the Palomar Sky Survey. 
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OUTSIDE VIEW of the Milky Way shows the galaxy edge on as it 
might be seen through a telescope by an astronomer in another gal-

axy. The view was generated with the aid of a computer by John N. 
Bahcall and Raymond M. Soneira of the Institute for Advanced Study. 

outer force can deform the cluster. In
deed, for any globular cluster there is a 
critical radius : a distance from the ga
lactic center within which some of the 
stars in the cluster will be sheared off as 
the cluster makes its closest approach to 
the center. The critical distance is called 
the tidal radius because the mechanism 
that deforms the cluster is similar to the 
one that raises tides in the oceans. It is 
not surprising that the globular clus
ters inside the galaxy'S central bulge are 
smaller on the average than the ones in 
either the galactic halo or the galactic 
corona. 

One final factor may affect the globu
lar clusters, but I mention it with some 
misgivings. As recently as 1 5  years ago 
few astronomers would have thought 
the formation of double star systems 
would be important in star clusters. 
Then Sebastian von. Hoerner of the N a
tional Radio Astronomy Observatory 
made the first computer simulations of 
open clusters: aggregations of stars that 
differ from globular clusters in that the 
stars are young, fewer and more widely 
dispersed. Von Hoerner based the simu
lations on equations that represent the 
gravitational interactions among small 
numbers of stars. The simulations con
sistently showed that the stars in a clus· 
ter tend to unite by pairs into binary 
systems. 

In more recent computer simulations 
incorporating first 1 00 and later 5 00 and 
even 1 ,000 interacting stars, the same 
effect was noted. In 1 97 5  Douglas C. 
Heggie of the University of Edinburgh 
showed that a newly formed binary sys
tem is a formidable sink of the energy 
available in the cluster. In essence the 
formation of each binary system takes 
kinetic energy from the motion of the 
stars and converts it into energy that 
binds the two stars into orbit, each one 
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around the other. The pair accordingly 
sink toward the center of the cluster. 
Still more recently, Spitzer and his asso
ciates at Princeton have devised models 
suggesting that in the crowded central 
region of a globular cluster, where the 
most massive stars are huddled, each 
star is likely to capture one or even two 
or more companions. As a result the 
central region may become even more 
densely packed as the globular cluster 
evolves. 

The reason for my misgivings in the 
face of all this circumstantial evidence is 
simple. M assive binary star systems do 
indeed prevail in open clusters. Mizar is 
a prime example . It is a star in the Ursa 
M ajor open cluster. More recognizably, 
it is the star at the bend of the handle of 
the Big Dipper. M izar has a companion 
called Alcor, which is faintly visible to 
someone with excellent eyesight. Evi
dently, then, M izar is a binary system. 
Actually both M izar and Alcor have 
companion stars. Each one is a binary 
system. That makes it all the more ex
asperating that the search for instances 
of massive binary star systems near the 
center of globular clusters has not been 
equally successful. In fact, it has had no 
successes at all. 

Something else has been found, how
ever. In 1 976 Jonathan E. Grindlay and 
Herbert Gursky of the Center for Astro
physics of the Harvard College Obser
vatory and the Smithsonian Astrophys
ical Observatory reported that an X-ray 
burst of terrific strength had reached the 
solar system from a direction close to 
that of the center of the globular cluster 
NGC 6624. The burst lasted for only 
eight to 10 seconds. Similar bursts have 
since been detected repeatedly from six 
globular clusters. According to one hy
pothesis, there is a black hole with a 
mass not less than 1 00 solar masses at 

the center of each such cluster. The 
bursts would then result from the inter
mittent collision of interstellar gas with 
a hot accretion disk of gas that sur
rounds the black hole. It comes to mind 
that the hypothetical black hole might 
be the ultimate consequence of the grad
ual collapse of stars toward the center of 
the cluster, a collapse to which the for
mation of binary star systems may have 
made a contribution, and perhaps even 
given the final pushes. 

Star Birth in Molecular Complexes 

It was apparent even 3 5  years ago that 
the interstellar medium in the disk of the 
M ilky Way includes clouds of gas and 
dust in which newborn stars are con
densing. After all, some of the most 
striking objects in the galaxy are emis
sion nebulas: bright clouds of ionized 
hydrogen atoms that are energized by 
the groups of giant stars inside them. 
The stars emit radiation at such a prodi
gious rate that they cannot have been 
doing so for more than a few tens of 
millions of years. The stars are therefore 
quite young. With only optical observa
tions of the clouds, however, it was diffi
cult to advance our understanding of 
how the stars actually formed. 

All of this has now changed. Radio 
astronomy has revealed the presence in 
the clouds of more than 5 0  kinds of 
interstellar molecules, from hydrogen 
molecules, the lightest and by a factor 
of 1 ,000 the commonest, to a nine-car
bon chain, the heaviest. Each species of 
molecule emits electromagnetic radia
tion at characteristic radio wavelengths. 
Moreover, infrared astronomy is now 
equipped to reveal the incipient stars 
themselves within their dense, obscuring 
clouds. 

In almost all the processes in which a 
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The beginning of the simulation was a mathematical description of 
the number of stars of a given brightness in a given direction from 

the solar system. The computer displayed the resulting pattern of 
luminosity (and a central dust lane) as it would look to an outsider. 

new star is thought to form, the initial 
step is the development of a concen
tration of matter-I shall call it a nod
ule-inside a cloud of interstellar atoms 
and molecules (mostly hydrogen mole
cules), with a small admixture of dust. 
Some of the clouds are actually enor
mous clumpy distributions of matter. A 
giant molecular complex, for example, 
can have a mass of several hundred 
thousand solar masses. Other clouds are 
much smaller. Some of the clouds called 
globules have masses of only 20 solar 
masses. What all the nodules have in 
common is that they tend to collapse, 
mostly under the influence of their own 
gravitation, with perhaps occasional 
pressure from outside. An outside pres
sure that may be quite important is the 
one exerted on a cloud and the incipient 
nodules inside it when a density wave 
passes through and a spiral arm be
gins to form. The wave may well accel
erate each of the processes I shall now 
describe. 

The conditions in the roughly 4,000 
giant molecular complexes that lie with
in 1 3 ,000 parsecs of the center of the 
galaxy seem ready-made for the forma
tion of new stars. For one thing, each 
complex has plenty of matter . The mass 
of a typical complex is as great as sever
al hundred thousand solar masses. Its 
diameter is about 50 parsecs. It is the 
most massive object in the galaxy (un
less the galactic center has a supermas
sive black hole). The mass of a giant 
molecular complex is tho ught to be al
most entirely hydrogen molec ules; at a 
temperature of 20 degrees K. ,  the cloud 
is too cold for the molecules to dissoci
ate into atoms. The cloud is also too 
cold in most places for the hydrogen 
molecules to emit detectable amounts of 
radiation at their characteristic wave
lengths. The presence of molecular hy-

drogen must therefore be inferred. The 
cloud is detected best by the emission (at 
2 . 6  millimeters) of the next-commonest 
molecule, carbon monoxide, and by the 
emissions of still less common mole
cules such as formaldehyde. 

One other component of a giant mo
lecular complex is important for star 
formation. That component is the dust. 
The dust particles are sites on which the 
surrounding gas can collect. The dust 
also shields the incipient stars from ul
traviolet radiation, which would disrupt 
the condensation. It is thought that for 
every 1 00 to 200 grams of molecular 
hydrogen in the giant molecular com
plex there is a gram of dust. 

Two nearby complexes of carbon 
monoxide and dust (and presumably hy
drogen in abundance) have been partic
ularly well studied. They are the Orion 
complex (which is centered on the bright 
region of ionized hydrogen and new
born giant stars called the Great Nebula 
in Orion) and the Ophiuchus complex 
(which blocks the light from the center 
of the galaxy). In the Orion complex 
Becklin, Neugebauer and their associ
ates at Cal Tech, together with Frank J .  
Low o f  the University o f  Arizona, have 
found evidence at infrared wavelengths 
for the presence of condensed objects 
that seem to be intrinsically very red . 
Each one may be a newborn star still 
embedded in a thick cocoon of dust that 
the star's  ultraviolet radiation has not 
yet blown away complete ly. The radia
tion heats the dust, which then radi
ates in the infrared. The star may have 
formed in the first place when the cool
ing of a small part of the complex re
duced the pressure that results from the 
heat of a gas. The cooled region would 
thus  have begun to collapse under the 
infl uence of its own gravitation. 

In the Ophiuchus complex a group 

of 3 0  stars has been found by Gary 
L. Grasdalen of the University of Wyo
ming, Stephen E. and Karen M.  Strom 
of the University of Arizona and Fred
erick J .  Vrba of the U.S. Naval Obser
vatory. The stars were not detected ear
lier because they are hidden by at least 
30 magnitudes of optical absorption; it 
took an infrared search to find them. 
More recent observations by Charles J .  
Lada and Bruce A. Wilking of the Uni
versity of Arizona in an extremely dense 
dust cloud near the star Rho Ophiuchi 
have revealed the presence of 20 similar 
stars whose optical radiation is dimmed 
by as much as 1 00 magnitudes. The stars 
lie only half a parsec from the ones dis
covered earlier . 

The evidence to date suggests that gi
ant molecular complexes give rise spon
taneously to stars that have masses no 
greater than a few times the mass of the 
sun. In particular it seems they give rise 
to stars of the spectral classes B, A, F and 
G. (The sun is a star of the class G. ) 
George H. Herbig and his associates at 
the Lick Observatory have found near 
the borders of the well-studied giant 
molec ular complexes some groups of 
small, rather dim and ne b ulous  stars 
that are said to be young. Almost all of 
them have a brightness that varies irreg
ularly . They are called T Tauri stars. 
Perhaps they are prod ucts of the inter
rupted condensation of nod ules. They 
may have wandered out of the complex. 
Often they are seen in places where the 
ultraviolet radiation of newborn mas
sive stars has blown away the dark nebu
la 's  gas  and d ust. 

Star formation of another kind is typi
cal, it appears, in places where an emis
sion nebula with supergiant 0 and B 
stars embedded in it lies next to a giant 
molec ular complex. The clearest expo
sition of what happens in such cases has 
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been given by Bruce G. Elmegreen of 
Columbia and by Lada. According to 
Elmegreen and Lada, the 0 and B stars 
emit ultraviolet radiation whose pres
sure piles up cold gas and dust at the 
outer edge of the complex. The result 
is the condensation of protostars there. 
In places such as the Orion nebula the 
process appears to be advancing sequen
tially. In the Orion nebula a group of 0 
and B supergiants is fading after a life
time of a few tens of millions of years. 
The radiation from these stars has trig
gered the formation of a younger gener
ation of 0 and B supergiants, and the 
younger stars in turn are now emitting 
radiation that eats its way slowly but 
persistently into the giant molecular 
complex, where a third set of 0 and B 
supergiants will presumably form. Why 
the process should give rise to 0 and B 
giants and supergiants rather than the 
smaller B. A. F and G stars that condense 
spontaneously in the complex is not yet 
understood. 

Star Formation in Globules 

I turn now to the class of dark clouds 
known as globules. Roughly 200 of 
these objects have been found within 
500 parsecs of the sun. They have re
markably similar properties. Each one 
is dark and distinct and on a photo
graphic plate is almost circular. No 
doubt _they are nearly spherical. Their 
radius varies from .2  to .6 parsec, their 
mass from 20 to 200 solar masses and 
their internal temperature from five to 
1 5  degrees K. They are impenetrable to 
visible light. On the other hand, some 
images recorded at near-infrared wave
lengths, either photographically or by 
electronic imaging techniques, show the 
stars behind the globule. The dimming 
of the infrared radiation from such stars 
allows an estimate of the globule 's con
tent of dust. 

Radio observations at 2.6 millimeters 
show that the globules are rich in carbon 
monoxide. Other molecules, notably 
formaldehyde and ammonia, have now 
been found as well. Evidently, then, a 
globule is a small and often isolated 
spherule of darkness quite similar in 
composition to a giant molecular com
plex. Presumably the globule is com
posed predominantly of molecular hy
drogen too cold to emit detectable ra
diation. 

The radio data also show that several 
of the globules are collapsing under the 
influence of self-gravitation. The rate of 
collapse is roughly half a kilometer per 
second, which corresponds to half a par
sec per million years. Since the radius of 
a typical globule is half a parsec, a mil
lion years is roughly the time it takes 
for the collapse to be completed.  The 
collapse again is crucial to models of 
star formation. In almost every model 
the center of the globule collapses fast-

er than the periphery, and so a nod ule 
forms. The collapse converts into kinet
ic energy the gravitational potential of 
the infalling matter. Eventually the en
ergy at the center raises the temperature 
of the matter enough for thermonuclear 
fusion to begin. This signals the birth of 
a star. If the star is large, it emits enough 
radiation to blow away the gas and dust 
that surround it. 

In short, a globule ought to give r ise to 
a single star in about a million years. 
Considering the time scale of the proc
ess and estimating the number of glob
ules in the Milky Way, one concludes 
that the globules might account for the 
formation of 2 5 ,000 stars per million 
years, or about a sixth of the overall rate 
at which the stars in the galaxy form. 
(The formation of stars in giant molecu
la� complexes is perhaps a more fecund 
process.)  In 1 977 , however, Richard 
Schwartz of the University of M issouri 
observed what appears to be a pair of 
incipient, nebulous stars that are being 
expelled from a very dark globule some 
3 00 parsecs from the solar system in the 
part of the southern sky marked by the 
constellation Vela. The creation of two 
stars rather than one is surprising, and so 
is their expulsion from the globule. One 
wonders where the energy to expel them 
came from. The two stars are connected 
by a luminous strand that might be de
scribed somewhat fancifully as a stellar 
umbilical cord. 

I should like to give one final exam
ple to suggest how much remains to 
be learned.  Investigators attempting to 
model the processes by which stars form 
have tacitly assumed that the protection 
of a cloud of dust is required. Inside 
such a cloud the temperature is low and 
the accretion of matter is undisturbed. 
In particular the dust shields the interior 
of the cloud from disruption by ultra
violet radiation from outside sources. 
Consider, however, the Clouds of Ma
gellan, which l ie  in the galactic corona 
but defy the generalization that all the 
content of the corona is old. 

In the Large Cloud of Magellan there 
is a grouping of roughly 50 luminous 0 
and B stars known as Shapley's Constel
lation I .  It is likely that their age is no 
greater than 20 million years. Their ve 
locities are on the order of only 1 0  kilo
meters per second. Hence each star has 
moved no more than 200 parsecs from 
where it was born. Within a radius of 
from 200 to 3 00 parsecs of where the 
stars are now, measurements at 2 1  centi
meters have revealed five million solar 
masses of ne utral atomic hydrogen and 
measurements at optical wavelengths 
have revealed 60,000 solar masses of 
ionized hydrogen. But the sky in that 
area is transparent. It probably har
bors no giant molecular complex; it has 
little or no molecular hydrogen and it 
has no cosmic dust. How did the stars 
form there? 
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This is one of a series of special reports on centers of high technology throughout the United States by 
Peter J. Brennan in association with Development Counsellors I nternational, Ltd. 
California's sunny Santa Clara 

Valley is a bubbling pot of advanced 
technologies. It is a veritable thicket 
in which each new company founded 
on a better idea quickly sends out 
shoots and runners, which in turn 
soon mutate. It is a land where tech
nologists ride the wavecrests of the 
future . 

There is in the Valley a tremen
dous intellectual and technological 
ferment that constantly stimulates 
the creation of new products and 
new companies. There are the ven
ture capitalists (most of whose ven
ture capital comes from the East). 
The success rate is extraordinarily 
high -better than four of five new 
ventures healthily survive. And the 
advanced technology sector is far 
more diverse than basic semiconduc
tors. It is a diversity that stems from 
historical trends, the enormous in
fluence of a very few men, the 
climate, and accident. 

A�ndowment 

But for Stanford University, the 
communities of Menlo Park, Palo 
Alto and the like would be no more 
than bedroom suburbs of San Fran
cisco. 

Leland Stanford, railroad baron, 
Governor, Senator, San Francisco resi
dent, immensely wealthy, had an 
8,800 acre summer ranch in Palo 
Alto. When Leland Stanford, Jr., died 
at age 16, Stanford founded the Uni
versity in his memory and gave it the 
Palo Alto property, which the deed of 
trust forbade the school ever to sell. 
That provision came to play no small 
part in the Valley's industrial pre
eminence. 

Opened in 1891, the new school 
soon reached a level of excellence 
equalled by few and surpassed by 
none. Faculty members have won 
more than their share of Nobel 
prizes, some 9 at last count. The. 

most recent was awarded in 1980 for 
work that underlies the new tech
nology of genetic engineering. 

Retired Prcfessor of Electrical 
Engineering and Provost Emeritus 
Fred Terman is one of the remarkable 
men whose influence so shaped the 
Valley, though he modestly demurs 
when others credit him with much of 
the region's economic development. 
"I didn't do it," he says. " I  was a fo
cus and got the publicity, but it was 
the University and the community." 

In the late 1930s, there was a surge 
of inventiveness at Stanford where 
the elements of linear accelerators, 
nuclear magnetic resonance and 
microwave technology first appeared 
in hardware. Professor Terman, in the 
thick of it all, encouraged students to 
establish businesses locally, based on 
the new high-technology of elec
tronics. These students had names 
like David Packard, William R. 
Hewlett and Russel and Sigurd 
Varian. 

After World War I I, Stanford had 
land and a shortage of money. Pro
fessor Terman and the administration 
encouraged the trustees to establish 
an industrial park, the land to be 
leased to suitable firms. Recalls Prof. 
Terman, "At first we didn't know if 
American companies would agree to 
build facilities on leased land. But we 
found that companies would actually 
pay more to lease close to the Uni
versity than to own land on the 
flats." 

Thus began the Stanford Industrial 
Park, the real nucleus of commercial 
advanced technology in the area. The 
first tenants were Varian Associates 
and Hewlett-Packard Co. The 660-
acre park now has some seventy 
advanced-technology companies. 

Some large national firms also 
took an increasing interest in the 
region. In the Fifties, Lockheed, 
General Electric, Ford, GTE and Ray
theon among others moved into the 
Valley. 

And there were major Government 
facilities, at NASA's Ames Research 
Center, Moffet Naval Air Station 
(whose enormous air-ship hangars 
memorialize a bygone technology) 
and the Lawrence Laboratories at 
Berkeley and Livermore not far away. T:he Aerospace 

Factor 
One of the earlier arrivals was 

Lockheed Missiles & Space Company, 
Inc., (LMSC) at Sunnyvale next to 
Moffet NAS. The region's largest 
employer with some 22,800 people, 
LMSC was founded in 1954 and 
moved to Sunnyvale in 1956. 

The company was split off from 
Lockheed's main Burbank, Calif, site 
specifically to handle advanced pro
grams. "We made a survey in a rea
sonably businesslike way to find a 
suitable site," recalls Robert A. Fuhr
man, President, who is also chairman 
of the Santa Clara County Manufac
turers Group. "We needed to be near 
a university and in an area where the 
science is competent. 

"Our products are large and com
plex and take thousands of people," 
says Fuhrman. Some of these prod
ucts include the Polaris, Poseidon 
and Agena missiles, the Discoverer 
program, deep submergence rescue 
vehicles, all-terrain ground vehicles, 
deep-sea mining and Ocean Thermal 
Energy Conversion (OTEC). It is a 
broad base of applied and very ad
vanced technology that requires 
many disciplines and lots of outside 
help. "We probably subcontract 50% 
of our work," says Mr. Fuhrman, "and 
have helped to develop a lot of com
panies in the area." 

S emiconductors 
Arrive 

"If Professor Shockley'S mother 
had not lived in Palo Alto," remarked 
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, In research 
Apple personal computer 
systems help you collect, store 
and analyze data as fast as you 
can load a disk and execute a 
program. Because more than 
100 companies offer software 
for Apple, you have the largest 
program library for manipulating 
your data in the personal 
computing world. Need special 
programs? Use any of Apple's 
development languages - BASIC, 
FORTRAN, Pascal. 

lin engineering 
Apple personal computer systems 
let you define models, 
make trade-otIs 
and refine proto
types. Want to 
study cause and 
effect of several 
variables? Apple 
computes new 
results instantly 
and displays them 
in colorful, easy-to-
read graphs, charts or plots on a 
video monitor. 

a In production 
managentent 
Apple personal computer systems 
make it easy to gather data, 
analyze productivity, measure 
yields and facilitate all phases 
of production control. Want to 
speed up repetitive tasks? 

Rely on Apple's word 
processing capabilities 
to write, edit and print 
your reports. 

Apples grow 
with you. 

Whichever system you 
pick, Apple never locks 
you into a single con
figuration. You can 
use up to four or eight 

Maximum Memory Size 

Screen Display 40 column 
(80 column with 
peripheral card) 

24 lines 
Upper Case 

Scr.en Resolution (BloW) 280x192 

Screen Resolution (Color) 140x192 (6 colors) 

Keyboard 

NumeriC Key Pad 

Input/Output 

Disk Drives 

Languages 

Fixed 

Accessory 

8 expansion slots 

Add-on one to six 
drives 

BASIC 
Fortran 77 
Pascal 
Assembly 
Pilot 

I/O accessory expansion Typical Configuration 
Pricing 

CPU, 48K RAM, single 
disk drive, B&W 
Monitor (9"), 
Silentypeu, printer, slots to add an IEEE bus, 
and BASIC. $2875.00' 

24 lines 
Upper CaselLower Case 

560 x192 

280 x 192 (16 colors) 

Programmable 

Built-in 

4 expansion slots 
plus built-in: 
disk interface 
RS-232 interface 
SilentypeTIl printer interface 
clock/calendar 

One drive built-in, plus 
interface to support 
three more drives 

Enhanced BASIC 
Fortran 77 
Pascal 
Assembly 

CPU, 96K RAM, integrated 
disk drive, B&W Monitor 
(12"),Silentype'" 
printer, 50S, Enhanced 
BASIC. $4865.00' Apple's Silentype" printer, . Suggested retail price. 

a modem or a graphics ��������������� 
tablet. Add memory up to 64K 
bytes or 128K bytes. Add up 

to four or six 
51/4" disk drives 
without adding 
any overhead. 

For support, 
service and the best 
extended warranty 
in the industry-

. Apple is the answer. 
If you have any other 

questions about why Apple is the 
pick for professionals in engi
neering, see your 
nearest 
Apple 
computer 
dealer or 

call 800-538-9696. In California, 
800-662-9238. Or write: Apple 
Computer, 10260 Bandley Drive, 

Cupertino, CA 95014. 
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Advanced 
Technol ogy Center. 
Santa C lara Valley 

a local executive, "there would be no 
Silicon Valley." 

MIT�ducated, Palo Alto-raised 
Shockley was co-inventor of the tran
sistor while at Bell Laboratories in 
New Jersey. He won a Nobel Prize 
for it. In 1956, Dr. Shockley returned 
to Palo Alto and set up Shockley 
Transistor Co. The technology pros
pered but the company did not. 
Within two years, a number of 
Shockley's top associates departed 
and, backed by Fairchild Camera and 
Instrument Co., set up Fairchild Semi
conductors Co. This was the true 
seed of the semiconductor industry 
and genesis of "Silicon Valley." 

Shockley's associates, among them 
Dr. Robert Noyce, began a trend that 
has given the area its special flavor. 
Noyce himself left Fairchild in 1968 
to start Intel. But before then, many 
more had departed to start their own 
firms: Rheem in 1 959; Signetics and 
Amelco in 1 961 ; Molectro in 1 962; 
National Semiconductor in 1967; and 
in 1968, a bumper crop that, besides 

Intel, included Precision Monolithics, 
Computer Micro-Technology, Quali
dyne and Advanced Memory Sys
tems. In 1969, Advanced Micro 
Devices and Four-Phase appeared. 

Says former Fairchild president Dr. 
C. Lester Hogan: " It was a time full 
of turbulence." 

Acommunity of 
Technology 

Though the technology industries 
employ 630,000 people in the region, 
it almost seems as if everyone knows 
everyone else at every level. Meet
ings turn out freshly minted engineers 
and board chairmen at the same 
table. For the most part, the founders 
of even the biggest and most success
ful companies are still young men 
who thoroughly enjoy their success. 

But size is not the criterion for 
success. Where four of five ventures 
succeed, many are small and remain 
so. Indeed, more than 80% of the 
high-technology companies in the 
Valley have less than 200 employees. 
One such is Zircon International Inc., 
a five year old electronics firm with 
only 46 employees. The privately-held 
electronics company has moved into 
consumer electronics. Small though 
Zircon is, it was large enough to buy 
Fairchild's electronic games business. 

These smaller companies, of 
course, compete with their larger 
brethren for talent, but apparently 
with little difficulty. Says Peter Taylor, 
Director of Finance and Administra
tion of Logical Machine Corporation: 
"We offer a· challenge to the scientist 
or engineer who would rather work in 
a small company environment." Logi
cal Machine itself was founded by 
John Peers, an English computer 
specialist who felt there was greater 
opportunity in Silicon Valley. 

�eSenior a Citizen 
It is odd perhaps to characterize a 

company that is barely forty years 
old as the old man of the industry. 
Yet that's the Hewlett-Packard Cor
poration, founded in Palo Alto in 
1938. Older than most but still very 
young, Hewlett-Packard continues to 
typify the industry. The founders, Wil
liam R. Hewlett and David Packard, 
gave H-P an openness and style of 
management that have become the 
hallmark of the industry in the Valley 
regardless of the industrial sector. It 
is a style more reminiscent of a com-

ADVERTISEMENT 

munity of scholars and equals than 
of hierarchical employees. Or per
haps that of people working together 
in a garage. 

Packard, whom Professor Terman 
persuaded to return to the Valley 
from his job with General Electric in 
Schenectady, N.Y., started working 
with Hewlett in Packard's garage. 

The company hired its first em
ployees and moved out of the garage 
in 1940. In 1956, the company moved 
into the Stanford Industrial Park and 
in 1959, made its first expansion out
side the Valley. "I was one of an H-P 
team which opened up the first shop 
outside Palo Alto:' recalls German
born Fred Schroeder, Director of 
Corporate Development and himself 
a one-time student of Terman's classi
cal work. "That was in Germany. We 
were quick to take advantage of 
geographic market conditions, the 
Common Market:' 

Hewlett-Packard, like virtually 
every other company in the area, is 
constantly expanding. It now has 
57,000 employees, some 18,500 in the 
Bay area and 16,600 in Palo Alto 
alone. 

H-P values the small-company feel 
it started out with and has striven 
mightily to maintain it as it has 
grown. Management maintains not an 
operH:Ioor policy but a no-door 
policy. 

The concept is very common 
throughout the Valley. At Intel, for 
example, Dr. Robert Noyce's only 
concession to his position as founder 
and Vice Chairman is that his ground
floor cubicle is on a windowed cor
ner. In such ways has H-P's influence 
been pervasive. 

Microwave 
. Beginnings 

The Varian brothers started about 
the same time as Hewlett and Pack
ard. But their work on the Klystron 
tube, the first microwave device, was 
preempted by World War II. Not un
til 1948 did they return to Palo Alto 
and under the shadow of Stanford 
University establish Varian Associates 
with $22,000 and six employees. The 
first plant in San Carlos wasn't a 
garage but it wasn't much bigger. 

The company was at first only a 
maker of microwave tubes. But its 
close association with Stanford en
abled the firm to develop rapidly 
much of the new technology coming 
out of the University's physics labora
tories. Varian soon was in nuclear 

SC-3 
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magnetic resonance (NMR), a range 
of analytical instruments, geophysical 
instruments and linear accelerators. 

One thing led to another. "You 
have to pump a tube to get the 
vacuum," recalls Edward J. Barlow, 
Vice President for Research and 
Development, "so we invented a new 
type of electronic vacuum pump for 
our own use. We soon saw it had 
other uses and were in the vacuum 
pump business:' 

That process eventually led to a 
wide range of products in distinct 
lines, now manufactured and 
marketed through appropriate 
groups. "The common thread is 
physics and electronics;' says Vice 
President Barlow. 

"We have gone from a technology
driven industry to a market-driven 
one;' says Mr. Barlow, countering the 
oft�uoted observation that much of . 
the Valley's technology is "a solution 
in search of a problem:' Those 
markets have brought the company 
to a $ 6<Xknillion per year sales 
level. supplied by 14,000 people in 27 
plants in six states and 10 countries. 
Some 7,000 employees are in the 
Valley. 

Though naturally there is great 
Government demand for many of its 
products, Varian's markets are pre
ponderantly commercial, in common 
with most valley industry. "Some of 
our Groups are 100% commercial;' 
says Barlow. 

It is commercial at a very ad
vanced level. There is an industrial 
sputter-coating machine to protect 
auto grills and headlamp bezels with 
microscopically thin and uniform 
coatings; reaction ion beam etching 
for semiconductor manufacture; ul
trasonic scanning of the body that 
shows internal body organs function
ing in real time. 

"Stanford has been very important 
to us;' acknowledges Barlow. "There 
is a tremendous advantage in being 
here:' 

Where The 
Silicon Is 

The core of Valley industry is of 
course semiconductors. These many 
companies largely bred out of Fair
child Semiconductor bear strong fam
ily resemblances. Yet as in any large 
family, there are also significant 
variations. 

Fairchild Camera and Instrument is 
now a unit of Schlumberger Limited. 
It is also one of the oldest corporate 
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names in the Valley, having been 
founded in 1920 in New York as the 
Fairchild Aerial Camera Co. 

The company entered the semicon
ductor business by funding Dr. 
Robert Noyce and his associates 
when they left Shockley Transistor 
and, in turn, fostered many more 
companies. 

That is all past. Fairchild means to 
maintain its reputation as an innova
tor in the semiconductor field in its 
own right, not as a breeding ground 
for others. Under Schlumberger Vice 
President Dr. Thomas A. Longo, an 
old Fairchild hand and the company's 
chief technical officer, the company 
has embarked on an ambitious long
term research and development pro
gram. "Silicon was the base of the 
industry and will continue to be so:' 
avers Dr. Longo, "so we know where 
we have to go. In three or four years, 
we will be spending 7 or 8 times as 
much as we have been on R & D" to 
bring into production the next gener
ations of very large scale integrated 
circuits (VLSI). 

All that R&D and new manufactur
ing will take lots of staff and a tech
nical environment that will retain 
them. The company has introduced 
new personnel practices that Dr. 
Longo credits with already reducing 
turnover to 12% , half the Valley 
average of 23% . "Fairchild has 
trained much more than its share of 
people in the Valley:' says Longo, 
who wants some of them back. "We 
know there are lots of good people 
out there. And once you've got a 
super job for a guy, it's not hard to 
get him to come." C atch 

The Wave 

A Fairchild descendant that is just 
as aggressively recruiting is Advanced 
Micro Devices (AM D) of Sunnyvale. 
Founded in 1969 by W. J. Sanders III 
and several associates, all from Fair
child, the company has grown prodi
giously. In 1980 sales reached $225 
million, up from $11.2 million in 1972, 
when the company first offered stock 
to the public. 

AMD has positioned itself to be a 
major merchant supplier to the tele
communications industries. It special
izes in new architecture, logic and 
circuit design techniques in VLSI 
technology, a wave that is just about 
to break over the electronics-using 
world. Indeed, AM D's recruiting cam-

paign uses the phrase and image 
"Catch the Wave:' 

The company's products cover a 
wide range of devices requiring edge 
of the art technology to design, 
develop and manufacture. They in
clude advanced microprocessors, 
memory chips and specialized tele
communications devices such as 
SLIC and SLAC (subscriber line inter
face circuit and subscriber line audio 
processor circuit). These will become 
increasingly important as telephone 
systems move to all digital switching. 

AMD has used as a symbol the as
paragus, a plant that takes several 
years from planting to harvesting but 
then yields abundantly and indefinite 
Iy. It has fostered an aura of techno
logical excitement and personal re
ward and has striven to retain an en
trepreneurial spirit through all 
employee levels. One factor that con
tributes to that spirit is substantial 
employee ownership through options 

Signetics and American 
Microsystems are two more among 
many semiconductor companies that 
provide interesting contrasts. 

Signetics was founded in 1961 as 
the first company specifically to 
manufacture and sell integrated cir
cuits. The new company was soon 
bought out by Corning Glass Corp., 
but was then divested and, in 1975, 
bought by U.S. Philips Corp., an arm 
of NV Philips Gloelampenfabrieken 
of Holland. 

With 5, 000 local employees and 
17, 000 total, the company is the sec
ond largest in Sunnyvale and 11th in 
the Valley. It makes only semicon
ductors and integrated circuits but 
does not consider that to be limiting. 
"With a $6-billion current market and 
a projected $50 to $70-billion market 
by 1990:' says Michael Hackworth, 
Senior Vice President of the MOS/ 
ANALOG Products Group, "the sec
tor offers a very high opportunity 

Signetics expects the Philips con
nection to be beneficial for both 
companies. "Technology moves both 
ways:' says Hackworth, "and picking 
and choosing the right technologies 
to pursue is a non-trivial problem. 
One requires an enormous invest
ment just to decide which to use. We 

At GTE Sytvania we get the 
feeling we are being followed. 
When you are the leading deSigner, developer and producer of large 
scale computer controlled surveillance, reconnaissance and ECM 
systems, it's easy to get the feeling you're being followed. The rest of the 
industry is just trying to keep up with us. We stay ahead by being the total 
systems capability company. 

Right now we need innovative and creative systems and senior software 
engineers so we can continue to lead the pack. We offer all the 
challenge, growth and opportunity the engineering professional needs 
and deserves. 

When you come over to GTE Sylvania you'll get the feeling that you are 
being followed too. When you're with the leader, it goes with the territory! 

Please send resume and salary requirements to Professional Employ
ment, Department JJl-1, 100 Ferguson Drive, Mountain View, CA 94042. 
U.S. citizenship required. An equal opportunity employer m/f. 

'--_______ (Ci i::t SYllI�J8 ----------' 
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have that resource." 
Signetics has its own Advanced 

Technology Center, headed by Dr. 
Kenneth A. Pickar, but also has ac
cess to Philips Research Laboratories 
in Sunnyvale headed by Dr. Else Van 
Doi. The emphasis here as elsewhere 
is on research. 

At American Microsystems, Inc 
(AMI), the emphasis is also on re
search and development. The 14-year 
old company in Santa Clara is next to 
one of the few prune yards remaining 
north of San Jose. The employment 
level at the site has not changed 
significantly recently. But its makeup 
has as the company has established 
more manufacturing sites outside, 
reduced manufacturing here and in
creased its research and development 
staff. 

"We are seeing as much circuit in
novation as process innovation 
today," says President Glenn E. 
Penisten, who came to AMI from 
Texas Instruments four years ago. 
"And that is a software driven tech
nology. It is becoming a software 
limited business, which means people 
limited. 

AMI is today a $140-million com
pany. "We would have been larger:' 
says Penisten, "but we got off the 
track in the Sixties as many others 
did when we went into consumer 
goods . 

�e Supporting A Technologies 
While AMI sticks to what it knows 

best, MOS and CMOS (it was the first 
company to take MOS commercial) 
it has acquired a subsidiary, Millen
ium Systems, which makes systems 
to design or test microprocessor
containing systems. Millenium is part 
of a most important sector of Valley 
industry, and one just as technically 
advanced. That sector supplies the 
equipment, services and materials 
that the rest need to turn laboratory 
items into commercial products. 

These firms, with names like Ray
chem, Calma, Millenium, Monsanto, 
Siemens, Speedfam and many more 
are often members of the Semicon
ductor Equipment and Materials In
stitute (SEMI), which is itself in Moun
tain View. Some 30% of SEMI's 600 
members are in Silicon Valley. 

Calma Company, a representative 
member and a subsidiary of General 
Electric Co., produces a range of 
sophisticated equipment for the 
semiconductor industry. The Sunny-
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vale concern makes automated inser
tion software, graphic data systems 
and, the heart of the semiconductor 
process, photo-mask making equip
ment and systems. It also makes 
computer-aided design (CAD) elec
tronic equipment for this and other 
markets. 

Another firm, not a member of 
SEMI, is Raychem Corporation of 
Menlo Park. Less exotic but equally 
necessary and technologically de
manding, Raychem's products are in 
a sense the nuts and bolts of the 
electronics industry. Without 
Raychem's hookup wire and cable, 
coaxial cable, special-characteristic 
rubber and plastic tubing, termination 
devices and the like, all would be in 
isolation. 

D ata Storage 
Representative 'of the huge periph

erals industry in the region are such 
companies as Ampex and some of its 
descendants like Memorex and Shu
gart. Others include Dysan; Anderson
Jacobson, originator of the acoustic 
modem; and Verbatim, by the same 
Anderson. 

Information storage is a difficult 
technology that works at the very 
edge of many disciplines-mechani
cal, chemical, electronic, electrical 
and physical. Tapes and disks must 
be made of materials that are flexihle 
yet can withstand high forces in ten
sion or rotation and remain dimen
sionally stable within extremely nar
row limits. The equipment that drives 
the media must be built to even 
more exacting standards. 

Electronics and mechanics must 
match. A disk carrying 965 tracks per 
radial inch must not wobble. Memor
ex, for example, had to design a new 
type of ball bearing so that it would 
not. . 

Current research aims at ever high
er densities through semiconductor 
technology. Read-write heads now are 
made hundreds at a time on ceramic 
wafers by deposition methods, then 
diced and shaped before mounting. 
The design permits much narrower 
tracks and thus more of them. The 
limiting factor becomes the media. 
Thin film techniques use sputtering 
to deposit a uniform layer merely 
molecules thick. Such technology 
may by 1985 allow disk densities per 
square inch of 50-million bits, the 
equivalent of 4,000 pages of 
typescript. 

__ �ser Pressure 
Csting 

ADVERTISEMENT 

Test and design methods are equill
Iy exotic. The aerodynamics of the 
head are extremely important since it 
literally flies above the disk. A 
pressure measurement system uses 
lasers to produce interference pat
terns that can then be interpreted 
and plotted as pressure curves. 

Memorex Corporation was started 
in Mountain View in 1961 specifically 
to exploit this difficult multi-discipli
nary technology. The first product 
was computer tape, shortly followed 
by video tape. These soon led to 
complete tape drive systems and disk 
storage systems, a line of evolution 
the company has continued to follow 
at its campus-like laboratories in San
ta Clara. 

A high-technology manufacturing 
as well as research and development 
company, Memorex is people short in 
critical jobs, particularly engineers 
who can deal with millionths of an 
inch. It is high-precision work "We 
need engineers who can work in 
manufacturing as well as in the lab," 
says Gordon Smith, Vice President. 
"Software people are also hard to 
come by." Total employment is cur
rently some 13,000 people worldwide 
with about 6,700 of those in the 
Valley. 

At the other end of the Valley, in 
Redwood City, Ampex tills the same 
field. One of the early ones, founded 
in 1944 to make motors for radar 
systems, Ampex is also one of the 
bigger ones with sales exceeding half 
a billion dollars. Ampex was a pio
neer in magnetic recording systems. 

The company has 1,300 of its 
13,000 worldwide employees at its 
Redwod City headquarters and labo
ratories and, unusual in that area, has 
plenty of land. "Somebody showed a 
lot of foresight," remarks C. Ridley 
Rhind, Vice President of Marketing'. 

TechnologieS A Galore 
Electronics is not the only technol

ogy in the Valley. Stanford University 
itself has schools for every discipline 
in the physical and life sciences as 
well as a renowned medical school. 
The nine Nobel prizes have come in 
many fields. And the inventive minds 
are readily available to the local in
dustrial community for consultation 
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Whatever your area of specialization 
is, you'll find it to your advantage to 
look into the career opportunities at 
Lockheed. 

Our challenging and diverse projects 
will provide you with a rewarding 
career that presents great opportunity 
for rapid growth and career develop· 
ment. You can get involved in such 
diverse areas as advanced spacecraft, 
unique deep sea vehicles, fleet ballistic 
missiles, ocean mining, communica· 
tion satellites, electro·optical R&D, and 
computer science. 

You can apply your experience in ac· 
ti vi t i e s  s u c h  as e l e c t r o n i c  o r  
mechanical design, scientific o r  ad· 
ministrative programming, systems 
engineering, R&D, microprocessor ap· 
plications, hybrid microelectronics, 
signal processing, remote sensing, 
test and integration, simulation, 
reliability, manufacturing, materials 
and processes, or in a number of other 
disciplines. 

You'lI lind that in virtually all 01 our pro· 
grams, scientists and engineers are 
working at the frontiers of their disci· 

plines, advancing the state of the art. 

You'll also find that our in·house train· 
ing programs are among the best in in· 
dustry. Experience, plus training. That's 
why at Lockheed, technical excellence 
is truly a way of life. Write now to: 

Employment Department SA·381, 
Lockheed Missiles and Space Co., P.O. 
Box 504, Sunnyvale, CA 94086. 

We are an equal opportunity affir· 
mative action employer. Proof of U.S. 
Citizenship is required. 

At Lockheed, Technical Excellence is a Way of Life. 

LOCKHEED 
MISSILES & SPACE COMPANY, INC. 
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and inspiration as are the school's 
facilities. 

Another Nobel Prize factory, the 
University of California at Berkeley is 
just across the Bay. " Berkeley has a 
superb department in solid state, 
computer science and computer ar
chitecture," says Fairchild's Les 
Hogan. 

In common with many another 
university, Stanford long ago estab
lished a separate institute to provide 
research facilities for local industry. 
The Stanford Research Institute (SRI) 
was spun off as a separate not-for
profit entity and is now housed in a 
motley collection of buildings in 
Menlo Park. It has additional offices 
and laboratories across the world. 

The Institute did the original work 
on ink-jet printing, the high speed 
printing technology of the near fu
ture. It also pioneered magnetic 
coding on bank checks. An ultrasonic 
energy medical application was de
veloped in the bioengineering depart
ment. SRI researchers also built a 
laser device for eye surgery. The In
stitute's process for biomass conver
sion is the only one known that 
makes oil. Its coal/air fuel cell may 
be more efficient than steam tur
bines. The list is long and varied. and 
much more than science. 

�e Life 
_ Sciences 
Such diverse resources naturally 

attract similarly oriented companies. 
Prominent among these is the inter
national pharmaceutical company, 
Syntex Corp., which moved its head
quarters from Mexico to the Stanford 
Industrial Park. "Had Syntex not 
moved here, it would not have be
come the company it is," says Dr. 
Alejandro Zaffaroni, who managed 
Syntex when it moved to Palo Alto 
and who is now president of Alza 
Corp., another biological company 
just down the road. 

Syntex started as a research or
ganization interested in developing 
patents for new pharmaceuticals, 
mainly steroids, that it could then 
license. In 1960, the company opened 
a lab in the U.S. to be closer to that 
market. "In 1962;' recalls Executive 
Vice President Richard G. Rogers, 
"we decided to move near a major 
medical institution with good medi
cal research and good chemistry. We 
chose the Stanford Industrial Park 
because of Stanford University and 
because the climate and the area 
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would help us attract good people." 
The $580-million company has 

nearly 3,000 people in Palo Alto, 
9,100 worldwide. Some 30% are pro
fessional. The emphasis is research 
in the life sciences and the develop
ment of new drugs. For years, the 
company was best known for steroid 
hormone derivatives, which yielded 
dermatological medicines and con
traceptives. But the company now 
produces non-hormonal drugs, medi
cal diagnostic systems, veterinary 
drugs and animal health products 
and even beauty care products. 

The other companies are mostly 
descendants of Syntex. One is Alza 
Corporation, founded by Dr. Alejan
dro Zaffaroni, a Uruguayan who once 
headed Syntex's research operations 
in Mexico and Palo Alto. With his 
own money and backing from Syntex 
and other sources, Dr. Zaffaroni set 
up Alza Corp. in 1968 to develop 
new ways to administer medications 
in such a manner that the concentra
tion of the medicine in the body 
remained at its optimum throughout 
the period of treatment. At its park
like laboratories in the Stanford 
Industrial Park, Alza's 350 people 
have developed an insert to treat 
glaucoma, an implantable contracep
tive, a method of administering a 
motion sickness drug, a portable in
travenous infuser and a different kind 
of timed release pill. 

Advanced technology of many 
kinds goes into this research. The 
timed release pill, for example, has a 
hole measured in microns drilled in
to it with a laser. "The hole has to be 
large enough so pressure does not 
build up in the pill, yet small enough 
to allow membrane-control osmo-
tic flow of the drug to proceed 
smoothly," says Dr. Zaffaroni. Alza 
worked closely with Coherent Inc., 
another Valley company specializing 
in laser technology, to develop the 
technique. 

Alza itself has a spinoff, Dynapol 
Corp., which is working on new types 
of food additives that do not actual
ly enter the blood stream but do en
hance foods. 

Still another Syntex descendant is 
Zoecon, which is developing genetic 
ways to control insects through their 
own hormones. 

The technologies these companies 
are pursuing are very long range and 
costly-beyond their means, indeed. 
To continue the work, all three de
scendants have gradually given up 
equity to others to obtain financing. 

ADVERTISEMENT 

The pharmaceutical firm Ciba-Geigy 
owns 53% of Alza; DeKalb AgResearch 
owns 60% of Dynapol; Occidental 
Petroleum owns Zoecon. 

W eser 
-.;:;;chnology 

Lasers are now important manu
facturing and research tools in the 
Valley where several companies are 
profitably pushing the edges of theo
retical and applications technology. 
Among these are Spectra-Physics, 
Inc., and Coherent, Inc. 

Spectra-Physics was started in 1961 
by five people from Varian to exploit 
the very new laser technology, then 
confined to crude infrared ruby 
lasers. "Lasers were then a solution in 
search of a problem," remarks Jack 
M. Gill, Executive Vice President of 
the Instrument Group, "but wide
spread applications soon began 
to emerge." 

Spectra-Physics, soon to move its 
headquarters from Mountain View to 
San Jose, is now a $130-million dollar 
company with eight operating divi
sions. Since 1961, it has found plenty 
of real problems to solve. "One of 
the earliest uses was in construction;' 
says Gill, "where laser beams are far 
superior to any other levelling 
device:' Present and expanding uses 
are in medicine, particularly for mi
crosurgery, spectroscopy-"a laser 
gives forty times better resolution 
than a grating" -and manufacturing. 

In Palo Alto, Coherent, Inc., found
ed in 1966 by Spectra-Physics alumni, 
also exploits laser technology. The 
company manufactures a wide range 
of products for industrial and med
ical uses. 

Among the advanced designs is a 
laser annealing system for semicon
ductor manufacture. Using a laser, 
this device allows the operator to 

Memorex Technicians looking into the vacuum chambet 
of a scanning Auger microprobe while sample is being 
bombarded by electrons to determine composition of 
different deposition layers 
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heat precisely micron-wide bands 
across a wafer, thus manipulating the 
crystal structure without in any way 
affecting the composition. Standard 
annealing methods, which heat the 
entire wafer, can allow some migra
tion of chemical elements during 
heating and cooling. One of the more 
exciting prospects of the technique is 
that it may make possible three
dimensional semiconductors. 

�e Computer .I. Sector 
Silicon Valley is becoming a 

leading center for computer manu
facturers of every stripe. I BM was 
there first. Dr. Gene Amdahl was 
Director of that company's Advanced 
Computing Systems laboratory at 
Menlo Park responsible for develop
ing the largest and latest models. 
When IBM declined to undertake a 
new project that Dr. Amdahl urged, 
he resigned in 1970 and started his 
own company. 

Six years and $40-million later, the 
Santa Clara company sold its first 

machine. The company was profit
able in its first sales quarter and has 
been so ever since . 

A more recent phenomenon is Tan
dem Computers, Inc., founded in 
1974. many of the founder group and 
later senior staff were Hewlett
Packard alumni. 

James G. Treybig, President and 
principal founder, was marketing 
manager for H-P's computer division. 
"Treybig left Hewlett-Packard to join 
Kleiner and Perkins, a venture capital 
firm. There he conceived the idea 
and developed the plan for what 
would become Tandem Computers," 
says Robert C. Marshall, Senior Vice 
President and employee number 33. 

Rather than redundant standby 
computers, the usual way to assure 
systems reliability, Tandem builds 
multiple processor computer systems. 
All processors are on line all the 
time. If any part fails, the remaining 
units instantly take up the load, auto
matically doing the job of the failed 
part. 

From 170 employees in 1978 when 
it shipped its first system, the Cuper-
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tino company has grown to 1,400, 
about half in Cupertino. Sales exceed 
$100 million. And in addition to two 
other manufacturing sites, the com
pany is opening a plant in Fairfax 
County, Virginia "to be where our 
customer base is," says Bob Marshall. F un In 

Games 
Electronic games started in the 

Valley. Pong burst upon the scene in 
1972, an innovative application of 
microelectronics if ever there was 
one. Atari, Inc., the Pong maker, 
followed with a host of similar games 
and continues to do so. 

A consumer-oriented high-technol
ogy company to whom marketing is 
everything, Atari is now headed by 
Chairman Raymond E. Kassar, who 
came to the technology company 
from the textile industry. " I  am a 
most unorthodox, untypical chief ex
ecutive for the Valley;' where a sur
prisingly large percentage of top 
managers have technical back
grounds. 

IT'S OUR TURN 
., 

The 1970's were a time for remarkable 
e velopments in �PJ9mpute r hardware 

te£:hnology. ;fechrlOlogy Delielopment of 
ifornia(TDQ:) followed those develop

ts carefully. we. were growing from a 
. all gro of professionals that applied coi1hpuh�r m technology to the 

corl'iplex ref"l"Lents of government 
and industry to a company that now 
de (vers large-sca le comp ting, energy. 

ta manag�ent , sy�tems ehgineering, 
omate �ystems, ta communica-

ns sy�el1ls, and: i mentation sys-
s and prQducts;,.to lents nationwide. 

The 1980's will be equally remarkable 1 
people like us. We are putting those excitil 
developments in computer technology 
work, tackling the complex challenges facil 
our nation. We have a 9-year successful tra 
record and we're ready to do more. 

That's Why It's Our Turn! 
Now you can Join Us in growth and opp< 
tunity! Our California Operation is seekil 
qualified professionals for: 
• Program Managers • Software EngineE 
• Project Scientists • Systems Enginee 
• Scientific • Systems Analyst� 

Programmers 

nte,re5:t el::Hfj' our Texas Operations 
to TDC. 624 Six Flags Dr., 

Arlington. TX 76010 (817) 461-1242 

© 1981 SCIENTIFIC AMERICAN, INC



Advanced 
Technol ogy Center, 
Santa Cl ara Valley 

Atari is now a computer company. 
It makes and markets a line of per
sonal and small business computers 
to consumer markets. The line, in
troduced in 1979, would seem a 
natural development from a com
pany that pioneered microprocessors 
in computer products and "has built 
more computers than all the others 
put together," says Mr. Kassar. 

Apple Computer in Cupertino is an 
offspring of Atari. As so often hap
pens, Apple's founders had an idea 
their employer was not then prepared 
to implement, so they did it them
selves. Gene Amdahl has much com
pany. 

Apple's founders, two engineers in 
their twenties, believed that the 
microprocessor revolution had 
brought prices within the reach of 
everyone and there was a market for 
real computers based on these de
vices that extended far beyond ded
icated hobbyists. They designed and 
built a "personal computer," the Ap
ple computer, based on much the 
same microprocessor chips then be
ing used by Atari for games and by 
others for all sorts of intelligent ap
plications. Interestingly, though the 
microprocessor had for years been 
widely hailed as the "computer on a 
chip," very few people other than 
dedicated hobbyists had actually 
based a real computer on such a 
chip. 

There was indeed a market, 
though not quite the 'one anticipated. 
It is a professional person -writer, 
lawyer, doctor-and small business 
market rather than homeowner and 
hobbyist market. And it was not one 
Apple was to have to itself. Nonethe
less, the company is now second 

Klystron lybes for UHF television transmitters. Most 
UHF stations are pm ..... ered by Varian klystrons. 
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largest in this fast-growing field and 
so well regarded by investors that it 
is valued in the stock market at an 
enormous multiple. 

Electronics are important to anoth
er Valley firm, Arrow Development 
Co. of Mountain View. The com
pany's small engineering staff uses 
industrial-grade microprocessors and 
electronics to control the terrifying 
and thrilling amusement park rides it 
designs and builds. 

Arrow's engineers, however, are 
more concerned with acceleration 
forces and strengths of material as 
well as the tolerance of the human 
mind and body to being seemingly 
on the edge of destruction. Its huge 
experimental rides loom in view of 
the Bayshore Freeway, leading many 
to think they have reached Great 
America, a theme park several miles 
south in Santa Clara. 

From Computers 
to Phones 

Messrs. Richeson. Oshman, Loew
enstern and Maxfield, electrical engi
neers all, had an idea in 1969. They 
would make an off-the-shelf compu
ter that would meet military specifi
cations. It was a market until then 
served only by costly custom-built 
machines. 

The engineers opened ROLM Cor
poration in a prune-drying shed and 
were at once successful. 

In 1975, the company had another 
idea, to enter the telecommunica
tions market that was now open to 
competition following a .court deci
sion and about to see great techno
logical change. That idea was explo
sively successful. The company's 
growth rate since then has exceeded 
50% per year. 

ROLM still makes rugged compu
ters, but telecommunications is now 
80% of the business. "It was a mat
ter of luck and judgment;' says Rich
ard M. Moley, Vice President of Mar
keting, Telecommunications Division, 
at the company's Santa Clara campus 
that is so sprawling, spectacular and 
opulent, one wonders how such a 
complex could be built in a mere 
five years. "We went ahead while 
others held back." 

Equestrians 
Prohibited 

There is perhaps a poignant note 
for a time past in a sign beside a 
bicycle path that parallels a Palo 
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Alto road: "Pedestrians and Equestri
ans Prohibited:' 

Fortunately, the Santa Clara Valley 
technologist need not give all for sci
ence. Three universities, Stanford, the 
University of Santa Clara and San 
Jose State University, give ample op
portunity for continuing education. 
The University of California at Berke
ley is within easy reach. Nine com
munity colleges yield a steady flow 
of well trained technicians and cler
ical people. And the 33 public school 
districts and over 100 private schools 
in the Valley's many communities 
provide quality education at lower 
levels. 

Cultural and recreational opportu
nities abound. San Francisco with all 
the mystique it implies is barely an 
hour away. 

Leisure life is outdoors where trees 
and flowers bloom all year and only 
the recreational areas of the Santa 
Cruz mountains bar one from the rec
reational areas of the Pacific beaches 
an hour away. Eastward are the 
endlessly diverse deserts beyond the 
Eastern ranges, in which the skiing 
season starts as early as late October. 
And there is the Bay, a sheltered 
boating ground that gives onto the 
Pacific through the Golden Gate. 

JustA Nice 
Place 

When asked why an engineer or 
scientist should want to come here 
all things considered, people erudite
ly discuss profession, career, educa
tion, technology, a sense of being 
part of something that will never be 
again, excitement, all worth whatever 
the cost. "It is a remarkable place for 
intellectual stimulation;' says Fair
child's Lester Hogan. "In general, 
technological stimulation here is 
greater than in any university engi
neering department. Bright ideas are 
popping up all the time and there is 
a new process every week or two:' 

And truly, a scientist or engineer 
who is really serious about his future 
and about the technology almost 
cannot afford not to spend some 
time in the Valley. The area has be
come to virtually every sector of the 
electronics industry what Detroit is to 
automobiles, Akron to tires, New 
York to communications and the arts 
and Houston to petroleum. 

But all at last falls back on loca
tion, the reason it's all here: "It's a 
very desirable place to live," says 
Intel's Robert Noyce. 
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An Engineering Tradition 
ing Today!; Engineers. 

At Westinghouse. 
We have always been 

identified by significant 
achievements based on 
solid technology. From 
marine vessel propulsion 
systems of the early 1900's 

to precision missile 
launching systems of the 
'80s, excellence in 
engineering is a tradition 
at the Westinghouse Marine 
Division, Sunnyvale, 
California. And it's a tradi
tion that stands today on a 
solid foundation of 
advanced engineering 
developent. 

Whether you're ready to 
break new ground in the 
MX Missile Program or 
explore new research & 
development in Advanced 
Concepts Engineering or 
Product Development, 
we're challenging you to 

take a long, hard look into 
an opportunity to join one 
of the finest teams of 
professionals in the world. 

If you're a Mechanical, 
Electronic or Aeronautical 
Engineer, consider a move 
to the company you can 

. 

count on for stability and 
continued growth. And the 
opportunity to pursue pro
fessional excel-
lence in 

such as Structural Dynam
ics & Stress Analysis, Gas 
Dynamics, Mechanical 
Design & Development, 
Systems Test, Instrumenta
tion, Non-Metallics and 
Composites, Integrated 
Logistics, and more. 

Capture the excitement 

of our past and create 
achievements of tomorrow 
at the Westinghouse 
Marine Division, Profes
sional Employment, 
Department SA-2, Hendy 
Avenue, Sunnyvale, 
California 94088; (408) 
735-2191. Call or send 
your resume today. We're 
an equal opportunity 
employer, U.S. citizenship 
required. 

Westinghouse 
Marine Division 
Sunnyvale, California 

@ 
Have We 
uotAJob 
For You! 
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S R. SM OOT HER.  
F ASTER.  FINER. S TRONGER. 

THOSE 
words are 
not mere \ 

product boasts. They 
describe, instead, the relentless realities of 
doing business in the marketplaces of high 
technology. Marketplaces with insatiable appetites 
for ever-smaller sizes, smoother surfaces, closer tolerances, 
faster accesses, greater capacities. Marketplaces with their 
own uncompromising process of natural selection. 

Memorex® Corporation has been part of that 
environment since 1961. For 20 years, we have helped to 
shape the information recording, storage and retrieval 
industry. For 20 years, we have expanded our product 
lines to include everything from disc packs to disc drives, 
from word processing supplies to communications 

terminals. And for 20 . . 
years, 10 an enVIron-
ment where change is 

the constant -and an 
unsympathetic, ever

accelerating constant at 
that -Memorex Corporation has done more 

than simply manage to change so as to keep up. We have 
managed change itself and stayed ahead. 

And since ahead is where we intend to stay, we are 
taking those mandates for smaller, smoother, faster, and 
the rest and making of them points of pride, "expressions 
of excellence:' Certainly, the accomplishments our 
people have made possible these past 20 years are note
worthy. And if we are not dwelling on them, it is because 
excellence, like change itself, moves in only one direction. 

MEMOREX 
RJr Itwnty year>, the e expressim o[excellence. 

San Tomas at Central Expressway, Santa Clara, CA 95052 (408) 987-1000 
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A distinguished selies of recordings available exclusively by mail orderfrom the intemationally-acclaimBd MaTlboro Music Festival 
in Vel'mont. RudolfSerkin, Arlistic Director. 

MUSIC FROM MARLBORO 
Anyone who has heard Marlboro music-making 
• at Rudolf Serkin's unique musical community in Vermont 

• in one of 300 cities that have presented Music from Marlboro performances 

• on one of the 39 recordihgs released by CBS Records and the Marlboro Recording Society 

• on radio broadcast series in over 60 cities 

• will welcome this invitation to join in celebration of the 30th Anniversary of Marlboro 
Music . 

Here is how you celebrate : 

• You enjoy the matchless performances to be heard on one or more of the Marlboro 
Recording Society records of lesser-known masterworks listed below. 

• You make as large a contribution as you can to the Marlboro 30th Anniversary 
Endowment Fund, helping to match a National Endowment for the Arts Challenge Grant. 

MRS-I BRA HMS: Serenade in A Major, Op. I6-Pablo Casals, Con
ducting The Marlboro Festival Orchestra 

MOZART: Sonata in A Major, K. 12;  Sonata in F Major, K. 13-Pina 
Cannirelli , violin; Rudolf Serkin, piano; David Cole, cello 

MRS-2 SCHOENBERG: Suite, Op. 29-Marlboro Instrumental
ists; conducted by Leon Kirchner 

BOCCHERINI: Quintet in F. Minor, Op. 42, No. I-Pina Cannirelli, 
Jon 'Thth, violins; Philipp Naegele, viola; Fortunato Arico, Dorothy 
Reichenberger, cellos 

MRS-3 SCHOENBERG: Sereade, Op. 24 Marlboro Instrumentalist, 
Conducted by Leon Kirchner 

SCHUBERT. Introduction & Variations, Op. 160-Paula Robison, 
flute; Rudolf Serkin, piano 

MRS-4 BEETHOVEN: 'frio in C Major, Op. 87 -John Mack, Joseph 
'furner, oboes; Patricia Grignet, English horn 

BEETHOVEN: Variations in Eb Major, Op. 44-Hidetaro Suzuki, 
violin; Ronald Leonard, cello; Rudolf Serkin, piano 

MRS-5 NIELSEN: Woodwind Quintet, Op. 43-Paula Robison, 
flute; Joseph 'furner, oboe; Larry Combs, clarinet; William Win
stead, bassoon; Richard Solis, horn 

WEBER: Clarinet Quintet in Bb Major, Op. 34-Harold Wright, 
clarinet; Vera Beths, Mari Thumura, violins; Philipp Naegele, viola; 
Jeffrey Solow, cello 

MRS-6 BEETHOVEN: 'frio in G Major, Op. 9,  No. I-Isidore Cohen, 
violin; Nobuko Imai, viola; Nathaniel Rosen, cello 

BEETHOVEN: Quartet in C Major, No. 3 (WoO 36l-RudolfSerkin, 
piano; Felix Galimir, violin; Nobuko Imai, viola; Nathaniel Rosen 
cello 

MRS-7 HAYDN: 'frio in G Major, Hob. XV: 1 5-Rudolf Serkin, 
piano: Michel Debost, flute; Peter Wiley, cello 

BEETHOVEN: 'frio in Bb Major, Op. 1 1-Rudolf Serkin, piano; 
Richard Sitoltzman, clarinet; Alain Meunier, cello 

MRS-8 MOZART. Serenade No. 11 in Eb Major, K. 375 Marlboro 
Instrumentalists 

GOUNOD Petite Symphonie Marlboro Instrumentalists 

MRS-9 ADOLF BUSH: Sonata No. 2 in A Minor, Op. 56-Pina Car
mirelli, violin; Rudolf Serkin, piano 

MRS-10 BOCCHERINI: Quintet in E Minor, for Guitar and Strings, 
G. 45 I-David Starobin, guitar; Pina Cannirelli, Philip Setzer, vi
olins; Philipp Naegele, viola; Peter Wiley, cello 

RAVEL: Chansons Madecasses---Katherine Ciesinski, mezzo-so
prano; Judith Mendenhall, flute; Paul 'Thbias, cello; Luis Batlle, 
piano 

MOZART. Sonata in Bb Major, K. 292-Alexander Heller, bassoon; 
Yo-Yo Ma, cello 

MRS-U MOZART. Serenade No. 10 in Bb Major, K. 361-Marlboro 
Instrumentalists; conducted by Marcel Moyse 

MRS-I2 BACH: Fourteen Canons on the First Eight Notes of the 
Aria Ground from the "Goldberg Variations," BWV 1087 -Marlboro 
Instrumentalists; Rudolf Serkin, piano 

REGER: Sonata in Bb Major, Op. 107-David Singer, clarinet; Ru
dolf Serkin, piano 

MRS-I3 DVORAK: TRIO IN E MINOR, OP. 90. "DUMKY" Bruno 
Canino, piano; Daniel Phillips, violin; Jerry Grossman, cello 

BOCCHERINI: QUINTET IN D MAJOR FOR GUITAR AND 
STRINGS, G. 449. David Starobin, guitar; Pina Cannirelli, Joseph 
Genualdi, violins; Philipp Naegele, viola; Marcy Rosen, cello 

Mischa Schneidel', Artistic Director Paola Saffiotti. Adminjstrative Coordinator 

The Recording Society is made possible through the generosity of Dr. and Mrs. Andl'e A. 

Aisenstadt. 

If you would also like to help Marlboro match a National Endowment for the Arts Challenge Grant, please enclose your tax deductible contribution 
to Marlbol"O', �Oth Anniversary E ndowment Fund Dlive. 

r;a�=M:i:;-- - - - - - -- - - - - - - - - - - - - - - - - - -' 
I 201 West 54 St. ,  N . Y. C .  10019.  I Thlephone: (212) 581-5197 I enclose my check in payment for __ $ ___ _ 
I records at $9. 00 each . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 
I 

Please send me the records I have checked below at $7. 50 and for my contribution to the 30th $ ___ _ 
each plus $ 1 . 50 each for postage and handling ($9. 00) total) A ·  E d t F I I nmversary n owmen une . . . . . . . . . . . . . . . .  . 

I and accept my contribution (tax deductible) to the Marlboro Thtal $ I 30th Anniversary Endowment Fund to help match the Na-

I tional E ndowment for the Arts Challenge Grant. I 
o MRS-l 0 MRS-5 0 MRS- 9 Name 

I I 0 MRS-2 0 MRS-6 0 MRS-lO Street 

I 
0 MRS-3 0 MRS-7 0 MRS-ll  -----------------I o MRS-4 0 MRS-8 0 MRS-l2 City, State , Zip Code 

L ___________ �M�:.::. ________________ __1 
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COLONY OF TURTLE GRASS, one of some 50 species of sea grass 
that are pollinated underwater, is supported by a wave-cut platform 

TWO KINDS OF SEA-GRASS POLLEN appear in these photomi
crographs. At the left are the immature grains of turtle-grass pollen, 
seen in a section of the anther, or male organ, of the plant. As is ap
parent in the central grain, these grains are at the two-cell stage of de-

134 

on the coast of Kenya. The turtle grass is visible in this photograph 
because of low-tide conditions; at high tide it is well submerged. 

velopment. Wisps of the slime (stained purple) that will surround the 
pollen grains when they are ripe have begun to form. At the right 
are the linear strings of sea-wrack pollen; each string is a mucilagi
nous tube containing four pollen grains. The tubes are stained purple. 
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Submarine Pollination 

The sea grasses, flowering below the ocean surface, must shed and 

capture pollen in an underwater habitat. What are the differences 

between their system of reproduction and that of land-based plants? 

by John Pettitt, Sophie Ducker and Bruce Knox 

In the life cycle of a flowering plant 
the events of pollination are the 
most important. Elaborate strate

gies have evolved for transferring pollen 
from one flower to another; some plants 
rely on the wind, some on bees, bats or 
other animals. Among certain groups 
of flowering plants, however, these de
vices do not operate. The reason is that 
the flowers bloom underwater. The sea 
grasses, which colonize coastal marine 
habitats in temperate and tropical re
gions around the world, are one such 
group. 

How is pollination achieved under
water? On one level the answer to the 
question is very simple: the pollen is dis
tributed by the movement of the water 
and in particular by the action of the 
waves. The method therefore seems to 
be somewhat analogous to that of wind
borne pollen, but on closer examina
tion there' is an intriguing complication. 
Among the flowering land plants a key 
element in successful reproduction is 
chemical "recognition" between mole
cules of protein or glycoprotein (which 
have sugar side chains) on the pollen 
grain or pollen tube and molecules of 
glycoprotein on the receptive surface of 
the'stigma or stylar-cell zones of the pis
til, the female organ of the flower. These 
molecules are water-soluble, a charac
teristic that is hard to reconcile with pol
len recognition underwater. Do the sea 
grasses have a modified recognition sys
tem? It is this question that brought 
about our collaboration in the work 
summarized here. 

The name sea grass is purely descrip
tive, as is the name seaweed with respect 
to marine algae; the sea grasses are not 
closely related to any of the land gras
ses. The sea grasses number 12 genera 
and a total of about 50 species. They 
are members of the order of flowering 
plants that includes the pondweed and 
frog bit families. Eelgrass and surfgrass 
are familiar examples in temperate re
gions. Sea wrack and turtle grass are 
widely distributed in the Tropics. 

An extensive survey by Cornel is den 
Hartog of the University of Nijmegen 
has shown that the greatest concentra-

tion of sea grasses is in the Indo-Malay
sian region. Eight of the 12 genera are 
found there. Another concentration is in 
the tropical New World, centered in the 
Caribbean. The distribution raises many 
questions about the plants' geographic 
origins, migrations and speciation. For 
example, turtle grass (the genus Thalas
sial consists of two morphologically 
similar species that appear to be closely 
related and may derive from a common 
ancestral population. One of the species 
is found in the Indian Ocean and the 
western Pacific and the other in the Car
ibbean Sea and the Gulf of Mexico. The 
species do not interbreed. Is this because 
they are separated geographically or 
because they are not close genetically? 
If they were brought together, would 
they interbreed successfully or would 
they exhibit reproductive isolation? The 
question has not been answered for tur
tle grass, but it has been for another sea 
gra�s, the sea nymph (the genus Amplzi
bolis). That genus also consists of two 
species, but there is no great distance 
separating them. They grow together 
along the southern and western coasts of 
Australia. A biological barrier to inter
specific mating nonetheless seems to be 
present. Although the flowering periods 
of the two species can coincide or at 
least overlap to some extent, hybrid off
spring are not observed. 

W ith respect to reproduction, flow
ering plants generally fall into one 

or another of three categories. The vast 
majority are hermaphroditic, that is, 
each flower includes both the female 
pistils and the male, pollen-releasing an
thers. Some plants, however, are mon
oecious (from the Greek for "single 
house"): a given flower has only pistils 
or only anthers but a single plant bears 
both kinds of flowers. Only 3 or 4 per
cent of all flowering plants are dioecious 
("two houses"): all the flowers of some 
plants have only pistils and all the flow
ers of other plants have only anthers. 
The incidence of these reproductive 
states among the sea grasses differs 
markedly from that among flowering 
land plants. It is not a small fraction of 

the sea grasses that are dioecious but 
rather nine of the 12 genera. 

Regardless of the sexuality of the 
flower the sequence of events in the sex
ual reproduction of flowering plants is 
basically the same. When the flower ma
tures, the anther opens to release pollen 
grains; each grain contains male ga
metes. The grains must then be con
veyed to a mature pistil and adhere to 
the receptive stigma of the pistil. Recog
nition can take place at this time. If the 
grain is recognized as being compatible, 
it germinates and begins to produce a 
tubular structure. This pollen tube pene
trates the cuticle of the stigma, grows 
through the pistil's style and eventually 
reaches the ovary, where the female ga
metes are stored. The male gametes pass 
through the pollen tube to the ovary, 
fertilization takes place and in due 
course seeds are set. If the pollen grain is 
not compatible, the pollen tube either 
fails to form, fails to penetrate the stig
ma or fails to grow through the style. In 
all three instances there is no union of 
the male and female gametes. 

The flowering plants dominate land 
vegetation, and the sea grasses exhibit 
clear signs of descent from the flowering 
land plants. They seem to have migrated 
into the water in relatively recent times. 
They show many morphological and 
structural differences from terrestrial 
flowering plants, and some of the differ
ences certainly have adaptive value in a 
submarine habitat. Nevertheless, the sea 
grasses still exhibit features of their ter
restrial heritage, and the basic sequence 
of events in their reproduction is not 
discernibly different from that of land
based flowering plants. 

The floral adaptations of flowering 
plants can take a variety of forms, but 
all of them must provide for efficient 
pollination, for the regulation of the lev
el of outbreeding, for the nurture of the 
embryo and for the dispersal of seed in 
quantities sufficient for the maintenance 
of the species. The first of these provi
sions, efficient pollination, has led to the 
development of conspicuous flowers in 
those plants whose pollination depends 
on attracting animal visitors. Plants pol-
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HERMAPHRODITIC MONOECIOUS 

FLOWERING PLANTS generally bear their sexual organs in one 
of three arrangements. Most are hermaphroditic, as at the left; each 
Oower has male anthers (color) that produce pollen and female pistils 
(black) that capture the released pollen. Some are monoecious: male 

DIOECIOUS 

(color) and female (black) Oowers grow on the same plant, as in the 
middle. A few Oowering plants, perhaps 4 percent of the total, are 
dioecious: each plant bears only female Oowers or only male Oowers, 
as at the right. Of the 12 sea-grass genera, 7S percent are dioecious. 

'------------------------�y------------------------� J 1< ::>1 
50 MICRONS 

MICROSPORE PERIOD 

a b c d 
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, y ) 
MICROSPORE PERIOD 

POLLEN DEVELOPMENT is compared in a terrestrial Oowering 
plant (top) and a submarine one (bottom). The production of the pol
len grains of ryegrass begins with a tetrad of microspores. After re
lease from the tetrad each microspore enlarges; the microspore period 
ends five stages later, and a division (I) forms a vegetative cell (black) 
and a sperm progenitor cell (color). A second division (II) produces 
the two sperm cells of the mature grain; maturation takes two weeks 
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� 
and the grain is then 50 micrometers in diameter. The production of 
the threadlike grain of sea-nymph pollen also begins with a tetrad 
of micros pores. Three stages later, with the microspore period com
plete, the sperm progenitor cell (color) lies at one end of the elongated 
grain (d). Then it comes to occupy a central position before it divides 
into two sperm cells (II). Maturation takes 16 weeks; the grain is 30 
micrometers in diameter and has reached a length of five millimeters. 
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linated by the wind, on the other hand, 
need not offer such attractions, and so 
their ancillary floral structures are com
pletely or almost completely dispensed 
with. 

The same is true of the sea grasses. 
In these water-pollinated plants the at
tractive floral structures of an insect
pollinated plant (the colorful petals of 
the corolla or the sepals of the calyx) are 
few in number, if they are present at all, 
and they offer little or no display. Turtle 
grass is an exception: its flowers bear 
colored, petal-like structures that are a 
bright purple red when'the flower opens. 
Whatever the reason for these showy 
structures, it cannot be to catch the at
tention of a potential animal pollinator. 

Whether or not a flower is attractive, 
two of its vital tasks are the pro

d uction and reception of pollen. In the 
flowers of the sea grasses the organs 
concerned with these functions are well 
developed. The mature stamens release 
buoyant pollen grains, and the pistils 
bear receptive stigmas to capture the 
floating grains. 

As for the second provision for repro
ductive success, the regulation of out
breeding, it is surely significant that 
most sea-grass genera are dioecious. 
Segregation of the sexual functions be
tween different individuals is a most ef
fective outbreeding strategy: it enforces 
the movement of pollen between plants 
and so yields the highest possible fre
quency of genetically variant progeny. 
At the same time dioecism is not a very 
efficient method of reproduction. The 
reason is that only half of the plants in 
any population, the females, contribute 
to seed production, a fact that bears on 
the last of the four reproductive provi
sions. The remarkably high incidence 
of dioecism among the sea grasses, one 
may presume, signifies that the gains in 
survival attributable to continuous out
breeding outweigh the disadvantages of 
diminished seed production. 

Flowering in land-based plants takes 
place in response to changes in day 
length, temperature and other factors. 
What are the factors that stimulate the 
initiation and development of sea-grass 
flowers? At the turn of the century the 
Swedish botanist Nils Svedelius de
scribed the flowering of the flatweed 
(the genus Enhalus), an Indo-Pacific sea 
grass he had studied in Ceylon. He ob
served something that had apparently 
long been known to local fishermen: flat
weed flowering is synchronized with the 
cycle of the tides. If the highest tides in 
the cycle-the spring tides that follow 
the new moon and the full moon-oc
curred in the daylight hours, flowering 
was coincident with them. 

Four years ago we discovered a simi
lar correlation in the reproductive be
havior of turtle grass. The colonies we 
studied grow on a shallow platform 
along the coast of Kenya. During the 

SEA NYMPH, a sea grass of the genus Ampltibofis, was used in the authors' pollination exper
iments in Australia. The plant grows between 20 and 80 centimeters high, with upright stems. 

APERTURE IN SEA-NYMPH POLLEN GRAIN, which appears after the grain is attached 
to a stigma, is flanked by shreds of the pollen wall (a, a ') dissolved by the action of an en
zyme in this drawing based on a photomicrograph. Emerging through the aperture is a muci
laginous bubble (b); behind it a deeply staining zone of cytoplasrn (e) presages the pollen tube. 
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neap tides, when the tidal vanatlOn in 
the water level is at a minimum, the 
male and female flowers begin to 
emerge from within the leaves that en
close them. By the start of the succeed
ing period of spring tides the plants are 
in full flower and pollen is released. 
Thus the plants flower when the circula
tion of water across the platform is at a 
maximum. 

Each flower begins to wither a few 
hours after opening. The total period of 
flowering for all the plants in the popu
lation is only a few days. When we col
lected plants at the end of the spring 
tides, they were either producing fruit or 
beginning to develop flowers that would 
reach maturity at the next spring tides. 
The liberation of seed was also in syn
chrony with the cycle of the tides. For a 
population of plants growing in a fringe 
habitat this is an extremely effective 
means of promoting pollen distribution 
and seed dispersal. 

In other sea grasses flowering appears 
to be regulated by the seasons rather 
than by the tides. For example, in the 
sea-nymph colonies along the coast of 
Victoria in A ustralia the first flower 
structures appear in early winter (May) 
and the flowers usually reach maturity 
in the period from early summer to mid
summer (from mid-November to the 
end of December). The seeds of the sea 
nymph germinate while the fruit is still 
attached to the mother plant. On the 
Victoria coast the ripe fruits with their 
seedlings are shed during the winter 
months, from May to August. The flow
ering period of the sea-nymph colonies 
in Western Australia is somewhat later 

_./ 
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HALOPHILA 

than it is in Victoria, which suggests that 
the initiation of the flower structures is 
regulated by day length. 

The pollen of the sea grasses has at
tracted the attention of naturalists at 

least since the end of the 18th century. 
It was then that Filippo Cavolini de
scribed and sketched at Naples the pol
len of fiberball weed (the genus Posido
nia). Cavolini observed that with the 
opening of the anthers a cloud of fila
ments appeared in the water. A few dec
ades later, in 1826, the French botanist 
Charles Gaudichaud-Beaupre observed 
and sketched the similarly filiform pol
len of the sea nymph in specimens 
collected from Shark Bay in Western 
Australia. A few decades after that, 
Edouard Bornet, another French bota
nist, described the development of pol
len in colonies of the sea grass Cymodo

cea in Mediterranean waters. 
At the beginning of the 20th century 

the Swedish botanist Otto Rosenberg 
fixed, sectioned and stained a series of 
anthers of eelgrass (the genus Zostera). 
He was able to trace the differentiation 
of the pollen from its origin at meiosis 
(the kind of cell division that halves the 
number of chromosomes) to maturity. 
In this genus too the pollen is filiform. 
The process of differentiation takes 
many weeks, and the mature pollen fil
ament reaches a length of about three 
millimeters. The sperm cells, the male 
gametes carried by the pollen, are no 
more than five to 10 micrometers (thou
sandths of a millimeter) in diameter. 

In the 80 years since Rosenberg's 
work with eelgrass pollen similar inves-

tigations have revealed the general fea
tures of pollen development in other sea 
grasses. Through procedures for the de
tection of specific cellular components it 
has been possible not only to resolve the 
structure and composition of sea-grass 
pollen grains in considerable detail but 
also to demonstrate the role of these 
components in reproduction. 

Sea-grass pollen grains have certain 
special features that appear to be adap
tive derivations from the pollen of ter
restrial ancestors. To appreciate the ex
tent of these adaptive changes it is useful 
first to consider p6llination on land. The 
grain of pollen from a flowering land 
plant is usually spherical and is from 30 
to 60 micrometers in diameter when it is 
released from the anther. Depending on 
the species of plant, the mature grain 
consists of either two or three cells. If 
there are only two cells, one is vegeta
tive and the other is the gamete progeni
tor that divides to form two sperm cells 
after the pollen germinates. In a pollen 
grain with three cells one is again vege
tative and the other two are sperm cells. 

The wall of the pollen grain surround
ing the sperm cells consists of two lay
ers that differ in origin, structure and 
chemical composition. The outer layer 
is composed of the tough substance spo
ropollenin, which resists breakdown and 
is often elaborately sculptured. The in
ner layer is unsculptured and consists of 
fine fibrils of cellulose held in a ma
trix of polysaccharide. The material for 
the construction of the outer layer origi
nates in the tapetum, the nutritive tissue 
of the anther; the inner layer is a prod
uct of the pollen-grain protoplasm. 

./ 
---THALASSIA 

ZOSTERA SYRINGODIUM 

HALODULE 

CYMODOCEA 

THALASSODENDRON ENHALUS 
ZOSTERA 

MAJOR CONCENTRATIONS OF SEA-GRASS GENERA are in 
the Tropics of Indo-Malaysia, where eight of 12 genera are present, 

and in the Caribbean, where four of the same eight grow. The cosmo
politan eelgrass, Zostera. has colonized as far inland as the Aral Sea. 
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Apertures or pores are usually present 
in the two-layer wall of the pollen grain; 
they vary widely in form, number and 
position according to the species. When 
the pollen germinates, the pollen tube 
emerges through one of the apertures. 
Certain enzymes, including acid phos
phatase, are incorporated in the inner 
layer of the grain; their concentration is 
particularly high near the apertures. In 
pollen grains that have no apertures the 
pollen tube can emerge through the' 
grain wall at any point; the enzymes are 
distributed evenly around the circum
ference of the grain in the inner layer. In 
either case the result is that enzymes are 
borne along at the tip of the pollen tube 
as it emerges. Enzymes are also trans
ferred to the outer layer of the grain wall 
from the tapetal cells of the anther late 
in pollen development; such a trans
fer was first demonstrated in the early 
1970's by John Heslop-Harrison, who 
was'then at the Royal Botanic Gardens 
in Kew, and one of us (Knox). Among 
the transferred enzymes is esterase, 
which is now regarded as being charac
teristic of the proteins of the outer layer. 

Sea-grass pollen grains are of three ba
sic types: filiform, spherical and el

lipsoidal. The filiform grains are charac
teristic of eelgrass, fiber ball weed, sea 
nymph, grass wrack (the genus Hetero
zostera) and the genus Thalassodelldroll. 
These threadlike bodies, which are up to 
five millimeters long and only from 10 
to 30 micrometers in diameter, are mor
phologically unlike the pollens of terres
trial plants. The grain lacks an outer 
layer of sporopollenin; the pollen wall 
consists only of cell ulose microfibrils 
embedded in a polysaccharide matrix. 
When fresh, mature grains of filiform 
pollen are tested for acid phosphatase 
(the enzyme found in the inner layer of 
the pollen-grain walls of flowering ter
restrial plants), the reaction is positive. 

Covering the surface of the filiform 
pollen grains is a thin film of a material 
that includes carbohydrate and protein. 
Included in the film is the enzyme ester
ase (the tapetal-cell product found in 
the outer wall of pollen from terrestrial 
plants); it is deposited in the final phase 
of pollen maturation. Thus even though 
there are morphological differences be
tween filiform sea-grass pollen and the 
pollen of land-based flowering plants 
there are also structural and biochemi
cal similarities. 

Two of the tropical and subtropical 
sea grasses, turtle grass and flatweed 
(the genus Ellhalus), shed spherical 
pollen grains. Those of turtle grass are 
100 micrometers in diameter and those 
of flatweed 150 micrometers; both are 
without apertures. The pollen of both 
plants closely resembles the pollen of 
terrestrial flowering plants in having dis
tinct inner and outer layers. The en
zymes in the inner layer include acid 

SEA-NYMPH STIGMAS, the brancbing structures seen in this scanning electron micro
graph, have captured many grains of the threadlike pollen released by the male plant and di
rected at the female flowers by the experimenters. The structures are enlarged 20 diameters. 

phosphatase; in the thin film that covers 
the outer layer esterase is present. 

In the course of field studies in the 
Indian Ocean we noted that the pollen 
grains of turtle grass are released into 
the sea embedded in a viscid, insolu
ble slime; the mass of pollen resembles 
the spawn of amphibians, although the 
pollen is much smaller. Carl Julius 
Fritsche, a 19th-century German chem
ist, had drawn attention to the presence 
of this slime in aquatic plants. We were 
intrigued by the possibility that the in
soluble substance might play a part in 
the pollination of turtle grass, perhaps in 
attaching pollen grains to the receptive 
stigmas. As we followed the develop
ment of pollen in turtle grass we found 
where the slime originates. The tapetal-

cell protoplasm invades the anther cavi
ty and is converted into slime in the final 
phase of pollen development. 

In order to determine the composition 
of the slime we employed a centrifuge 
to separate the slime from the pollen. 
Analysis showed that the slime has a 5 
percent content of carbohydrates. The 
sugars that make up the carbohydrate 
fraction were identified by chromatog
raphy. More than half of the sugar is 
mannose; the rest is xylose, galactose, 
glucose, arabinose and rhamnose. The 
technique of electrophoresis was em
ployed to detect slime proteins and gly
coproteins according to their molecular 
size. A single glycoprotein component 
was found. 

Microscopic examination of the cen-
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STIGMA AND POLLEN GRAIN of sea nymph are enlarged 15,000 diameters in this trans
mission electron micrograph. The dark bond between the surface film of the stigma, at tbe 
bottom, aud that of the pollen grain, at the top, forms on contact and locks the two togetber. 

trifuged pollen showed that after cen
trifugation a thin layer of slime still 
coated each grain. This finding suggests 
that even after wave action has broken 
up the pollen mass some slime still ad
heres to the individ ual pollen grains to 
serve as an adhesive at the surface of the 
stigma. 

The third form of sea-grass pollen 
is produced by sea wrack (the ge

nus Halophila). These ellipsoidal grains 
measure some 40 by 80 micrometers 
and are without apertures. The pollen is 
liberated from the anther in strings; each 
string is a mucilaginous tube that con
tains four pollen grains. The four grains 
are sister cells that stem from the same 
mother cell at meiosis. The grain wall 
has no outer layer and is of typical in
ner-layer construction, consisting of mi
crofibrils in a polysaccharide matrix. 
Acid phosphatase is present. The muci
laginous tube is of similar construction 
and is coated with a thin surface film 
of proteins, including esterase, derived 
from the tapetum. The presence of the 
film at the surface suggests that it plays a 
role in the recognition and attachment 
of the pollen. 
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The capture and retention of the drift
ing pollen grains also depends on the 
receptive surface of the sea-grass stig
ma. In some genera the surface is 
smooth or ridged; in others it is covered 
with small projections. Both kinds of 
surface are covered by a thin cuticle that 
in turn bears a surface secretion. 

The stigma secretions are directly 
comparable to those of certain terrestri
al plants. One of us (Knox), working 
with John and Yolande Heslop-Harri
son and Ole Mattsson at the Royal Bo
tanic Gardens, determined several bio
chemical characteristics of the stigma 
surface layer in terrestrial flowering 
plants. These include the presence of es
terase and an affinity for concanavalin 
A, a protein found in the jack bean (the 
genus Canavalia) that is a member of the 
class of substances called lectins. Con
canavalin A is known to combine with 
several of the sugars found in poly
saccharides and glycoproteins, among 
them mannose and glucose. Recent
ly Adrienne Clarke and Paul Gleeson 
of the University of Melbourne have 
found that the animal lectin tridacnin, 
which is produced by the giant clam Tri
dacna maxima, also binds to the stigma 

surface of terrestrial flowering plants. 
Tridacnin too is known to have an affini
ty for certain sugars. The secretion from 
the stigma surface of terrestrial flower
ing plants includes a sugar component 
and is chemically related to plant gums. 
Its function may be to capture and re
tain pollen grains, thereby initiating the 
process of germination. 

The surface secretions of all the sea
grass stigmas we have examined 

resemble those of terrestrial flowering 
plants in showing the presence of ester
ase. Moreover, the secretion of the tur
tle-grass stigma has an affinity for con
canavalin A. There is, however, one sig
nificant difference. The terrestrial-plant 
stigma secretions are water-soluble, 
but the sea-grass secretion, once it is 
formed, does not disperse in water. The 
secretion retains its structural integrity 
and, as pollination experiments have 
shown, when the mating is compat
ible, the secretion is responsive to pollen 
contact. 

The survey of sea-grass stigmas re
vealed a morphological correlation be
tween stigma and pollen structures that 
might well be related to pollen capture, 
a process that depends on chance colli
sion in a marine environment. Stigmas 
that are covered with small projections 
are captors either of spherical, slime
coated pollen grains, as in turtle grass 
and flatweed, or of strings of pollen with 
mucilaginous tubes, as in sea wrack. 
Stigmas that lack projections are invari
ably the captors of the threadlike fili
form grains characteristic of eelgrass 
and sea nymph. 

Among terrestrial flowering plants 
modification of the stigma surface dras
tically affects pollination. For example, 
one of us (Knox), working with Clarke 
at the University of Melbourne, found 
that when concanavalin A is applied to 
the stigma of the sword lily (Gladiolus), 
compatible pollination is disrupted. The 
stigma loses the ability to retain grains 
of Gladiolus pollen and there is no pene
tration of the stigma by the pollen tube. 

The finding suggests, first, that under 
normal circumstances the surface secre
tion of the stigma of terrestrial flowering 
plants is an effective adhesive for pollen. 
It also suggests that the surface sites on 
the stigma that bind to the lectin play an 
essential role in pollen-grain recogni
tion. Additional evidence comes from 
experiments done by the Heslop-Har
risons and Hugh Dickinson with the 
corn cockle (Agrostemma) and cabbage 
(Brassica) in Dickinson's laboratory at 
the University of Reading. When they 
removed or modified the stigma secre
tion with enzymes, the normal pollina
tion process was frustrated. 

Thus the question arises: Is the cap
ture, retention and germination of pol
len different in the marine domain? 
Working together at the University of 
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Melbourne, we set up laboratory cul
tures of the sea nymph in order to study 
the pollination process, collecting male 
and female plants from colonies in Bass 
Strait and transferring them to seawater 
aquariums. Pollen released by the male 
plants was taken up and directed at the 
submerged stigmas of the female plants. 
Most of the pollen failed to encounter 
a stigma, but all the grains that did 
come in contact immediately adhered 
and were retained. 

At intervals pollinated flowers were 

FIBRILLAR-WALL 
CHANNELS 

POLLEN CYTOPLASM 

removed from the female plants and the 
stigmas were prepared for microscop
ic examination. Thin sections were cut 
through the pollen-stigma interface and 
examined by electron microscopy. They 
showed that the pollen grain was firm
ly attached to the stigma by a meniscus 
of adhesive. The attachment evidently 
formed at the moment of contact by the 
coalescence of the two surface materi
als; immediately on touching the stigma 
secretion, the film of carbohydrate and 
protein on the surface of the pollen 

grain combined with it to form a bond. 
The bonding action seems comparable 
to that produced by certain manmade 
adhesives, which consist of two compo
nents that set after mixing. 

Such a two-component adhesive may 
provide the sea nymph with the means 
of discriminating between pollen of the 
same species of sea grass and foreign 
pollen. If adhesion depends on the inter
action of specific large molecules on the 
surfaces in contact, then foreign pollen 
carrying a surface film with unsuitable 

7-STIGMA CUTICLE 

MICROSTRUCTURES OF GERMINATION appear in these trans
mission electron micrographs, which enlarge the structures respective
ly 50,000 and 18,000 diameters. The micrograph at the left shows 
small channels in the fibrillar wall of grass-wrack pollen. They may 
serve as conduits for the passage from the stigma to the pollen cyto
plasm of substances that could stimulate germination. Also visible 

is the thin film on the surface of the pollen wall. The micrograph 
at the right shows a cross section of a pollen tube that is growing 
toward the style tissue of a pistil after penetrating the wall of a stig
ma receptive cell. Above the pollen tube is the dense stigma cuticle 
that the tube has penetrated at a point nearby. Key structures in both 
micrographs are identified in the drawings that appear below them. 
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UNIVERSITY OF 
SOUTHAMPTON 

CHAIR OF ARCHAEOLOGY 

Applications are invited for 
the Chair of Archaeology 
which will become vacant in 
September 1981 when Pro
fessor A C Renfrew takes up 
a Chair in the University of 
Cambridge. Further par
ticulars are available from 
the Secretary and Registrar, 
The University, Southamp
ton, S09 5NH, England, 
and applications (one copy 
from candidates overseas 
and nine copies from 
others) should be submitted 
by 16 March 1981. Please 
quote ref: SA. 
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molecular characteristics would simply 
not adhere to the stigma. 

An earlier experiment had shown that 
viable sea-nymph pollen fails to germi
nate when it is incubated by itself in 
vessels of seawater. The finding is of 
particular relevance in interpreting pol
lination experiments because one can 
conclude that contact with the stigma is 
needed to stimulate pollen germination. 
What form does the stimulus take? 
In terrestrial flowering plants the stim
ulus is hydration: when the dehydrated 
pollen grain alights, it takes up water 
from the stigma. The moistened grain 
then changes from a dormant state to an 
active one and the pollen tube emerges. 

The hypothesis that hydration simi
larly triggers germination in a sub

marine environment faces a number of 
difficulties. For example, it is doubtful 
that the degree of dehydration of the 
submerged pollen grain can even ap
proach the degree found in terrestrial 
pollen. Of course the water content of a 
sea-grass pollen grain may still be less 
than that of the corresponding stigma. 

A possible solution to these difficul
ties is provided by the work of A. W. A. 
M. de Cock at the University of Nijme
gen. Investigating eelgrass pollen, de 
Cock found that the development of the 
pollen tube is enhanced if an extract 
from the crushed pistil of the plant is 
added together with sugars to a sea
water medium. He has suggested that 
an organic molecule in the pistil extract 
(a molecule that in normal circumstan
ces presumably diffuses from the stig
ma) activates pollen-tube development. 
The conjecture has intriguing implica
tions. If such a molecule is instrumental 
in promoting growth in pollen of the 
same species, it could also play a role in 
species recognition in mating. 

If molecules derived from the stigma 
pass to the pollen grain to trigger germi
nation in sea grasses, presumably they 
must pass through the wall of the 
grain. How they do so would depend 
on their size. A substance of low molec
ular weight might be transmitted across 
the wall by diffusion, whereas special 
conduits might facilitate the passage of 
larger molecules. We have recently dis
covered such conduits. They traverse 
the wall of grass-wrack pollen grains 
and are some 100 nanometers (thou
sandths of a micrometer) in diameter. 

When we observed the emergence of 
the sea-nymph pollen tube, we found 
something quite unexpected. In the pol
len of terrestrial flowering plants the in
ner layer of the grain becomes extended 
to form the first part of the pollen tube. 
In the sea-nymph pollen grain, however, 
a region of the wall is dissolved away, 
apparently by enzymatic action. Under 
the microscope the incipient aperture 
can be detected as a small area of the 
grain wall that loses its affinity for cer-
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tain stains. The area is near the point 
of attachment between the pollen grain 
and the stigma but never actually at the 
point. This indicates that the enzymes 
responsible for dissolving the wall origi
nate in the pollen grain rather than in the 
stigma. 

In sea-nymph pollen the emergence of 
a mucilaginous bubble through the ap
erture in the wall of the pollen grain 
indicates that germination has begun. 
Under the bubble is a zone of densely 
staining pollen cytoplasm that is delim
ited by the cytoplasm's outer mem
brane. The cytoplasm passes through 
the aperture to establish the pollen tube 
proper. It is not yet known how the ma
terials for the tube wall are formed, but 
it appears that the polysaccharide com
ponents of the wall are synthesized at 
the front of the emerging cytoplasm. 

The development of the pollen tube in 
the sea nymph differs from that in 

terrestrial flowering plants. In all known 
cases on land the developing tube is 
structurally continuous with the micro
fibrillar inner layer of the pollen-grain 
wall. An exception to this generalization 
has recently been discovered in the ini
tial stages of pollen germination in the 
avocado (the genus Persea). Margaret 
Sedgley of the Australian Common
wealth Scientific and Industrial Re
search Organization in Adelaide has ob
served that the pollen tubes of this plant 
first consist only of the outer cytoplas
mic membrane; synthesis of the tube
wall materials is delayed until sometime 
after the tube has made contact with the 
stigma. This apparent developmental 
similarity between a sea grass and the 
avocado could prove to be fortuitous; 
nevertheless, the existence of the same 
kind of phenomenon in such different 
plant species encourages attempts to 
find a functional explanation. 

When our joint investigations began, 
the interaction of the pollen grain with 
the stigma had not been observed in any 
of the sea grasses. It was obvious that 
our studies might reveal some extreme 
structural and physiological departures 
from the terrestrial themes, but it was 
not unreasonable to expect that the gen
eral principles of the pollen-stigma in
teraction might be similar in the sea and 
on land. As has been shown here, that is 
the case. 

What, then, are the special physiologi
cal provisions for submarine pollina
tion? To answer the question one needs 
to know the precise function of the pol
len mucilage. Does it serve merely as an 
adhesive? Does it regulate the water bal
ance of the pollen grain? Or does it serve 
both of these purposes and also, as the 
English

' 
botanist Agnes Arber suggest

ed more than half a century ago, pre
vent soluble substances (which would 
include recognition molecules) from 
diffusing into the water? 
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Educator. Entertainer. Accountant. 
Your Challenger 
Personal Computer. 

Through the miracle of modern 
technology, a complete computer as 
powerful as the multimillion dollar 
room-sized computers of a few years 
ago can be put in a package the size of 
a typewriter and sells for as little as a 
color television set! 

Through its years of microcomputer 
experience, Ohio Scientific has effec
tively channeled this tremendous 
computer power into a "friendly" 
computer with hundreds of personal 
uses, via a huge software library 
of programs for a broad range of 
personal, home, educational and 
business use. 

This available software allows you to 
use and enjoy your computer without 
becoming an expert. The Challenger, 
however, is a powerful, general 
purpose computer which can be pro
grammed in several languages by 
those who choose to. 

Here are just a few of the popular uses 
of an Ohio Scientific 
Challenger 
Computer: 

Education 
The personal 
computer is 
the ultimate 

educational aid because it can enter
tain while it educates_ Software 
available ranges from enhancing your 
children's basic math, reading and 
spelling ability, through tutoring high 
school and college subjects, to 
teaching the fundamentals of com
puters and computer programming. 

Entertainment 
Many of the Challenger's games 
educate while they entertain, from 
cartoons for preschoolers to games 
which sharpen mathematical and 
logical abilities. But, entertainment 
doesn't stop here. The Challenger's 
graphics capabilities and fast opera
tion allow it to display action games 
with much more detail than the best 
video games, providing spectacular 
action in games such as Invaders, 
Space Wars, Tiger Tank and more! All 
popular sports such as golf, baseball 
and bowling are available as simulated 
computer games as well as many 
conventional games such as chess 
where the computer plays the role of a 

formidable opponent. 

Accounting 
Your Challenger computer can keep 
track of your checkbook, savings 
account, loans, expenses, monitor your 
calorie intake and your biorythms. 

If you are involved in a business, you 
can use it to do word processing; ac
counting, inventory control, order pro
cessing, customer lists, client records, 
mailing labels and planning. 

And more: 
This may seem like a lot of uses , but it's 
only the tip of the iceberg for a general 
purpose computer. For example, your 
Challenger can be expanded to control 
lights and appliances, manage your 
energy usage and monitor for fire and 
break-ins. Furthermore, it can commu
nicate with you, with other computers 
and the new personal computer infor
mation services over the telephone. 

In fact, the uses of general purpose, 
personalized computers are expand
ing daily as more and more people 
discover the tremendous capabilities 

of these new 
technological 
wonders. 

Ohio Scientific 
offers you four 
personalized 
computer sys
tems starting 
at just $479. 
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Anorthoscopic Perception 

A figure revealed one section at a time through a narrow slit may 

be perceived in its entirety. Is this effect based on the "painting" 

of the image over the retina or on deeper psychological events? 

H
ow one visually perceives the 

shape of things is an old topic in 
experimental psychology, but 

it is still not well understood. In some 
ways the eye is like a camera, in that an 
object of a certain shape gives rise to an 
image of the same shape on the surface 
of the retina. The simple analogy breaks 
down, however, in situations where the 
presence of such an image is neither suf
ficient nor necessary to account for the 
perceived shape. In order to learn more 
about the perceptual process investiga
tors over the years have devised a vari
ety of laboratory techniques. My col
leagues and I at the Institute for Cogni
tive Studies of Rutgers University have 
recently concentrated on a method that 
calls for viewing a figure in successive 
sections through a narrow slit. In recog
nition of the unusual nature of this ex
perimental arrangement we have adopt
ed the 19th-century term anorthoscopic 
("abnormally viewed") to characterize 
perception in such cases. 

One of the first problems to arise with 
the eye-as-camera analogy is that it does 
not take account of the question of how 
the components of the retinal image are 
organized. Consider an array of three 
dots that are not in a line. They will be 
seen as the corner points of a triangle 
only if they are grouped into one unit by 
the perceptual system; in the presence of 
other dots their triangularity may be less 
evident. Even a well-known figure com
posed of lines may not be recognized 
if the perceptual system associates the 
lines with other lines to form different 
groupings. Then there is the matter of 
organizing a pattern into figure and 
ground: a familiar shape may not be per
eeived-even though an image of that 
shape is present on the retina-if some 
other part of the field of view is taken to 
be the figure. 

Another problem is that of orienta
tion. If one misperceives where the top, 
bottom and sides of a figure are, the 
mere presence of its image on the retina 
does not ensure that the figure will be 
recognized. The orientation of a figure 

by Irvin Rock 

in the third dimension can also be a fac
tor in the perception of form. For exam
ple, a circle viewed obliquely projects an 
elliptical image on the retina, but it may 
nonetheless appear to be circular under 
the right conditions. 

All these examples indicate that the 
existence of an accurate retinal image is 
not a sufficient explanation of the per
ception of a form. Other factors must be 
invoked. Indeed, an accurate retinal im
age is sometimes not a necessary factor. 
It can easily be shown that if only parts 
of a figure are present, other parts may 
be perceived as if they too were pres
ent. Consider a simple line drawing of 
two rectangles, one of which appears to 
overlap and occlude the other; the figure 
may be seen as two complete rectangles 
even though the image of one is incom
plete. In other cases contours (called 
subjective or illusory contours) are seen 
in spite of the absence in the retinal im
age of the abrupt transition from light to 
dark that is usually considered the stim
ulus for a perceived contour [see "Sub
jective Contours," by Gaetano Kanizsa; 
SCIENTIFIC AMERICAN, April, 1976]. 

I
n the last two examples at least some 

of the contours of the figure are pres
ent in the retinal image. In other experi
ments one can perceive a form without 
any contour in the retinal image. With 
the aid of a stereoscopic viewer a ran
dom distribution of graphic elements 
can be presented to each eye separately 
in such a way that no figure is visible 
with either eye alone. If a cluster of the 
elements in the display presented to one 
eye is shifted horizontally with respect 
to the same cluster in the display pre
sented to the other eye, however, the 
perceptual system may detect the simi
larity of the two clusters and infer that 
there is a shape either in front of the rest 
of the display or behind it. Here the per
ceived shape emerges not from retinal
image contours present in each eye but 
from the boundaries of a region the per
ceptual system infers is an entity in the 
scene [see "Experiments in the Visual 

Perception of Texture," by Bela Julcsz; 
SCIENTIFIC AMERICAN, April, 1975]. 

Another example has a closer connec
tion with my own recent work. Suppose 
a luminous point traverses a path in a 
dark room and an observer is instructed 
to track it with his eyes. The image of 
the point would always fall at about the 
same place on the retina (namely the 
fovea), but the viewer would nonethe
less perceive the shape of the path. This 
impression would be very close to the 
perception of a form, and yet there 
would be no extended image on the ret
ina corresponding to the path of the 
point. When Fred Halper and I tried this 
simple experiment in our laboratory at 
Rutgers, we found that observers do as 
well in apprehending the shape of such a 
path as they do when they keep their 
eyes still, so that the image of the point 
does move across the retina. 

One might still argue that the percep
tion of a path is not the same as the 
perception of a shape. After all, one sees 
a contour in the latter case, not just a 
moving point. With a small change in 
the experimental procedure, however, 
there is a way to achieve a strong im
pression of a shape. Instead of a dark 
room and a moving point, the observer 
is presented with a narrow slit in an 
opaque surface moving across a line 
drawing of a figure [see illustration on 
next page]. If the observer tracks the slit 
closely, the slit stimulates only a narrow 
strip on the retina and the image of the 
visible portion of the figure accordingly 
moves up and down within this retinal 
strip. Alternatively, the figure can be 
moved back and forth behind a station
ary slit; if the eyes of the observer in this 
case remain stationary, fixating the slit, 
the slit again stimulates only a narrow 
strip on the retina. At no time in either 
case is there an image on the retina that 
resembles the shape of the figure. Nev
ertheless, under these conditions we find 
that figures are easily perceived. 

In the 19th century several investi
gators, including Joseph Plateau, Fritz 
Zollner and Hermann von Helmholtz, 
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A:"IIORTHOSCOPIC PRESENTATION is an abnormal method of visual stimulation adopt
ed by the author and his colleagues to test the retinal-painting hypothesis, which holds that an 
image is spread over the retina one area at a time. The technique calls for viewing successive 
sections of a figure through a narrow slit. Two experimental conditions are possible: either a slit 
mOHS in front of a stationary figure (left) or a figure moves behind a stationary slit (right). 

employed a similar arrangement to 
study certain visual phenomena. They 
referred to their procedure as anor
thoscopic presentation, presumably 
because it was a nonstandard method 
of visual stimulation. The experimental 
device called the anorthoscope consist
ed of two disks mounted axially one be
hind the other. The disks could rotate at 
different speeds and in opposite direc
tions. The observer viewed figures on 
the rear disk through slits in the front 
disk, thereby perceiving certain illusory 
distortions of the figures. 

T
his early work was apparently for
gotten until 1965, when it was redis

covered by T. E. Parks of the University 
of California at Davis. Both in the 19th 
century and after the rediscovery a eon
troversy arose over how to interpret the 
effect. Helmholtz and others thought an 
extended image of the figure behind the 
slit is always imprinted on the retina. 
This interpretation has since .come to be 
known as the "retinal painting" hypoth
esis, since it is based on the assumption 
that an image is spread over the retina 
one area at a time. Where the slit moves 
in front of a stationary figure, retinal 
painting would req uire the observer to 
keep his eyes stationary and not track 
the slit. Where the figure moves behind a 
stationary slit retinal painting would re
quire the observer to move his eyes back 
and forth. Helmholtz argued that the 
observer might not always know wheth
er his eyes were stiWor moving. 

If the retinal-painting hypothesis is 
correct, the perception of form under 
such conditions would hardly be sur
prising. An extended retinal image of a 
figure would then be present in both of 
the cases cited above, and the only dif-
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ference between perception in the ab
normal viewing situation and in the nor
mal situation would be that in anortho
scopic viewing the image would be cre
ated in segments presented successively 
rather than simultaneously. Moreover, 
because the sensory cells of the retina 
tend to continue discharging for a short 
time after the stimulation has ended (a 
phenomenon known as neural persist
ence), the image presented in successive 
segments would not be significantly dif
ferent from an image formed all at once, 
assuming that the successive presenta
tions were fast enough. The observer 
would therefore be expected to perceive 
the entire anorthoscopic image as if it 
had been established normally. 

To evaluate the retinal-painting hy
pothesis one needs to know exactly what 
the eyes of the observer are doing dur
ing an anorthoscopic presentation. In 
our experiments, therefore, we usually 
make videotape recordings of the ob
server's eyes during the presentation. In 
one test Joseph Di Vita and I had ob
servers view curved-line figures that 
were approximately five and a half 
inches long through a slit an eighth of an 
inch wide from a distance of two and a 
half feet. Either the figure moved back 
and forth through five cycles or the slit 
did. The speed of the figure or the slit 
was one pass (that is, one half cycle) per 
second, which was lower than the speed 
adopted by other investigators of anor
thoscopic perception. Eye recordings in
dicated at every moment the direction 
of gaze with respect to the display. The 
observer was told to press a switch only 
during the periods when a figure was 
perceived behind the slit. The signal was 
recorded with the videotaped record of 
eye movement. 

When the slit was stationary, the data 
showed that by and large observers kept 
their eyes still whether or not they were 
told to do so and whether or not they 
were given a point on the slit to fixate. Of 
course, the eyes did not remain perfect
ly stationary, but the occasional small, 
rapid motions to one side or the oth
er (known as saccadic eye movements) 
were not sufficient to account for the 
perception of form. The observers did 
not always perceive a figure, but there 
were many times when they did and 
when their eyes were more or less sta
tionary. 

These findings were recently con
firmed by Robert Fendrich and Arien 
Mack of the New School for Social Re
search. In their experiment the image of 
the display was stabilized in such a way 
that even if the eyes moved, the image of 
the slit would not be displaced across 
the retina. Nevertheless, their observers 
also perceived a figure moving behind 
the slit. 

When the slit in our experiments 
moved over a stationary figure, the ob
servers typically moved their eyes along 
with the slit. There was usually a lag, 
however, with tne slit quickly getting a 
little ahead of the eyes and remaining 
ahead until it reached its terminal posi
tion, whereupon the eyes quickly caught 
up. It was nonetheless clear that the im
age of the slit did not move far enough 
over the retina to explain the perception 
of form; indeed, the retinal image did 
not even move consistently in the right 
direction. In this situation a figure was 
almost always perceived, and its size 
was perceived more or less correctly. 

O
ther experiments done in our labo

ratory and elsewhere indicate that 
the only way the anorthoscopic effect 
could result from retinal painting would 
be if the image of the slit were to move 
over the retina very quickly. Only at a 
speed approaching five sweeps per sec
ond, or five times the speed we typical
ly employ, could neural persistence ac
count for the impression of a whole 
figure. Moreover, in the moving-figure 
condition retinal painting would have to 
be based on eye movements, and there
fore the eyes would have to move back 
and forth at a rapid rate. Observers are 
unable to move their eyes that fast. 

On the basis of this and other evidence 
we conclude that retinal painting is not a 
sufficiently general explanation of anor
thoscopic perception. What then is the 
basis of form perception in experiments 
of this kind? Consider again the tracking 
of a luminous point in a dark room. Al
though the image of the point does not 
move over the retina, the perceptual sys
tem does receive information about the 
path of the point, because the eyes must 
move to track it. The perceptual system 
takes into account the position of the 
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eyes in judging, from the retinal stimu
lus, the location of the point in space. 
Thus the perceived path of the point is 
derived from the set of perceived loca
tions of the point as it moves. 

Generalizing this argument to all 
form perception, one can say that when 

an extended image of a figure is pres
ent on the retina, the observer perceives 
each point of the figure as being in a 
certain place. Hence one might suppose 
the perceived shape is the result of a 
mental synthesis of the perceived loca
tions of all the points constituting the 

shape. This process might be organized 
hierarchically, with points synthesized 
into lines and the placement of lines 
with respect to one another synthesized 
into figures. If it is, it might be the set of 
perceived locations that is important 
about a retinal image of a figure. In oth-
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LIMITED ROLE OF THE RETINAL IMAGE in the visual percep
tion of form is illustrated by means of six examples. In a the three 
dots at the left are seen as the corner points of a triangle only if they 
are organized into one unit by the perceptual system; in the presence 
of other points (right) the triangle may not be perceived. In b the nu
meral 4 (left) will not be seen as such if the perceptual system associ
ates its constituent lines with other lines to form different groupings 
(right). In c the familiar shape of western Europe will not be perceived 
if the background (in this case the surrounding bodies of water) is 
taken to be the figure. Similarly in d the continent of Africa may not 

• 

b 

4 

be recognized if one is not aware that the top of the figure (that is, 
north) is to the left. These four examples show that the mere pres
ence of a particular retinal image is insufficient to account for what 
is perceived. In e two rectangular shapes, one shape overlapping and 
occluding the other, may be seen as two complete rectangles even 
though one is actually incomplete. In f a subjective (or illusory) con
tour is readily perceived even in the absence of the abrupt light-dark 
transition that is usually considered the stimulus for the perception 
of contours. The last two examples reveal that an accurate or com
p�ete retinal image is not necessary to explain what is perceived. 
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SIMULA TION TECHNIQUE was devised by the author and one of his colleagues, Alan L. 
Gilchrist, to investigate the phenomenon of anorthoscopic perception. Here the technique is 
used to verify that for a figure to be perceived under an orthoscopic conditions the visible por
tion of the figure must be seen to extend across the slit from one side to the other. A small line 
segment drawn on a piece of transparent plastic is attached by thin rods to a set of rollers that 
ride on a cam not visible through the slit. The visible part of the line segment moves up and 
down and simultaneously changes its slope just as the visible part of an actual line figure would. 
When the slit is narrower than the length of the line segment, a figure is often perceived (left). 
When the slit is wider than the line segment, however, the figure is never perceived (right). 

er words, perhaps the role of the retinal 
contours of a figure is to establish a set 
of locations that together yield a form. 

The same argument can be applied 
to anorthoscopic perception. The per
ceptual system integrates the informa
tion about the locations of the parts of 
the figure as they appear successively 
through the slit. When the slit moves 
over a stationary figure, the visible ele
ment at one end of the figure is charac
terized as, say, "at the bottom of the slit 
and to the left," whereas a moment later 
the visible element is characterized as 
"higher in the slit and straight ahead." 
Integrating the directions leads to the 
perception of an oblique line sloping up
ward to the right. Therefore both anor
thoscopic perception and normal form 
perception can be said to entail an inte
gration of all given locations of parts of 
a figure with respect to one another into 
a description of the whole. 

This explanation turns out to be in
complete for several reasons. First, 

direction with respect to the observer is 
given directly in the moving-slit condi
tion but not in the moving-figure condi
tion. In the latter case the slit remains 
stationary and straight ahead. Where 
then does the information come from 
that the successively revealed parts of 
the figure are in different places? Appar
ently it must first be hypothesized that 
something is moving behind the slit. 
Once that idea is entertained, the tempo-
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ral succession of stimuli can be convert
ed into a spatial configuration. Next, as 
in the moving-slit condition, the percep
tual system can integrate the sequence 
of stimuli into a shape based on the set 
of directions of the parts with respect to 
one another. 

Our analysis suggests another reason 
the location-synthesis hypothesis does 
not tell the whole story. Often observers 
do not perceive a figure in the anortho
scopic display. This result must be re
lated in some way to the kind of fig
ure we employ, because other investiga
tors have not reported such failures. We 
have deliberately chosen figures with 
several distinctive features: they are sin
gle lines and are shaped so that only one 
figure element at a time is visible in the 
slit; they are fairly smooth curves rather 
than patterns with abrupt changes in di
rection; they are continuous lines rather 
than dotted or broken; they do not de
pict familiar objects. Others have em
ployed figures such as squares, circles 
and ellipses or outline drawings of fa
miliar objects such as animals. 

We consider our kind of figure to be 
ambiguous in that the anorthoscopic 
display of it could logically represent 
either an element moving vertically in a 
slit or an extended figure being revealed 
through the slit. Therefore we reasoned 
that we could investigate what factors 
are important in figure perception, since 
a figure is not always perceived. Our 
guiding hypothesis has been that figure 

perception under anorthoscopic condi
tions is based on an unconscious process 
of problem solving. Even before any lo
cation-synthesis activity begins, the per
ceptual system must hypothesize that 
there is an extended figure behind the slit 
and that it is being revealed in successive 
sections. 

To clarify this hypothesis consider 
what would be seen if the figure were 
made luminous and were viewed in a 
dark room, so that the slit was not visi
ble. In the stationary-slit condition all 
the observer would see would be a 
point of light moving up and down. In 
the moving-slit condition the observer 
would see a moving point of light tra
versing a path. In neither case would one 
describe the percept (the perceived enti
ty) as an extended figure. Thus it seems 
the observer must realize that the mo
mentary view is through a narrow slit 
and that the remainder of the figure is 
hidden by an opaque surface. Unlike 
problem solving as an act of thought, 
problem solving in perception requires 
support from the stimulus. To perceive 
a figure anorthoscopically it is not 
enough to know one is looking through a 
slit; the slit must be seen. 

Under certain conditions the observer 
may even "invent" a slit when none is 
visible. Fendrich and Mack have found 
that if a circle is moved behind an invisi
ble slit and the appropriate suggestion is 
made, observers who at first see the visi
ble parts of the circle moving vertically 
later perceive a figure moving horizon
tally behind an illusory slit. Their exper
iment provides a good example of how 
the perceptual system tends to rational
ize a solution adopted by the problem
solving faculty if the stimulus does not 
fully support it. 

N
ot only must the slit be seen; the 
visible portion of the figure must 

also extend fully across it. To clarify this 
point Alan L. Gilchrist and I devised a 
technique for stimulating anorthoscopic 
presentation. Instead of a figure behind 
the slit, there was only a small line seg
ment drawn on transparent plastic. The 
plastic was attached by thin rods to a set 
of rollers that rode on a cam not visible 
through the slit; the cam had the shape 
of the figure to be simulated [see illustra
tion on this page]. 

Under some conditions simulation 
with this instrument leads to figure per
ception. In this instance, however, we 
widened the slit so that the visible line 
segment did not fill it but rather was 
isolated within it. Although the segment 
moved vertically and changed its slope 
just as it had when the slit was narrower, 
a figure was never perceived. The stim
ulus apparently violated the logic of 
the solution: that one was viewing a con
tinuous figure being revealed through 
the slit. 

Consider next the kind of figure dis-
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STRONG TENDENCY to perceive an anortboscopically displayed 
line fignre as a line segment undergoing vertical displacement ratber 
tban as a borizontally revealed continuons line is demonstrated in 
fonr display sequences, eacb seqnence representing tbree successive 
times. Wben an oblique straigbt line is displayed anortboscopically 
(top), it never appears to be an extended, moving figure, presnmably 
becanse tbere is no bint of any cbange in tbe segment's identity. Wben 
a curved-line fignre is presented under tbe same conditions (second 

from lop), the visible segment accelerates and decelerates as it moves 
vertically within the slit, but this additional information does not seem 
to change the perception. Even when tbe widtb of tbe slit is doubled, 
so that the slope and the change in the slope of tbe visible segment are 
detectable (third from top), most observers still do not perceive a fig
nre. Only when the slit is widened still fnrther, so tbat the curvature 
and the change in the curvature become detectable (bot/om), is a fig
ure perceived. All the fignres were viewed from about three feet away. 
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APPEARANCE OF THE END POINTS of a line in the slit of an anorthoscopic display may 
aid in the perception of a shape, bnt this factor by itself does not seem to be adeqnate to shift 
the balance in favor of fignre perception. An oblique straight line still tends to be perceived 
as a vertically displacing line segment even when its end points are visible (le/t). A curved 
line with its end points visible, on the other hand, is more likely to be seen as a figure (right). 

played behind the stationary slit. If the 
figure is an oblique straight line and the 
ends do not pass across the slit (which is 
about a sixteenth of an inch wide and is 
viewed from a distance of about three 
feet), the stimulus consists of a line seg
ment undergoing vertical displacement. 
This stimulus could result from either of 
two physical events: a segment moving 
up and down at a uniform speed or an 
oblique line moving back and forth hor
izontally at a uniform speed. 

Under such conditions of ambiguity 
Hans Wallach of Swarthmore College 
long ago demonstrated that the shape of 
the aperture has an important influence 
on what is perceived. There is a strong 
tendency to perceive the line as moving 
parallel to the long axis of the aperture, 
probably because with a narrow slit 
there is no information to suggest any 
change in the identity of the segment. 
Accordingly we have found that under 
such conditions an extended, moving 
figure is never perceived. 

Suppose the figure is a curved line but 
the conditions of presentation are other
wise the same. Here the only new factor 

is that the visible segment accelerates 
and decelerates as it moves vertically. 
Ann Corrigan and I have found that this 
information does not alter the outcome. 
All observers perceive a vertically mov
ing segment, not a figure. 

Next suppose the width of the slit is 
increased to an eighth of an inch. Under 
these conditions we found that the slope 
of the visible segment and the change in 
the slope can be detected through the 
slit. Even with this information, how
ever, and the correlated vertical acceler
ation and deceleration of the segment, 
most observers still do not perceive a 
figure. Hence one might conclude that 
the tendency noted by Wallach for a seg
ment to maintain its identity is so strong 
that it will do so even if the segment 
appears to tilt back and forth as it rises 
and falls. 

Only when the slit is widened still 
further, so that the curvature and the 
change in the curvature become detect
able through the slit, does the balance 
shift in favor of figure perception. Why 
this is true is not yet clear, although 
several possibilities come to mind. One 

COMPRESSION EFFECT is often observed in anorthoscopic displays in which the figure 
moves behind a stationary slit. The perceived figure, in this case a circle (le/t), is typically com
pressed along its axis of motion, forming what appears to be a vertically elongated ellipse (right). 

1 50 

might speculate that the acceleration of 
a line segment upward just as its slope 
is tilting toward the vertical and just as 
its curvature i� changing appropriately 
would represent too much of a coinci
dence if there were no extended curved 
line behind the slit. A moving-figure so
lution explains why these features vary 
together in this way, and the perceptual 
system tends to seek such solutions and 
to reject percepts that postulate mere 
coincidental variations. 

Alternatively, one might say that the 
.f\.. notion of a line segment moving 
vertically while simultaneously tilting 
and changing its curvature is a very 
complex perception. A moving figure is 
a simpler perception, and it has been ar
gued that the perceptual system prefers 
the simplest description consistent with 
the stimulus. Moreover, one might spec
ulate that the combination of changes, 
including changes of curvature, is recog
nizable to the perceptual system on the 
basis of past experience as the combina
tion produced by an object passing be
hind a narrow aperture. 

There are other kinds of information 
in the display that can affect the out
come. Allowing the ends of the figure to 
be seen through the slit may lead to the 
perception of a shape. Clearly when the 
ends are visible, there is a moment of 
unambiguous information to the effect 
that something is moving across the slit, 
not along it. One might think of this in
formation as a cue that suggests the fig
ure hypothesis, but in itself the informa
tion does not seem to be adequate; an 
obliq ue straight line still tends to be seen 
as a vertically moving segment except 
for the brief time when the end points 
are in view. When such end-of-line in
formation is coupled with change-of
slope information, however, the balance 
is often shifted toward figure percep
tion. Perhaps the reason is that a per
ceived change of slope tends to support 
the hypothesis triggered by seeing the 
ends of the line. The kind of unambigu
ous information given by the end points 
may be present throughout a figure if it 
has sharp discontinuities or changes in 
the direction of contours. 

There is another factor we have found 
to be important. If the observer knows 
the display may represent a figure be
hind a slit, he is more likely to perceive 
it. Ordinarily merely knowing some
thing (for example knowing that an illu
sion is an illusion) does not affect what 
one perceives, but in this case it does. 
Even with prior knowledge the condi
tions must be favorable for form per
ception. Such knowledge has no effect 
if the slope of the line segment never 
changes or if the figure is luminous and 
viewed in the dark so that the slit is not 
visible. 

Our research on the characteristics 
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of the display that govern the percep
tual outcome bears on the question of 
whether the anorthoscopic effect is gen
uinely perceptual when retinal painting 
is ruled out. Several investigators have 
contended that when only part of the 
figure is seen at any moment, the impres
sion one has of the whole figure is more 
a matter of knowing it is present than a 
result of true form perception. Only if 
one sees the whole figure at once, they 
say, should the experience be described 
as form perception. 

In my opinion there is a confusion 
here that can be traced to a theoretical 
preconception. If one believes form per
ception presupposes an extended retinal 
image all of whose parts are present 
simultaneously, then of course the anor
thoscopic effect cannot be perceptual 
when retinal painting is ruled out. There 
is no reason, however, to equate form 
perception with simultaneity. Hearing a 
melody or a spoken sentence is certainly 
perceptual, even though what is per
ceived is extended over time. Only if the 
figure or the slit were moved very slow
ly might it be appropriate to say that 
one fails to perceive the figure although 
one knows it is there. Analogously, one 
might block the perception of a melody 
by separating the tones by extremely 
long intervals. 

The fact is that those who have ex
perienced the anorthoscopic effect in 
the laboratory are sure it is a perceptu
al phenomenon. One reason for the cer
tainty is undoubtedly the clear differ
ences that are observed under the dif
ferent conditions. Hence the failures 
become very important. Observers may 
know that a figure is being presented, 
but they never perceive it unless the con
ditions allow. In other words, there are 
cases where it is appropriate to say the 
observer knows a figure is being present
ed but does not perceive it; these cases, 
in contrast, make it clear that the other 
cases are perceptual. Moreover, there 
are many instances where perception 
shifts from one possibility to the other 
during the presentation; such a reversal 
under ambiguous conditions is one of 
the hallmarks of the perceptual process. 

T
here is one peculiarity of anortho
scopic presentation I have not yet 

mentioned. When the slit is stationary 
and the figure is moving, the perceived 
figure is generally distorted; typically it 
is compressed along the axis of its mo
tion. Thus a circle may look like an el
lipse with its longer axis vertical. What 
is responsible for this effect? Advocates 
of the retinal-painting hypothesis have 
suggested that the distortion results 
from the failure of the observer to move 
his eyes in perfect synchrony with the 
figure. If the eye movement fell short of 
either the speed or the amplitude of the 
figure motion, the image painted on the 

retina would be compressed, and that 
could nicely account for the distortion. 

An experiment carried out in 1967 by 
Stuart M. Anstis and Janette Atkinson 
of the University of Bristol tends to sup
port this hypothesis. They introduced a 
moving target (a point of light) that the 
observer had to track back and forth. 
By varying the speed of the target point 
with respect to the speed of the fig
ure, Anstis and Atkinson were able to 
"paint" a retinal image of the figure that 
varied in shape. For example, if the 
moving figure was a circle and the track
ing target moved at half speed, the im
age spread over the retina would be an 
ellipse whose vertical axis was twice as 
long as its horizontal axis. If the figure 
moved to the right as the tracking target 
moved to the left, the image created 
would be the reverse of the one yielded 
by ordinary perception. The observers 
reported seeing figures whose shapes 
corresponded precisely with the retinal 
image established. 

This finding puzzled my colleagues 
and me for some time because we had 
good reason to doubt that the retinal
painting hypothesis accounts for the an
orthoscopic effect or for these perceptu
al distortions. Ultimately we devised an 
alternative explanation that seems to fit 
the facts better. To understand the ex
planation one must first consider more 

> 
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carefully the perception of figure mo
tion when the slit is stationary and the 
figure is moving. According to the reti
nal-painting hypothesis, what should be 
seen is the whole figure within a large 
rectangular opening; the rectangle rep
resents the image of the slit, which 
should also be painted on the retina. 
That is not what is seen. What is seen is a 
figure moving behind the narrow slit. 

The question is: What determines the 
perceived speed of the figure? Given 
the narrowness of the slit, information 
about the speed of the figure can hardly 
be conveyed accurately by the brief pas
sage of distinguishable contour compo
nents across the slit. Moreover, with 
the figures we employ there are no dis
tinguishable components except at the 
ends. Therefore the speed of the figure is 
at best ambiguously represented. The 
perceived length of the figure depends 
entirely on its perceived speed, at least 
according to the problem-solving inter
pretation of anorthoscopic perception. 
Since the commonest outcome when 
there is no tracking target is one of per
ceived compression, we conclude that 
the speed is underestimated. We do not 
know why this is so, but it is important 
to keep in mind that there is no reason to 
expect accurate speed perception either. 

When a tracking target is introduced, 
the perceptual system seems to assume 

> 

I 
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PERCEIVED FIGURE IS REVERSED if an observer misjudges the direction of its motion 
behind a stationary slit. In this experimental setup the letter E appears if the direction of mo
tion of the figure is correctly perceived to be toward the right (top), hut the reversed figure 
:I is seen if the direction of motion is mistakenly interpreted to be toward the left (bollom). 
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that the figure is moving at the speed of 
the target. One can formulate a general 
hypothesis that eye movement is a cue 
to figure motion under anorthoscopic 
conditions. Given this cue, the perceived 
speed of the figure is doubled when the 
target moves at twice the figure speed 
and is reduced by half when the target 
moves at half the figure speed. Since the 
apparent length of the figure depends on 
how far it seems to move behind the slit 
during the interval between the appear
ance of one end and the appearance 
of the other end, the distortion found 
by Anstis and Atkinson is explained. It 
results from a mental construction of 
length derived from the apparent speed 
of the figure and not directly from a dis
torted retinal image. 

To provide evidence for our inter
pretation Di Vita, Halper, Deborah 

Wheeler and I did an experiment in 
which observers viewed a curved-line 
figure moving behind a slit at a certain 
speed and at the same time tracked a 
target dot. In effect we repeated the An
stis-Atkinson experiment but with our 
kind of figure. There was an important 
addition to the procedure as well. The 
observer not only indicated the per
ceived length of the figure (by adjusting 
a shadow-casting device that varied the 

length of a replica of the figure while 
holding its height constant) but also told 
us whether the speed of the figure ap
peared to be equal to, less than or great
er than that of the moving target. Ob
servations were made at several target 
speeds: equal to the speed of the figure, 
half the speed of the figure, twice the 
speed of the figure and the same speed as 
the figure but in the opposite direction. 
There was also a condition of free view
ing, with no moving target present. 

Whenever a target was tracked, all ob
servers perceived a figure, whereas in 
the free-viewing condition none did. We 
deliberately made the slit very narrow in 
this experiment (a sixteenth of an inch), 
which we knew would eliminate the an
orthoscopic effect under the more usual 
no-tracking condition. 

The first point to be made about the 
results is that tracking is an important 
determinant of the anorthoscopic figure 
percept. We believe the major reason 
for this is that movement of the eyes 
provides an effective cue that a figure is 
moving back and forth behind the slit. 
Moreover, such a cue specifies the fig
ure's speed, whereas without it the speed 
is indeterminate. It would be difficult to 
arrive at a figure percept of a definite 
length with the speed indeterminate. 
Virtually all the observers reported that 

the speed of the figure was the same or 
almost the same as that of the target 
regardless of the actual speed of each. 
As for the perceived length of the figure. 
if the actual length is assumed to be I. 
the perceived length was . 77 when the 
two speeds were the same, 1.65 when the 
target speed was twice that of the figure 
and .50 when the target speed was half 
that of the figure. 

When the figure moved in one direc
tion and the target in the opposite direc
tion at the same speed, all observers per
ceived the figure as the mirror image of 
its true shape. For this test we employed 
an asymmetrical figure and had each ob
server make a rough sketch of what he 
perceived. The outcome was what one 
would predict on the basis of the re
versed image painted over the retina. 
but it was also what we predicted from 
our eye-movement cuing hypothesis. 
Not only was the speed of the figure be
hind the slit ambiguous; its direction 
was too. For example, if the letter E 
was the figure and it moved to the right, 
the end points of its three horizontal 
prongs would be revealed first. If the 
figure seemed to be moving to the left 
but the end points of the prongs still ap
peared first and were followed by the 
vertical contour of the E, the figure 
would have to be a left-right reversed 

• 
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MULTIPLE SURF ACES were employed by the author and his col
leagues in one of their control experiments on anorthoscopic percep
tion. The first surface in front of the viewer is a transparent sheet of 
plastic on which a luminous tracking target (colored dol) is mounted; 
this sheet moves back and forth. The next surface is an opaque, sta
tionary card with a vertical slit. The third surface is an opaque card 
with a cutout stencil of the test figure; this surface also moves back 
and forth. The back surface is a translucent sheet of plastic that dif-

fuses the light from the battery of lamps behind it. The panel at the 
right shows what the viewer sees when the experiment is carried out 
in a dark room: a horizontally moving luminous tracking target and 
a line segment that appears to be moving vertically (or almost verti
cally). A moving figure is not seen under these experimental condi
tions because the slit is not perceived. When the same display is em'
ployed but the figure is instead drawn on the third surface and the 
room lights are on, a moving figure is always seen by the viewer. 
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figure: :I. That the direction of motion 
was mistakenly perceived in this way is 
borne out by the incorrect response of 
all those observers who perceived the 
reversed figure when they were asked its 
direction of movement. 

I
n this last experiment the tracking of 

a moving target has the effect of 
spreading the image of the figure over 
the retina. Although we have rejected 
the hypothesis that the image thus paint
ed is the direct cause of anorthoscopic 
form perception and of the observed 
distortions, there is one aspect of the re
sults that suggests an important role of 
the extended image. The figure percept 
is clearer and more similar to ordinary 
form perception under these conditions 
than it is when the eyes are stationary 
while. viewing the stationary slit. We 
have found a similar result when, in the 
moving-slit condition, a stationary point 
is introduced and the observer fixes his 
gaze on it. Here too the image is spread 
over the retina, whereas in tracking the 
moving slit there is no such extended 
image. In both cases when such an im
age is present, an observer rarely fails to 
perceive a figure even if the conditions 
are otherwise poor for the anorthoscop
ic effect. 

We call the improvement in anortho
scopic perception that can be attributed 
to an extended retinal image the facilita
tion effect. Apparently the perceptual 
system finds it easier to integrate the suc
cessive slices of the figure into a whole 
form when the slices are spread across 
the retina than when they all fall on one 
vertical strip. Although the extended 
image can thereby facilitate the anor
thoscopic effect, it does not directly 
cause it. Reasons for this conclusion 
have been given above, and in addition 
it is supported by certain further control 
experiments. 

In one of these experiments the figure 
was a horizontal straight line, and the 
observer tracked a target moving at the 
same speed as the figure. Although an 
image of the figure was spread over the 
retina, no observer perceived a figure. 
Instead the visible segment of the line 
seemed to be part of the slit and there 
was no impression of anything moving 
(except the target dot). We can only con
clude that without some vertical dis
placement of the contour there is no rea
son for the perceptual system to infer 
that an extended figure is moving behind 
the slit; hence the extended image, al-

. though present, is not integrated into a 
mentally constructed form. 

In another control experiment the fig
ure consisted of a cutout stencil of a 
curved figure, which was illuminated 
from behind. A luminous target dot was 
also provided, and the display was 
viewed in an otherwise dark room. 
When the observer tracked the moving 

target, an image of the bright line was 
spread over the retina. Nevertheless, no 
figure was perceived. Rather, the visible 
segment of the figure, which was essen
tially a small point of light, appeared to 
move up and down, although its path 
seemed to be slightly tilted from the 
vertical. 

Since tracking has the effect of spread
ing the image of the visible fragment 
over the retina, the failure to obtain a 
figure percept in this case shows dramat
ically how the anorthoscopic effect de
pends on the perception of the slit as an 
opening in an opaque surface. Only then 
is there the needed support for the men
tal construction of an extended figure. 

In any event there seem to be two fac
tors that combine to make the anor
thoscopic perception of form particu
larly successful when a moving target is 
tracked. Eye movement serves as a cue 
that a figure is moving at right angles to 
the slit and imparts an unambiguous 
speed to the figure. The formation of an 
image spread over the retina facilitates 
the integration of the figure. Perhaps it is 
this facilitation that has led some inves
tigators to subscribe to the retinal-paint
ing hypothesis. 

I
n conclusion, I have argued that the 

perception of form can be under
stood as a process of integrating infor
mation about the location of the parts of 
a figure with respect to one another (pro
vided the parts are organized into one 
unit and are interpreted as figure rather 
than as ground). Physical contours or 
their representations in the retinal im
age are not necessary as long as some 
kind of information indicates where the 
boundaries of a figure are. Consequent
ly anorthoscopic presentation of a figure 
one part at a time can yield form percep
tion even though no extended image of 
the whole figure appears on the retina at 
any one time. 

Because the anorthoscopic display is 
ambiguous and does not necessarily rep
resent an occluded figure, however, the 
achievement of a form percept entails a 
process of problem solving. The pres
ence of a region seen as a narrow aper
ture in a surrounding opaque surface 
is indispensable, and the stimulus must 
have certain other properties as well if 
perception of a figure is to be the pre
ferred solution. Where a figure moves 
behind a stationary slit the perceptual 
system must also infer the figure's speed 
and direction in order to reconstruct its 
length and shape . 

If this interpretation of the events that 
follow viewing an anorthoscopic dis
play is correct, the perception of form is 
a process much closer to the cognitive 
level than has heretofore been recog
nized. It cannot be explained as a direct 
outcome of the physiological processing 
of contours stimulating the retina. 
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The Biochemistry 
of Resistance to Malaria 

Genes for two lethal diseases, sickle-cell anemia and thalassenlia, 

are fa vored by evolution beca use they protect against malaria . No w 

the mechanisms of tha t  protection can be studied in the labora tory 

by Milton] . Friedman and William Trager 

Evolution results from natural selec
tion, operating over a range of ge
netic diversity that arises from the 

mutation and recombination of genes. 
Variant genes that confer some selective 
advantage tend to increase in frequency, 
whereas deleterious variants tend to be 
eliminated. In human populations there 
are very few clear examples of selection 
for or against specific genes in response 
to specific forces. The best examples are 
inherited diseases. Selection acts against 
the genes that cause such diseases, and it 
acts most strongly against the severest 
conditions. 

That being the case, lethal genetic dis
eases should be very rare. Yet certain 
inherited disorders of the red blood 
cells, notably sickle-cell anemia and 
thalassemia, are observed in some popu
lations at surprisingly high frequencies. 
Does that argue against natural selec
tion? On the contrary, the sickle-cell and 
thalassemia genes demonstrate the force 
of selection in evolution. The same vari
ant genes that cause lethal blood-cell 
disease in homozygous individuals (who 
inherit two of the abnormal genes, one 
from each parent) protect heterozygous 
individuals (who inherit one abnormal 
gene and one normal gene) against the 
lethal effects of malaria, the agent of 
which is a parasite that infects red blood 
cells. That protection maintains the high 
frequencies of these otherwise deleteri
ous genes. 

The strength of malaria as a selective 
force derives from the powerful effect of 
the parasitic disease on the health and 
reproductive capacity of human popu
lations. Malaria has been a major cause 
of death throughout history. In Africa 
today malaria is endemic: it does not 
sweep through a population as an epi
demic but rather is a constant affliction 
contributing to early-childhood mortal
ity rates as high as 50 percent. It kills 
about 10 percent of its victims directly 
and contributes to the death of others by 
decreasing the immune system's ability 

1 54 

to fight other infections. Because of ma
laria a significant number of children do 
not live to reproduce. Any genetic muta
tion that provides resistance to malaria 
must therefore have a high selective ad
vantage. 

It was the coincidence of the geo
graphic range of sickle-cell disease with 
the range of malaria that first drew at
tention to the possibility that the sickle
cell gene might confer such resistance. 
Clinical evidence was harder to come 
by, but in 1 954 Anthony C. Allison of 
the University of Oxford showed that 
children who were heterozygous for the 
sickle-cell gene had much less severe 
cases of the most lethal form of the dis
ease than children who did not carry the 
gene. Because the parasite that causes 
malaria could not be maintained in a 
laboratory culture, however, the resis
tance could not be demonstrated at the 
cellular level, nor could its biochemical 
mechanism be established. Recently we 
have exploited a newly developed cul
ture system to learn how the sickle-cell 
gene and some other variant genes that 
alter red-cell function confer resistance 
to malaria. 

The red blood cell, where the malaria 
parasite encounters the altered cel

lular functions governed by these vari
ant genes, is largely filled with hemoglo
bin: the protein that takes on oxygen in 
the lungs and carries it to the tissues. 
The other proteins of the red-cell cyto
plasm are metabolic enzymes. Some of 
them catalyze glycolysis, whereby glu
cose is broken down step by step to form 
lactate, in the process synthesizing ade
nosine triphosphate (ATP). Others cata
lyze what is called the hexose mono
phosphate shunt, which maintains the 
coenzymes nicotinamide adenine dinu
cleotide phosphate (NADP) and gluta
thione in their reduced form. ATP is the 
all-purpose cellular energy carrier; re
duced NADP (NADPH) and reduced 
glutathione are needed to prevent and 

repair oxidative damage. The cell mem
brane bounds the cell and controls its 
shape and deformability. It also controls 
the movement of ions into the cell and 
out of it; in particular it maintains-at 
the expense of ATP-a high-potassium 
interior against a tendency toward equi
librium with the low-potassium outside 
environment. On the outside of the 
membrane glycoproteins and glycolip
ids present a unique recognizable sur
face to the environment. 

It is at this surface that the malaria 
parasite first interacts with the cell. The 
parasite is a small unicellular protozoon 
of the genus Plasmodium. four species of 
which cause malaria in man; the most 
lethal disease, responsible for a million 
deaths every year among African chil
dren, is caused by Plasmodium /alcipa
rum. A specialized form of the parasite 
is injected into the bloodstream by an 
Anopheles mosquito, migrates to the liv
er and there develops and divides to pro
duce merozoites, the form that infects 
red cells. The merozoites reenter the 
bloodstream and recognize and bind to 
the red-cell membrane. A mechanism, 
as yet poorly understood, is activated 
that causes the merozoite to push in the 
cell membrane, which closes around 
it. Enclosed in a vacuole, the parasite 
grows, digesting hemoglobin to acquire 
the amino acids to make its own proteins 
and, we believe, utilizing red-cell glu
cose, A TP and red uced coenzymes in its 
metabolism. After a period of growth 
the parasite's nucleus divides sever
al times, and then membranes enclose 
each nucleus and its surrounding cyto
plasm. In this manner from 1 2  to 24 new 
merozoites are formed, which burst out 
of the cell and invade other cells. 

The characteristic periodic fever of 
malaria results from the synchronous 
release of merozoites, and of toxins pro 
duced by the parasite, throughout the 
body. In the case of P. /alciparum this 
release takes place every 48 hours, the 
period of the parasite's developmental 
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CONTINUOUS CULTURE of the malaria parasite Plasmodium 
Jalciparum can be maintained in this apparatus. The parasites are 
grown in a thin layer of human red blood cells that coats tbe bottom 
of the borizontal tube and is covered with a nutritional medium. The 
oxygen content of the medium and other experimental conditions 

FATE OF MALARIA PARASITES is monitored in smears of the 
cultured cells on microscope slides. The stain (Giemsa's) colors the 
cell nuclei of the parasites dark purple and the parasite cytoplasm 

are manipulated by way of the vertical tubes. Cells are removed for 
microscopic analysis through the short tube at the front center. Until 
conditions for culturing the parasite were established in 1976, re
search on falciparum malaria, the most lethal form of the disease, 
had to be done with the blood of human volunteers or primate hosts. 

blue. The rate of mUltiplication is measured by counting the num
ber of parasites per 100 red cells. This smear shows the parasites at 
various stages of their life cycle (see bottom illustration on page 159). 
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SYNCHRONOUS CULTURE 

MEROZOITES 

P. FALCIPARUM CULTURE is begun by inoculating fresh human red cells with parasitized 
cells from a patient or from a stock culture (1). The cells are grown at body temperature (in a 
culture dish, as is shown here, or in the U-tube depicted on page 155) as a thin layer covered by 
a nutrient medium (2). The culture can be sampled to measure parasite multiplication. After three 
or four days the cells contain a mixture of small and large parasites (3), which can be frozen for 
future use (4), inoculated into new cultures (5) or incubated in a gelatin solution to separate 
trophozoites (6); these large parasites can be grown alone to produce merozoites for further 
study (7) or can be mixed with fresh cells to produce a synchronous culture of parasites (8). 
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cycle in the red c�ll. The fever and the 
debilitation that accompany it are the 
major symptoms of malaria. In falcipa
rum malaria, however, there is a more 
lethal effect. The infected red cell devel
ops knobs on its surface that attach the 
cell to the walls of capillaries, where 
it lodges until the parasite is mature. 
When a large number of cells are thus 
sequestered in a vital organ such as the 
brain, death can result. The clearest in
dication of the protective effect of the 
sickle-cell gene is that very few carriers 
of the gene die from the cerebral com
plications of falciparum malaria. 

T inus Pauling and his colleagues de
L fined a molecular disease for the 
first time when they demonstrated that 
in sickle-cell anemia the hemoglobin 
molecule is altered, and that people with 
sickle-cell disease have only the altered 
molecule, hemoglobin S. in their red 
cells, whereas some members of their 
families have about half hemoglobin S 
and half normal hemoglobin A. Family 
studies published at about the same time 
confirmed Pauling's findings, showing 
that the inheritance pattern of sickle-cell 
anemia could be ascribed to a single 
gene, with the disease appearing only in 
family members who are homozygous 
for that gene. 

Adult hemoglobin is made up of two 
alpha chains and two beta chains, and 
Vernon, M. Ingram of the University 
of Cambridge soon showed that in he
moglobin S only the beta chain is ab
normal. The abnormality involves only 
one of' the amino acids constituting 
the chain: a valine is �ubstituted for a 
glutamic acid. Sickle-cell homozygotes 
(designiited SS) have only hemoglobin S 
because they carry two of the mutant 
beta-chain genes. Heterozygotes (AS), 
who are said to have sickle-cell "trait," 
carry only one mutant beta-chain gene, 
and about 40 percent of their hemo
globin is hemoglobin S. If two people 
with sickle-cell trait have four children, 
the probability is, in accordance with 
Mendelian principles, that one child will 
have sickle-cell disease, one will be nor
mal and two will have sickle-cell trait. 

The symptoms of sickle-cell disease 
appear when the SS red blood cells lose 
oxygen as they circulate through the tis
sues. When hemoglobin S is deoxygen
ated, it tends to aggregate in long, thin 
fibers. The fibers distort the normally 
disk-shaped cells into angular forms, in
cluding the characteristic crescent shape. 
In a sickle-cell crisis some sickled cells 
block the local circulation of blood and 
impede the delivery of oxygen. As the 
oxygen level drops, more red cells sick
le and the area of impaired circulation 
spreads, causing extensive tissue death. 
In the absence of advanced medical 
treatment the survival of hemoglobin
S homozygotes is very low. People with 
sickle-cell trait do not ordinarily suffer 
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DISTRIBUTIONS of the sickle-cell gene and of the beta-thalasse
mia gene lie within the area where falciparum malaria was prevalent 
before 1930 (color). This geographic coincidence provided the first 

Q ��. MEROZOITES 

(;)\� . 

LIFE CYCLE of P. !alciparulI/ in the red cell begins with the inva
sion of the cell by a merozoite (1). The parasite engulfs a droplet of cy
toplasm, so that in section it looks like a thin ring (2). The ring grows 
and fills in to become a trophozoite (3); knoblike structures develop 
on the cell surface and attach the cell to the blood-vessel wall. There 

MALARIA 

� SICKLE-CELL GENE 

� BETA-THALASSEMIA GENE 

suggestion that resistance to malaria might be the evolutionary ad
vantage that was tending to maintain the genes responsible for le
thal blood diseases at high frequencies in certain human populations. 

7 e·· · · · � 

. .  

� 
. . .. . 

\ 

.. . .. 

�. 

FEMALE GAMETOCYTE MALE GAMETOCYTE 

the parasite's nucleus divides repeatedly (4); each daughter nucleus 
acquires a bit of cytoplasm (5), and the parasite divides into from 12 
to 24 merozoites, which burst the cell and begin a new cycle (6). Some 
trophozoites develop (7) into male and female gametocytes, which 
are ingested by mosquitoes to initiate the sexual phase of the cycle. 
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RED BLOOD CELL, the simplest cell of the body, is no more than a membrane-bounded 
cytoplasm. Glycolipids and glycoproteins on the surface (a) determine the cell's interactions 
with its environment and with the malaria parasite. Proteins in the membrane control the trans
port of substances into and out of the cell; specifically, potassium is.pumped in and sodium is 
pumped out (b). This process requires energy, which is provided by ATP generated through 
glycolysis, whereby glucose is broken down to form lactate (c). The hexose monophosphate 
shunt (d) produces reduced NADP and reduced glutathione, both of which prevent and repair 
oxidative damage to the cell membrane. The cytoplasm is largely filled with the four-chain pro
tein hemoglobin (e), which binds oxygen in the lung and delivers it to the tissues, in the proc
ess undergoing structural changes that are to some extent controlled by diphosphoglycerate. 
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INHERITANCE of genes for abnormal hemoglobin 5 is diagrammed for parents who are 
heterozygous for the abnormal gene. One child is homozygous (55) for the gene, that is, he in
herits two hemoglobin-5 genes and has sickle-cell anemia. Two children inherit one gene for 
hemoglobin 5 and one for normal hemoglobin A; they are heterozygous (A5) like their parents 
and have sickle-cell "trait." One child is normal (AA). The hemoglobins are identified by elec
trophoresis (bottom). Hemoglobin samples placed on cellulose acetate are subjected to an elec
tric current. Hemoglobin 5 differs from hemoglobin A in only one amino acid; the substituted 
amino acid lacks a negative charge, and so hemoglobin 5 migrates toward the positive pole 
less rapidly than hemoglobin A. A5 heterozygotes have a mixture of the two hemoglobins. 
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from the disease, however. Their AS 
red cells have enough normal hemoglo
bin so that they sickle only under ex
treme conditions, such as at high alti
tudes. 

Four years ago, after half a century of 
attempts to grow the malaria para

site in the laboratory, one of us (Trager) 
was able to define the conditions that 
make it possible to maintain P. /alcipa
rum in a continuous culture of human 
red blood cells in an artificial blood like 
medium. The culture system is being ex
ploited by some workers to develop ex
perimental vaccines containing material 
from various stages of the parasite's life 
cycle, which are being tested in animals. 
Other investigators are trying to purify 
and analyze the biochemical agents that 
have particular effects in the course of 
an infection. The system has also made 
it possible for us to study in detail the 
interactions of the malaria parasite and 
variant host red cells. 

To learn how sickle-cell hemoglobin 
protects a heterozygote carrier against 
malaria we cultured the malaria para
site in red blood cells taken from normal 
donors, from individuals with sickle-cell 
trait and from patients with sickle-cell 
anemia. We did so under our standard 

culture conditions, in an atmosphere 
with an oxygen concentration of 17 per
cent, which created an oxygen tension in 
the culture medium similar to that in the 
lungs; the hemoglobin was fully oxygen
ated and the variant cells did not sick
le. Under these conditions the parasites 
grew equally well in all three kinds of 
cells. This showed that there is no major 
alteration of red-cell metabolism in the 
variant cells, and that hemoglobin S. 
like hemoglobin A. can be digested by 
the plasmodium. 

To test the effect of sickling on para
site growth we added a small number of 
infected normal cells to cultures of SS 
and AS cells in a 17 percent oxygen at
mosphere. During the next 48 hours, the 
period of one growth cycle, all the para
sites left their normal host cells and in
vaded the variant cells. When we low
ered the oxygen concentration to 3 per
cent, the SS cells sickled, as did some of 
the AS cells. We monitored the parasites 
daily. After one day in low oxygen al
most no parasites were visible in the SS
cell cultures; they had lysed, or disinte
grated, and so had their host cells. In the 
AS-cell cultures, on the other hand, it 
was only on the second day that the 
number of live parasites decreased sig
nificantly. And rather than disintegrat
ing, the killed parasites were still visible 
as shriveled masses in the cells. They 
looked to us like parasites that had 
starved, perhaps as the result of some 
kind of metabolic inhibition that was an 
indirect result of sickling. 

If that was the case, preventing sick
ling should protect the parasites. We 
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treated AS cells with cyanate, which in
creases the affinity of hemoglobin S for 
oxygen, making it less likely to aggre
gate at a given oxygen tension. After 
cyanate treatment and washing, the AS 
cells remained competent as hosts for P. 
!alciparum, but now they did not sickle 
as readily. When such cells were infect
ed and then cultured in 3 percent oxy
gen, the parasites survived. The inhibi
tion we had seen in untreated cells must 
therefore have been due to the sickling 
of the cells, not simply to low oxygen. 
By what mechanism might sickling in
hibit parasite growth? 

One of the things that happen when a 
red cell containing hemoglobin S sickles 
is that the cell membrane becomes more 
permeable to potassium, which leaks 
out; in the low-oxygen condition the po
tassium level in our AS host cells was 
decreased. It had earlier been shown 
that parasites maintained outside red 
cells require a high-potassium environ
ment, and so we hypothesized that the 
loss of potassium on sickling might have 
inhibited parasite metabolism. To test 
the idea we again incubated infected AS 
cells in 3 percent oxygen, but in a medi
um with an elevated potassium content. 
The cells sickled as usual in low oxygen, 
but now the cellular potassium level 
stayed high-and the parasites survived. 
Preventing the loss of potassium, in oth
er words, prevented the inhibition of 
parasite growth in sickled AS cells. (Un
der the same conditions plasmodia in 
sickled SS cells were not protected; they 
died by lysis. Electron micrographs 
showed why. After six hours of deoxy
genation needlelike bundles of aggre
gated hemoglobin S could be seen pen
etrating some of the plasmodia; the 
membranes of other parasites had been 
disrupted, and they were partially lysed: 
In other words, in the SS cells the para
sites were killed not by metabolic inhibi
tion but by actual physical disruption.) 

The sequence of events in AS cells, 
then, seemed to be as follows: Sick

ling lowered the potassium level, and 
the low potassium level killed the para
sites. This finding could not, however, 
fully explain the heterozygote's resis
tance to malaria. Because an uninfect
ed AS cell has less hemoglobin S than 
an SS cell, it does not normally sickle in 
nature; it circulates through regions of 
low oxygen tension too quickly for sick
ling to take place. The progress of a par
asitized cell, however, is impeded by the 
knobs on its surface, and the cell re
mains in a low-oxygen environment for 
many hours. Even so, fewer than 5 per
cent of the cells would sickle were it not 
for still another effect of infection. 

Lucio Luzzatto and his colleagues at 
the Istituto Internazionale di Genetica e 
Biofisica in Naples have shown that in
fected cells sickle much faster than un
infected ones. Why? We found that the 

AGGREGATED 
DEOXYHEMOGLOBIN 

1< 
DECREASED pH 

DECREASED OXYGEN 

HEMOGLOBIN S in its oxygenated state (left) is dispersed through the red cell, which has a 
normal disk shape. Unlike normal hemoglobin A, however, hemoglobin 5 tends to aggregate 
when it becomes deoxygenated in the tissues, forming needlelike quasi-crystalline structures 
that distort the cell into a rigid, jagged shape (right). Sickled cells may block capillaries, de
creasing blood How, reducing the oxygen level and thus promoting the sickling of more cells. 

intracellular environment of an infected 
cell is more acidic (.4 pH units lower) 
than that of an uninfected cell, so that 
the rate of sickling is significantly in
creased. We calculate, moreover, that 
the lower pH level of parasitized cells 
also increases the extent of sickling-up 
to about 40 percent. 

Taken all together these observations 
suggest the following mechanism of 
protection against malaria in sickle-cell 
heterozygotes. The parasite in an infect
ed AS cell develops normally until the 
cell is sequestered in the tissues. Then, 
given the low-oxygen environment and 
the low intracellular pH, the host cell 
sickles. The potassium level drops and 
the parasite dies. Such a process can pro
tect against malaria even if not all the 

parasites are affected, because even a re
duction in the rate of multiplication of 
the plasmodium can give the immune 
system the time it needs to mount a pro
tective response of its own. (There is 
an alternative hypothesis. Infected cells 
might, for some reason we have not dis
cerned, sickle while circulating rather 
than while being sequestered, and then 
they might be eliminated by the filtering 
action of the spleen. The first hypothesis 
is supported, however, by evidence that 
heterozygotes are not protected against 
types of malaria in which infected cells 
do not develop knobs and are not se
questered in the tissues.) 

In addition to sickle-cell disease and 
sickle-cell trait there are other inher
ited disorders of the red blood cells 
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growing (right). The parasites in the 55 cells die in a day, those in the A5 cells in two days. 
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whose geographic incidence has been 
correlated with that of malaria, imply
ing that the genes responsible for those 
disorders too may confer some resis
tance. Among those disorders are the 
thalassemias, which involve a deficiency 
in the manufacture of one or another 
hemoglobin chain. Beta thalassemia, for 
example, is a deficiency in beta-chain 
synthesis. Homozygous beta thalasse
mia, known as Cooley's anemia, is a 
severe disease in which l ittle normal 
adult hemoglobin, if any, is synthesized; 
blood transfusion is usually the only 
means by which a patient's life can be 
prolonged. Yet throughout many malar
ial regions, and in particular around the 
rim of the Mediterranean, about 1 per
cent of all children born are homozy
gous for the beta-thalassemia gene and 
have Cooley's anemia; heterozygotes do 
not have the disease. Resistance to ma
laria has not been convincingly dem
onstrated for beta-thalassemia hetero
zygotes, but there is a very suggestive 
geographic correlation between the fre
quency of the gene and a regional histo
ry of malaria. To cite just one example, 
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the gene freq uency is much higher in the 
valleys of Sardinia, where malaria was 
for a long time endemic, than it is in the 
mountains, where malaria was rarer. 

We set out to demonstrate a resis
tance effect in our culture system. 

We knew that one characteristic of any 
thalassemic cell is abnormal sensitivity 
of the cell membrane to damage by oxi
dation. When a molecule is oxidized, 
electrons are removed that would ordi
narily have a role in the formation of 
chemical bonds. When lipid (fat) mole
cules, which are major constituents of 
the membrane, are oxidized, they frag
ment and disrupt the integrity of the 
membrane. The agents of oxidation in 
cells have not all been identified, but it 
is known that one such agent is hydro
gen peroxide. 

The malaria parasite generates hydro
gen peroxide in its host cell (as has been 
demonstrated by N. Etkin and John W. 
Eaton of the University of Minnesota 
Medical School). Peroxides give rise in 
any cell to oxidative stress, challenging 
the cell's ability to preserve its integrity. 

'AS CELLS 

, 

In the more sensItIve thalassemic red 
cell hydrogen peroxide might actually 
bring about damage to the membrane. 
We confirmed the l ikelihood of this 
effect by finding that parasites in het
erozygous beta-thalassemia cells were 
more sensitive than parasites in normal 
cells to three experimental conditions. 
One condition was a high-oxygen envi
ronment (an oxygen concentratiQn of 
from 25 to 30 percent). Another was the 
presence of certain chemicals that cata
lyze oxidation reactions. The third was 
the absence from the culture medium of 
one normal constituent: reduced gluta
thione, which is an intermediate in the 
metabolic pathway that reduces the cel
lular level of hydrogen peroxide. 

Each of these three conditions was 
calculated to increase the oxidative 
stress on the cell. Eaton found that in 
mice infected with malaria oxidative 
stress and protection against it are finely 
balanced. Any additional sensitivity in a 
thalassemic cell, therefore, might well 
affect the course of the infection. (Al
though a thalassemic cell has a low he
moglobin content, there is apparently 

SS CELLS 
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PARASITE-INFECTED RED CELLS that have been cultured for 
one day in a 3 percent oxygen atmosphere are seen in these photo
micrographs either fixed in formaldehyde to preserve their shape 
(top) or smeared on a slide for better observation of the parasites 

(bottom). The normal (AA ) cells (left) are still disk-shaped; some 
of the A5 cells (middle) and all the 55 cells (right) have sickled. The 
parasites in the AA cells are alive. In A5 cells parasites are dead (ar
row) or will die within 24 hours. In 55 cells no parasites are visible. 
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enough hemoglobin to maintain the par
asite; the low hemoglobin level alone 
did not inhibit parasite multiplication in 
our system.) 

We found that vitamin E, which pro
tects cell-membrane lipids against oxi
dative damage, prevented the death of 
parasites in thalassemia-trait cells under 
all conditions. This was supporting evi
dence for the idea that the membrane of 
a heterozygous beta-thalassemia cell is 
damaged by oxidation in the course of 
malaria infection. As for the mecha
nism, again potassium appears to be im
plicated. In a high-potassium medium 
the parasites in the thalassemia-trait 
cells developed normally under condi
tions that led to their death in a medium 
with a normal potassium concentration. 

There were three interesting corollary 
results of this investigation. One was 

the reinforcement of a long-suspected 
link between malaria and an inherited 
deficiency in the red cell's supply of the 
enzyme glucose-6-phosphate dehydro
genase (G6PD). This deficiency too is 
prevalent in malarial regions; field stud
ies have sometimes, but not always, 
demonstrated a correlation with resis
tance to malaria. G6PD is the first en
zyme in the hexose mono phosphate 
shunt, which regenerates NADPH, a 
coenzyme that is essential for protection 
against and repair of oxidative dam
age. It appeared that red cells deficient 
in G6PD, like thalassemia-trait cells, 
might be more sensitive to the hydrogen 
peroxide generated by the malaria para
site. We found that parasites in G6PD
deficient cells were indeed highly sensi
tive to stress by oxidants and were pro
tected by antioxidant agents. 

A second corollary implication of our 
results with thalassemic cells had to do 
with favism: a hemolytic anemia pro
moted by the ingestion of fava beans, 
which are consumed throughout the 
Mediterranean world. The fava bean 
contains a variety of substances that 
could increase the red cell's sensitivi
ty to oxidants; some of the substances 
are related to the oxidation catalysts in
troduced in some of our experiments. 
Do those experiments mimic the con
sumption of fava beans by people with 
beta-thalassemic or G6PD-deficient red 
cells? If they do, the results would indi
cate that eating fava beans (and perhaps 
other foods as yet not identified) increas
es the level of protection against malaria 
in people who are heterozygous for 
these two red-cell disorders. Such a die
tary effect could also explain the incon
sistent results of studies of malaria re
sistance among such heterozygotes. 

The third corollary result had to do 
with infants. During the first few months 
of life infants are almost completely 
protected against malaria. Geoffrey 
Pasvol, R. J. M. Wilson and D. J. 
Weatherall of the University of Oxford 
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POTASSIUM LOSS is shown to be the cause of parasite death in AS cells. In 17 percent oxy
gen (left) the cell membrane remains intact and the potassium level is adequately maintained 
in either a normal physiological (low potassium) medium (top) or in elevated potassium (bot
tom). In a low-oxygen, low-potassium medium (top right) AS and SS cells sickle; their membranes 
are disrupted, they lose potassium and tbeir parasites shrivel up (AS) or disappear ( SS). Incuba
tion in a high-potassium medium (bottom right) protects parasites in AS cells in spite of sick
ling and membrane disruption, but it does not protect parasites in SS cells. The cause of para
site death in AS cells, then, is deprivation of an essential metabolic factor, potassium. In SS 
cells, on the other hand, hemoglobin-S aggregates destroy parasites by physical penetration. 

recently showed that fetal hemoglobin 
(which consists of alpha and gamma 
chains, persists for a time after birth and 
is found in some adults' red cells) may 
contribute to this protection; even adult 
red cells inhibited the growth of para
sites if the cells contained fetal hemo
globin. We have found that malaria par
asites in fetal red cells, like those in 
thalassemic cells, are highly sensitive 
to oxidative stress. It is not likely that 
malaria has been a selective force in the 
evolution of fetal hemoglobin, howev
er. The fetal protein probably evolved 
under a different selective pressure. It 
has a higher affinity for oxygen than 
adult hemoglobin, and so it improves 
the delivery of oxygen to the develop
ing fetus. The oxidant sensitivity of the 
fetal red cell and the resulting resistance 
to malaria are probably side effects of 
a developmental adaptation. 

To sum up, the process of evolution 
has resulted in the selection of genet

ically variant red blood cells that func
tion well enough under normal condi
tions but are susceptible to damage 

when they are infected by P. /alcipa
rum-damage that kills the parasite. In 
other words, these cells are so marginal
ly viable that infection makes them un
viable and unable to support the intra
cellular parasite. The genetic alteration 
in the case of AS cells is a borderline 
tendency to sickle, which is enhanced by 
the parasite's presence. The alteration in 
thalassemia-trait cells is increased sensi
tivity of the membrane lipids to hydro
gen peroxide generated by the parasite. 
In both cases the end effect is a loss 
of potassium that inhibits the parasite's 
metabolism. 

The evolutionary career of a gene can 
be quite complex. When a new random 
mutation arises, one cannot predict its 
effect or its potential. One could surely 
not have predicted that certain genes 
would cause lethal blood disease in a 
homozygote and protect the heterozy
gote against death from malaria. The 
delicately balanced contest between the 
selective effect of malaria on the one 
hand and of sickle-cell disease and beta 
thalassemia on the other has resulted in 
a balanced polymorphism: a: situation 
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in which a heterozygote advantage cou
pled with a homozygote disadvantage 
maintains a variant gene at a low but 
consistent level in a population. 

The mechanisms of life and death are 
rooted in chemistry and molecular biol
ogy. They can be explicated, to some 

extent, in the laboratory. Their ultimate 
effects on the human species are decid
ed, however, not in the laboratory or 
even in the cells of individual human 
beings but slowly and unpredictably in 
evolutionary contests waged across con
tinents and over millenniums. 

CHAIN OF EVENTS depicted here may protect AS heterozygotes against malaria. A para
site-infected cell is characterized by knobs on its surface and by a low intracellular pH. An un
infected AS cell will pass through a short period of low oxygenation in a capillary without 
sickling (1); an infected cell, on the other hand, will be sequestered long enough so that the low 
oxygen level and the low pH cause it to sickle (2). Sickling causes the cell membrane to leak 
potassium (3). Deprived of potassium, the parasite dies (4). The death of some fraction of the 
infecting parasites may give the heterozygote's body time to develop its own immune response. 
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Introducing the Computer Learning Lab, with the Sinclair ZX80 personal computer. 
The Sinclair ZX80 is a powerful, 
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children how to use this complete, ex
pandable computer right in your own 
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to keep the computer! 

The Computer Learning Lab is a 
self-paced course that teaches the ins 
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mon, easy-to-use computer language. 
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make mistakes. And program editing 
helps !lou correct them. Yet the com
plete Computer Learning Lab, includ
ing computer, is still several hundred 

The Computer Learning Lab is a family 
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PORTRAIT OF ISAAC NEWTON was painted by Godfrey Kneller 
in 1689, when Newton was 46. Four years earlier Newton had devel-
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oped the concept of universal gravitation. Newtou's principal work 
Philosophiae Naturalis Prillcipia Mathematica was published in 1687. 
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Newton's Discovery of Gravity 
How did he come to develop the concept that marked the beginning 
of modern science? In essence he did so by repetitively comparing 
the real world with a simplified mathematical representation of it 

The high point of the Scientific 
Revolution was Isaac Newton's 
discovery of the law of universal 

gravitation: All objects attract each oth
er with a force directly proportional to 
the product of their masses and inverse
ly proportional to the square of their 
separation. By subsuming under a single 
mathematical law the chief physical 
phenomena of the observable universe 
Newton demonstrated that terrestrial 
physics and celestial physics are one and 
the same. In one stroke the concept of 
universal gravitation revealed the phys
ical significance of Johannes Kepler's 
three laws of planetary motion, solved 
the thorny problem of the origin of the 
tides and accounted for Galileo Galilei's 
curious and unexplained observation 
that the descent of a free-falling object is 
independent of its weight. Newton had 
achieved Kepler's goal of developing a 
physics based on causes. 

The momentous discovery of univer
sal gravitation, which became the para
digm of successful science, was not the 
result of an isolated flash of genius; it 
was the culmination of a series of exer
cises in problem solving. It was a prod
uct not of induction but of logical de
ductions and transformations of exist
ing ideas. The discovery of universal 
gravity brings out what I believe is a 
fundamental characteristic of all great 
breakthroughs in science from the sim
plest innovations to the most dramatic 
revolutions: the creation of something 
new by the transformation of existing 
notions. 

Newton developed the concept of uni
versal gravity in the first few months of 
1685, when he was 42. Physicists have 
usually made their greatest contribu
tions at a much earlier age, but Newton 
was st ill in what he called "the prime 
years of my life for invention." The doc
uments that have enabled me to date 
the discovery also make it possible to 
reconstruct the process that led to it. 

A decisive step on the path to univer
sal gravity came in late 1679 and early 
1680, when Robert Hooke introduced 
Newton to a new way of analyzing mo
tion along a curved trajectory. Hooke 

by I. Bernard Cohen 

had cleverly seen that the motion of an 
orbiting body has two components, an 
inertial component and a centripetal, or 
center-seeking, one. The inertial com
ponent tends to propel the body in a 
straight line tangent to the curved path, 
whereas the centripetal component con
tinuously draws the body away from the 
inertial straight-line trajectory. In a sta
ble orbit such as that of the moon the 
two components are matched, so that 
the moon neither veers away on a tan
gential path nor spirals toward the earth. 

The concept of a centripetal force re
placed the older and misleading notion 
of a centrifugal, or center-fleeing, force. 
Rene Descartes and Christiaan Huygens 
had analyzed curved motion in terms of 
such a centrifugal force. Descartes, for 
example, had investigated the move
ment of a ball on the inner surface of a 
hollow cylinder and the movement of 
water in a bucket swung in a circle. The 
ball and the water seemed to flee the 
center of the system, and so Descartes 
attributed their motion to the influence 
of a centrifugal force. It is now clear 
there is no such force; a center-fleeing 
force cannot be traced to the interaction 
of physical objects. The illusion of a 
centrifugal force comes about when a 
moving object is viewed from a rotating 
frame of reference. 

W ith the change in outlook from 
centrifugal to centripetal force 

came an appreciation of the fundamen
tal role of the central body. The centrif
ugal analysis had focused on the revolv
ing object, whose "endeavor to recede" 
from the center seems to be independent 
of the properties of the central body. 
The concept of a centripetal force, in 
contrast, depends fundamentally on the 
central body, toward which the revolv
ing object is impelled or attracted. The 
interaction of the central, attracting 
body with the revolving, attracted ob
ject can obviously be expected to have a 
part in any theory of gravitation. 

Hooke's analysis of curved motion 
may seem to be such an obvious and 
immediate consequence of the Carte
sian principle of inertia that Newton 

would not have needed Hooke to in
struct him on the subject as late as 1679. 
Newton had more or less accepted the 
inertial principle some 20 years earli
er. Nevertheless, Newton, like Descartes 
and Huygens, was so mired in the con
cept of centrifugal endeavor that the full 
implications of inertial physics were far 
from obvious to him. 

On November 24, 1679, Hooke wrote 
to Newton suggesting that they engage 
in a private "philosophical" correspon
dence on scientific topics of mutual in
terest. Six years earlier they had clashed 
publicly over Newton's experiments and 
theories on the prismatic dispersion of 
light and on the nature of color. Hooke 
was only one of several investigators 
who had rejected Newton's optical theo
ries. Newton was so vexed at having to 
defend his work that he vowed to aban
don "philosophy" (physical science) be
cause she was "so litigious a lady" that 
a man who had anything to do with her 
would have to spend the rest of his life 
defending his opinions. 

Hooke had since become secretary of 
the Royal Society of London. In spite of 
the earlier controversy his letter to New
ton was friendly and gracious. The letter 
invited Newton to comment on any of 
Hooke's hypotheses or opinions, partic
ularly on the notion of "compounding 
the celestiall motions of the planetts 
[out] of a direct motion by the tangent & 
an attractive motion towards the central 
body." This sentence was apparently 
Newton's introduction to the idea of de
composing curved motion into an iner
tial component and a centripetal one. 
There is no evidence that he had yet 
reached Hooke's level of understanding 
of circular motion. Indeed, Newton still 
often spoke of orbital motion in terms of 
centrifugal force. 

In his letter Hooke ventured the sug
gestion that the centripetal force draw
ing a planet toward the sun varies in
versely as the square of the separation. 
At this point Hooke was stuck. He could 
not see the dynamical consequences of 
his own deep insight and therefore could 
not make the leap from intuitive hunch 
and guesswork to exact science. He 
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could go no further because he lacked 
both the mathematical genius of New
ton and an appreciation of Kepler's law 
of areas, which figured prominently in 
Newton's subsequent approach to celes
tial dynamics. The law of areas states 
that the radius vector from the sun to a 
planet sweeps out equal areas in equal 
times. 

On N ovember 28 Newton wrote to 
Hooke that before reading Hooke's let
ter of the 24th he did not "so much as 
heare (that I remember) of your Hy
potheses of compounding the celestial 
motions of the Planets of a direct mo
tion by the tangent to the curve" and 
an "attractive" motion toward the sun. 
Having admitted that Hooke's analysis 
was new to him, Newton immediately 
changed the subject to a fancy of his 
own: the effect of the earth's rotation on 
a free-falling object. If a dropped object 
could pass through the rotating earth, 
what path would the object take? New
ton had incorrectly concluded that it 
would follow a spiral trajectory. 

In Hooke's next letter, dated Decem
ber 9, he caught Newton's error and 
pointed out that the path "would resem
ble an Elleipse ."  Hooke was eager to get 
Newton going on the problem of plane
tary motion, and so he suggested that the 
correct description of an object falling 
through the earth and his own analysis 
of planetary motion were both cases 
of "Circular motions compounded by a 
Direct motion and an attractive one to 
a center . "  

On December 1 3 ,  1 6 79, Newton re
sponded guardedly to Hooke's cor

rection but did not comment on his 
proposed analysis of circular motion. 
Hooke did not give up. In a letter written 
on Jan uary 6, 1 680, he returned to his 
thesis about curved motion and repeat
ed the quantitative supposition that the 
centripetal attraction is inversely pro
portional to the square of the distance. 
From this supposition Hooke concluded 
that the velocity of the revolving body 
is inversely proportional to the distance 
from the center. He then pointed out 
that his analysis "doth very Inte lligibly 
and truly make out all the Appearances 
of the Heavens. " Newton did not reply. 

On January 1 7  Hooke sent a short 
supplementary letter in which he wrote: 
"It now remaines to know the proprietys 
of a curve Line (not circular nor concen
tricall) made by a centrall attractive 

power which makes the velocitys of De
scent from the tangent Line or equall 
straight motion at all Distances in a Du
plicate proportion reciprocally taken." 
In modern terminology Hooke's prob
lem can be paraphrased as follows: If a 
central attractive force causes an object 
to fall away from its inertial path and 
move in a curve, what kind of curve re
sults if the attractive force varies in
versely as the square of the distance? He 
concluded: "I doubt not but that by your 
excellent method you will easily find out 
what that Curve must be, and its propri
etys, and suggest a physicall Reason of 
this proportion." 

Newton evidently did do almost that. 
He proved that an ellipse would satisfy 
the conditions outlined by Hooke. Nev
ertheless, he did not communicate the 
result of this proof to Hooke or to any
one else until August, 1684, when he 
was visited by Edmund Halley, the as
tronomer and mathematician. Halley 
came to see Newton in order to ask 
"what he thought the Curve would be 
that would be described by the Plan
ets,  supposing the force of attraction 
towards the Sun to be reciprocal to the 
square of their distance from it. " The 
problem had been much discussed by 
the Royal Society. Halley and Christo
pher Wren were unable to solve it, and 
Hooke never produced a solution, al
though he maintained he had found one. 

When Newton heard the question, he 
responded immediately: an ellipse. Hal
ley asked him how he knew and Newton 
replied: "I have calculated it. " Newton 
apparently could not find the calcula
tions, but at Halley's urging he wrote 
them up for the Royal Society in the 
small tract De Motu (Concerning Motion). 
In De Motu Newton described his work 
on terrestrial and celestial dynamics, in
cluding his ideas on motion in free space 
and in a resistive medium. Newton must 
have finished De Motu by December 1 0, 
1684, because Halley told the Royal 
Society then that Newton had recently 
shown him the curious treatise. 

The exact progression of Newton's 
ideas in the time between his corre
spondence with Hooke and his comple
tion of the first draft of De Motu is not 
documented. Nevertheless, I am certain 
it was Hooke's method of analyzing 
curved motion that set Newton on the 
right track. Although not all historians 
would agree with me, I believe the ap
proach Newton takes to terrestrial and 

NEWTONIAN SYSTEM OF THE WORLD was diagrammed by William Whiston, who suc
ceeded Newton as Lucasian Professor at the University of Cambridge. The diagram is from 
Whiston's broadside "Scheme of the Solar System Epitomis'd," published in 1724. The planets 
and the satellites of Jupiter and Saturn are shown orbiting the sun under the action of universal 
gravity. Remarkably, Whiston also included the orbits of comets. Newton had shown that or
bits of comets are ellipses or parabolas in which a vector from the sun to the comet sweeps out 
equal areas in equal times. Below the diagram is Whiston's translation of part of the final 
General Scholium of the Principia (which is from the second edition, published in 1713). There 
Newton wrote that "This most Elegant System of the Planets and Comets could not be pro
duced but by and under the Contrivance and Dominion of an Intelligent and Powerful Being." 

celestial dynamics in De Mow, which he 
further developed the following spring 
in the first book of the Philosophiae Nat
uralis Principia Mathematica, represents 
his thinking on planetary dynamics 
inspired by his correspondence with 
Hooke. In a few autobiographical man
uscripts Newton said the correspon
dence either preceded or coinc ided with 
his demonstration published first in De 
Motu and then in the Principia that an 
object that has an inertial motion and is 
subject to an inverse-square centripetal 
force moves in an elliptical orbit. 

I t was this demonstration that brought 
out the physical significance of Kep

ler's law of elliptical orbits (the law stat
ing that each planet moves in an ellipti
cal path with the sun at one focus of the 
ellipse). The modern reader may be sur
prised that it was not Kepler but Newton 
who revealed the fundamental nature 
of Kepler's laws of planetary motion. 
Before the publication of the Principia. 
however, these laws (which were even 
called hypotheses) were not as highly 
respected as they came to be afterward. 

Kepler's law of areas in partic ular 
had a diminished status in the 1 7th cen
tury. Most astronomical works did not 
even mention it. For example, Thom
as Streete's Astronomia Carolina, from 
which Newton copied Kepler's third law 
(The cube of the average distance of a 
planet from the sun is proportional to 
the square of the orbital period), never 
discusses the law of areas or hints at its 
existence. Most 1 7th-century astrono
mers calculated planetary positions not 
by the law of areas but by a construc
tion based on a uniformly rotating vec
tor emanating from the empty focus of 
the planet's elliptical orbit [see top illus
tration on page 174). Since astronomers 
rarely employed the law of areas, it 
required extraordinary perception for' 
Newton to see its significance. Newton 
was the one who elevated Kepler's law 
of areas to the status it enjoys today. 

The very first proposition of the Prin
cipia (and the discussion at the begin
ning of De Motu) develops the dynami
cal significance of the law of areas by 
proving that the curved motion de
scribed by the law is a consequence of 
centripetal force. The proof, which has 
three parts, shows how well Newton had 
learned Hooke's technique of decom
posing curved motion into an inertial 
component and a centripetal one . 

In the first part of the proof New
ton considers a body moving along a 
straight line with a constant velocity. 
The line is divided into equal intervals to 
indicate that the body moves equal dis
tances in equal times. A point P is cho
sen at a distance Ii above the line of mo
tion. The triangles formed by connect
ing P to any of the equal intervals all 
have the same area because they have 
equal bases and the same altitude Ir. By 
this simple analysis Newton revealed 
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an unexpected relation between inertial 
motion and the law of areas. 

In the second part of the proof the 
body moves as before initially,  but at the 
end of the second interval it rece ives 
an impulsive force-a blow-toward P. 
Therefore in the third interval the body 
no longer moves along the original 
straight line but rather along another 
straight l ine closer to P. Newton again 
showed by geometry that the triangle 
formed by connecting P to the ends of 
the trajectory traced in the second inter
val has the same area as the triangle 

formed by connecting P to the ends of 
the trajectory traced in the third interval. 

In the third part the body is given a 
blow toward P at the end of each inter
val. As a result the body moves in a 
polygonal path around P. Again the 
area relation holds. In the limiting case 
where the interval between blows ap
proaches zero the body is subject to a 
continuous force d irected toward P and 
the polygonal path becomes a smooth 
curve or orbit. In this way Newton 
proved that a centripetal force generates 
a curve according to the law of areas. 

LETTER TO NEWTON from Robert Hooke includes Hooke's views on the analysis of mo
tion along a curved trajectory. (The letter is dated January 6, 1679, according to a version of 
the Julian calendrical system in which the year started in March; the modern calendrical sys
tem puts the date at January 6, 1680.) In the second sentence Hooke proposes that "the Attrac
tion is always in a duplicate proportion to the Distance from the Center ·Reciprocall" (that is, 
the attraction is inversely proportional to the distance squared). As a result "the Velocity will be 
in a subduplicate proportion to the Attraction and consequently as Kepler supposes Recipro
call to the Distance." Hooke states that this analysis explains "all the Appearances of the Heav
ens." He stresses the importance of "finding out the proprietys" of curves because longitudes, 
which are "of great Concerne to Mankind," can be derived from the moon's curved motion. 
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The second proposition of the Principia 
proves the converse: Motion in a curve 
described by the law of areas implies a 
centripetal force. With these two propo
sitions Newton demonstrated that the 
law of areas is a necessary and sufficient 
condition for inertial motion in a cen
tral-force field. 

The two propositions are part of a se
quence of demonstrations that begins 
with the law of areas and ends with a 
proof that an ell iptical orbit requires an 
inverse -sq uare centripetal force.  This 
sequence of demonstrations, presented 
both in the Principia and in De Motu. 
marks a profound discontinuity in the 
history of the exact sciences. The dem
onstrations introduced a radically new 
celestial dynamics based on new con
cepts of force, momentum, mass and in
ertia and a wholly novel quantitative 
measure of dynamical force.  The subti
tle of Kepler's Astronomia Nova set the 
goal of creating a "celestial physics 
based on causes." N ewton achieved this 
goal, of which Kepler had had only a 
visionary glimpse. N e ither Galileo nor 
Descartes had conceived of such a celes
tial dynamics. And the Newtonian for
mulation left even the great physicist 
Huygens far behind. 

From the early draft of De Motu that 
Newton probably wrote in N ovem

ber, 1 6 84, it is clear he had not yet de
veloped the concept of universal grav
itation. The draft d iscusses centripetal 
force directed toward the focus of an 
ellipse and concludes with the scholium, 
"Therefore the major planets revolve in 
ell ipses having a focus in the center of 
the sun, and radii drawn [from the plan
ets] to the sun describe areas proportion
al to the times, entirely as Kepler sup
posed .... " 

N ewton neither proved this scholium 
nor continued to believe it for long, and 
strictly speaking it is false. As he soon 
realized, the planets do not move ac
cording to the law of areas in simple 
Keplerian e lliptical orbits with the sun 
at a focus. Instead the focus lies in the 
common center of mass because not 
only does the sun attract each planet but 
also each planet attracts the sun (and the 
planets attract one another). If N ewton 
had already formulated his principle of 
universal gravitation, he would not have 
proposed the erroneous scholium. 

Newton quickly realized he had not 
proved that the planets move precisely 
according to the law of elliptical orbits 
and the law of areas. He had only found 
that the laws hold for a one-body sys
tem: a single point mass moving with an 
initial component of inertial motion in a 
central-force field. He recognized that 
the one-body system corresponds not to 
the real world but to an artificial situa
tion that is easier to investigate mathe
matically. The one-body system reduc
es the earth to a point mass and the sun 
to an immobile center of force. 

© 1981 SCIENTIFIC AMERICAN, INC



WHAT'S BETTER 
THAN SPEED READING? 

SPEED LEARNING 
(SPEED PLUS COMPREHENSION ) 

Speed learning is replacing speed reading. It's easy to learn ... lasts a lifetime ... applies to everything 
you read ... and is the only accredited course with the option of college or continuing education credits. 

Do you have too much to read and too 
little time to read it? Do you mentally 
pronounce each word as you read? Do 
you frequently have to go back and re
read words or whole paragraphs you just 
finished reading? Do you have trouble 
concentrating? Do you quickly forget 
most of what you read? 

If you answer "yes" to any of these 
questions - then here at last is the prac
tical help you've been waiting for. 
Whether you read for business or plea
sure, school or college, you will build excep
tional skills from this major breakthrough 
in effective reading, -created by Dr. Russell 
Stauffer at the University of Delaware. 

Not just "speed reading" - but speed 
reading-thinking-understanding

remembering-and-Iearning 

The new Speed Learning Program 
shows you step-by-proven-step how to 
increase your readmg skill and speed, so 
you understand more, remember more 
and use more of everything you read. 
The typical remark made by the 75,000 
slow readers who completed the Speed 
Learning Program was: "Why didn't 
someone teach me this a long time ago?" 
They were no longer held back by the 
lack of skills and poor reading habits. 
They could read almost as fast as they 
could think. 

What makes Speed Learning so successful? 

The new Speed Learning Program does 
not offer you a rehash of the usual eye
exercises, timing devices, costly gadgets 
you've probably heard about in connec
tion with speed reading courses or even 
tried and found ineffective. 

In just a few spare minutes a day of 
easy reading and exciting listening, you 
discover an entirely new way to read and 
think - a radical departure from any-

COLLEGE CREDITS � You may obtain 2 full semester hour credits for course 
"t.I..J completion, wherever you reside. Credits offered 

C through Whittier College (California). Details included 
in your program. 

CONTINUING EDUCATION UNITS 
-National Management Association, the world's largest � ."odo,ion of p,of,,,ion.' m.n •• ,,, .• w"d, 3.0 CW', 

::S: for course completion. CEU's can be applied toward 
""-' the certificate in Management Studies. 

PROFESSIONAL SOCIETIES 
Speed Learning is offered internationally to members of profes
Sional associations such as: American Chemical Society, Founda
tion for Accounting Education. Institute of Electrical and 
Electronics Engineers and dozens more. Consult your Education 
Director for information. 

BUSINESS. INDUSTRY. GOVERNMENT 
Many companies and government agencies offer Speed Learning 
as a wholly-paid or tuition reimbursement program. Consult 
your Training or Personnel O"ector for details. 

thing you have ever seen or heard about. 
Research shows that reading is 95% 
thinking and only 5% eye movement. Yet 
most of today's speed reading programs 
spend their time teaching you rapid eye 
movement (5% of the problem) and ig
nore the most important part (95%) think
ing. In brief, Speed Learning gives you 
what speed reading can't. 

Imagine the new freedom you'll have 
. when you learn how to dash throu�h all 
types of reading material at least twice as 
fast as you do now, and with greater 
comprehension. Think of being able to 
get on top of the avalanche of newspa
pers, magazines and correspondence you 
have to read ... finishing a stimulating 
book and retaining facts and details more 
clearly and with greater accuracy than 
ever before. 

Listen-and-Iearn at your own pace 

This is a practical, easy-to-learn pro
gram that will work for you - no matter 
how slow a reader you think you are 
now. The Speed Learning Program is sci
entifically planned to get you started 
quickly ... to help you in spare minutes 
a day. It brings you a "teacher-on
cassettes" who guides you, instructs, en
courages you, explain
ing material as you 

read. Interesting items taken from Time 
Magazine, Bu siness Week, Wall Street 
Journal, Family Circle, N.Y. Times and 
many qthers, make the program 
stimulating, easy and fun . . . and so 
much more effective. 

Executives, stude.nts, professional 
people, men and women in all walks of 
life from 15 to 70 have benefited from this 
program. Speed Learning is a fully accred
ited course ... costing only 1/5 the price 
of less effective speed reading classroom 
courses. Now rou can examine the same, 
easy, practica and proven methods at 
home . .. in spare time ... without 
risking a penny. 

Examine Speed learning 
FREE for 15 days 

You will be thrilled at how quickly this 
program will begin to develop new 
thinking and reading skills. After listen
ing to just one cassette and reading the 
preface you will quickly see how you can 
achieve increases in both the speed at 
which you read and in the amount you 
understand and remember. 

You must be delighted with what you 
see or you pay nothing. Examine this 
remarkable program for 15 days. If, at 
the end of that time you are not con
vinced that you would like to master 
Speed Learning, simply return the pro

gram and owe nothing. 
See the coupon for low 
price and convenient 
credit terms. 

Note: Many companies and gov

ernment agencies have tuition 

assistance plans for employees 

providing full or partial payment 
for college credit programs. 

In most cases, the entire cost of 
your Speed Learning Program 
is Tax Deductible. 

r - - - - - - - - - - - - - - - - - - - - - - - - -31SA;1 
learn 113 Gaither Drive, Mt. Laurel, NJ 08054 
'NCOA�OAATED 
YES! Please rush me the materials checked below: 

o Please send the Speed Learning program @ $99.95 plus $4 postage and handling. 
o Please send the Speed Learning Medical Edition @ $109.95 plus $4 postage and handling. 
o Please send the Junior Speed Learning program (ages 11 to 16) @ $89.95 plus $4 postage and handling. 

Check method 01 payment be/ow: NJ residents add 5% sales lax. 
o Check or money order enclosed (payable to learn incorporated) 
o Charge my credit card under the regular payment terms 

o Visa 0 Master Card Interbank No. 0 American Express 
Card No. Exp. oate' ______ _ 

I understand that If after 15 days I am not delighted In every way, that I may return the materials In their original 
condition lor a lull relund. No questions asked. 

Name �:'��t���:a��.
a:Ju

o��y" J! 
Address ����r��� f����I� �:;���te � 
City State ___ Zip 

������) handling and � 
Signature Check here 10 order 0 

L _ _ _ _ _ _ _ __ Outside USA add $10 per Item-Airmail extra - - - - - - - - - - -1 
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CENTRIFUGAL FORCE is a fictitious force. The illusion of a centrifugal, or center-fleeing, 
force can arise when a moving object is viewed from a rotating frame of reference (le!t), as 
when a ball is swung at the end of a string by an observer who rotates with the same angular 
speed as the ball. Two known forces act on the ball: the tension of the string and the force of 
gravity. The ball is not accelerating in the vertical direction, and so all vertical forces acting on 
it must be in balance; in particular the vertical component of the tension cancels the force of 
gravity. Since the observer and the ball are rotating together, the ball appears to be at rest and it 
seems that the horizontal forces should also be in balance. As a result the observer postulates a 
centrifugal force that cancels the horizontal component of the tension. No such force, however, 
can be traced to the interaction of physical objects. A different analysis of forces results (right) 
when the ball is rotating in the same way but the observer is at rest. In this stationary frame of 
reference the observer sees the same vertical forces on the ball as he saw in the rotating frame. 
In the horizontal direction, however, the ball is not at rest with respect to the observer but is 
moving in a circle. In other words, the ball accelerates continuously toward the center, so that 
the horizontal forces should not be expected to balance. The ball is subject to a centripetal, or 
center-seeking, force which is the horizontal component of the tension of the string. The cen
tripetal force can be traced to the interaction of two physical objects: the string and the ball. 
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What enabled Newton to transcend 
the one-body system was his apprec ia
tion of the consequences of his third law 
of motion: the law of action and reac
tion. This law is perhaps the most origi
nal of his three laws of motion (the other 
two are the law of inertia and the force 
law). One testimonial to its novelty is 
that even today it is often employed in
correctly by those who relate it not to an 
impact si tuation or to the interaction of 
bodies but to a supposed cond it ion of 
eq uilibri um. 

The development of Newton's think
ing on action and reaction after he com
pleted the first draft of De Motu is set out 
in the opening sections of the first book 
of the Principia. In the introd uction to 
the 1 1  th section Newton explains that he 
has confined himself so far to a situation 
that "hardly exists in the real world," 
namely the "motions of bodies attract
ed toward an unmoving center." The s it
uation is artificial because "attractions 
customarily are directed toward bodies 
and-by the third law of motion-the ac
tions of attracting and attracted bodies 
are always mutual and equal." As a re
sult, "if there are two bodies, ne ither the 
attracting nor the attracted body can be 
at rest. " Rather, "both bodies (by the 
fourth corollary of the laws) revolve 
about a common center, as if by a mu-
tual attraction." 

. 

Newton had seen that if the sun pulls 
on the earth, the earth must also p ull on 
the sun with a force of equal magnitude. 
In this two-body system the earth does 
not move in a simple orbit around the 
sun. Instead the sun and the earth each 
move about their mutual center of grav
ity. A further consequence of the third 
law of motion is that each planet is a 
center of attractive force as well as an 
attracted body; it follows that a planet 
not only attracts and is attracted by the 
sun but also attracts and is attracted by 
each of the other planets. Here Newton 
has taken the momentous step from an 
interactive two-body system to an inter
active many-body system. 

In December, 1 684, Newton complet
ed a revised draft of De Motu that de
scribes planetary motion in the con
text of an interactive many-body sys
tem. Unlike the earlier draft the revised 
one concludes that "the planets nei
ther move exactly in ellipses nor revolve 
twice in the same orbit ." This conclu
sion led Newton to the following result: 
"There are as many orbits to a planet as 
it has revolutions, as in the motion of the 
Moon, and the orbit of any one planet 
depends on the combined motion of all 
the planets, not to mention the actions of 
all these on each other."  He then wrote: 
"To consider simultaneously all these 
causes of motion and to define these mo
tions by exact laws allowing of conve
nient calculation exceeds, unless I am 
mistaken, the force of the entire human 
intellect. " 

There are no documents that indicate 
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PERIHELION - - -e- - - - - - - - - - - - - - - - - - - - - - - - - APHELION 
SUN EMPTY 

FOCUS 

PLANETARY POSITIONS were often found in the 17th century not by Kepler's law of areas 
but by a construction based on a uniformly rotating radius vector that emanates from the empty 
focus of a planet's elliptical orbit. The position of a planet (Pb P2, P3, P 4, P5) at successive 
moments is the intersection of the ellipse and the vector. Kepler's law of areas states that the ra
dius vector from the sun to a planet sweeps out equal areas in equal times. As a result the plan
et moves slower at aphelion than at perihelion. The diagrammed construction gives the same 
result. Correction factors were added to make the construction fit the data more accurately. 

how, in the month or so between writing 
the first draft of De Motu and revising it ,  
Newton came to perceive that the plan
ets act gravitationally on one another.  
Nevertheless, the passage cited above 
expresses this perception in unambigu
ous language: "eorum omnium actiones in 
se invicem" ("the actions of all these on 
each other"). A consequence of this mu
tual gravitational attraction is that all 
three of Kepler's laws are not str ictly 
true in the world of physics but are true 
only for a mathematical construct in 
which point masses that do not interact 
with one another orbit either a mathe
matical center of force or a stationary 

p 

H 

attracting body. The distinction Newton 
draws between the realm of mathemat
ics, in which Kepler's laws are truly 
laws, and the realm of physics, in which 
they are only "hypotheses," or approxi
mations, is one of the revolutionary fea
tures of Newtonian celestial dynamics. 

I have assumed that the third law of 
motion was the key factor in the rea

soning that led Newton to suggest mutu
al gravitational perturbations of plane
tary orbits. There is no d irect evidence 
for my assumption because no docu
ments exist in which there is an anteced
ent version of his statement "the actions 

p 

IMPULSIVE 
BLOW 

of all these on each other."  Neverthe
less, there is strong indirect evidence. In 
the spring of 1 685 ,  a few months after 
revising De Motu, Newton was well on 
his way to finishing the first draft of the 
Principia. In the initial version of what 
was to become a second book, "The Sys
tem of the World," he spelled out the 
8teps that led him to the concept of plan
etary gravitational interactions .  In these 
steps the third law of motion has the 
chief role, and I see no reason to believe 
they are not the same steps that led him 
to the same concept a few months earli
er when he revised De Motu. 

Here are two passages from the first 
draft of "The System of the World" 
(translated from the Latin by Anne 
Whitman and me) that bring out the cru
cial role of the third law of motion :  

"20. The agreement between the anal
ogies. 

"And since the action of centripetal 
force upon the attracted body, at equal 
distances, is proportional to the matter 
in this body, it is reasonable, too, that it 
is also proportional to the matter in the 
attracting body. For the action is mutu
al, and causes the bodies by a mutual 
endeavor (by law 3) to approach each 
other, and accordingly it ought to be 
similar to itself in both bodies. One body 
can be considered as attracting and the 
other as attracted, but this d istinction is 
more mathematical than natural. The 
attraction is really that of either of the 
two bodies toward the other, and thus is 
of the same kind in each of the bodies. 

"2 1 .  And their coincidence. 
"And hence it is that the attractive 

force is found in both bodies. The sun 
attracts Jupiter and the other planets, 

C4 

83 

CENTRIPETAL FORCE generates a curved trajectory consistent 
with the law of areas. This property of a centripetal force was dem
onstrated by Newton in the first proposition of the Principia and in 
the discussion at the beginning of the short tract De Motu (Concern
ing Motion). Newton began (left) by considering a body moving in a 
straight line at a constant speed. The body starts at A 0 and after suc
cessive equal intervals reaches first A b then A 2 and so on. A point 
P is chosen above the line of motion. The triangles AoPAb A1PA2, 
A�A3 and so forth all have the same area because they have equal 
bases and the same altitude. In a second stage of the analysis (middle) 

the body begins as before but at A2 receives an impulsive blow toward 
P. Now the body moves along a straight line not to A3 but to B3• 
Newton showed by geometric methods that the triangles A1PA2 and 
A�B3 have the same area. If the body receives a blow toward Pat 
the end of each interval (right), it moves in a polygonal path around 
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. P. Again triangles can be formed that have the same area. In the lim
iting case where the time between blows approaches zero the body is 
subject to a continuous centripetal force directed toward P and the 
polygonal path becomes a smooth curve. Area is still conserved. This 
proof brought out the dynamical significance of the law of areas. 
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Howwe're putting gold into 
connectors vou can afford. 

A lot of companies that 
depend on electrical connectors 
are trying to reduce their usage 
of gold. 

They can with AMP. 
The reason? We've designed 

connectors with less gold that 
perform as well as ever. 

One beauty of gold is its unique 
reliability in electrical contact areas. 
But the predictability of its price is 
something else. That's why we 
developed our own method of 
selective plating to put the gold 
only where it's needed. We call it 

ACCU-PLATE. It's precise. 
Its advantages work with other 
metals, as well. And it's saving our 
customers money. 

Providing reliable platings that are 
cost-effective isn't new to AMP. 
Over the past decade, we've reduced 
the gold in our connectors by 33%. 
What can we do for you in 

the '80s? 
Whether you call us early with 

a problem, or simply call us for 
connectors, you'll get what the world 
has come to expect from AMP. 
Connectors and interconnection 

systems designed for performance. 
And as the industry leader in 
research and development, we'l! 
continue to bring you products that 
reduce the cost of making yours. 

AMP has a better way. 
For product innovations, for new 

applications, for ways to save you 
money, AMP has better ways to 
help make your company more 
productive. 

Write for our brochure, "AMP 
Has A Better Way." AMP Incorpo
rated, Harrisburg, 
PA 17105. 

Barcelona' Brus s els' Buenos Aires' Frankfurt· Harris burg· Helsinki' s-Hertogenbos ch • London· Luzern • Mexico City 
Montreal · Paris ' San Juan · Sao Paulo' Stockholm · Sydney' Turin' Toronto' Tokyo · Valley Forge' Vienna 

A IVIP means productivity," 
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Pia)' the finest 

HARPSICHORDS 
& FORTEPIANOS 
Build it yourself from one of our kits or let our 

experienced craftsmen build it for you. 

Three Centuries 0/ Harpsichord Making by 
Frank Hubbard (Harvard Univ. ,Press. 

397 pgs. $ 17 .00 postpaid) 

For brochure send $1 .00 to: 
FRANK HUBBARD INCORPORATED 

144-S Moody St. , Waltham, MA 02154 
(617) 894-3 238 

SOME SERIOUS N arES  
ON MO VING. 

By Victor Borge 

When you move, make sure your 
mail arrives at your new address right 
after you do. 

The key is this: Notify everyone 
who regularly sends you mail one full 
month before you move. 

Your Post Office or Postman can 
supply you with free Change-of
Address Kits to make notifying even 
easier. One last serious notela) 
Use your new ZIP Code. 

Don't make '" 
your mail come looking for you. 

Notify everyone 
a month before you move. 

C USPS 1980 
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Jupiter attracts its -satellites and similar
ly the satellites act on one another and 
on Jupiter, and all the planets on one 
another. And although the actions of 
each of a pair of planets on the other can 
be distinguished from each other and 
can be considered as two actions by 
which each attracts the other, yet inas
much as they are between the same two 

bodies they are not two but a simple 
operation between two termini.  Two 
bodies can be drawn to each other by the 
contraction of one rope between them. 
The cause of the action is twofold, 
namely the disposition of each of the 
two bodies; the action is likewise two
fold, insofar as it is upon two bodies; but 
insofar as it is between two bodies it is 

PAGE FROM A DRAFT OF "DE MOTU" that Newton probably wrote in November, 1684, 
is in his handwriting. In De Motu Newton discussed terrestrial and celestial dynamics, includ
ing the idea of centripetal force directed toward the focus of an ellipse. The page ends with the 
scholium, "Therefore the major planets revolve in ellipses having a focus in the center of the 
sun, and radii drawn [from the planets] to the sun describe areas proportional to the times, en
tirely as Kepler supposed • • . .  " The scholium is false, and the nature of the error indicates that 
Newton had not yet developed the concept of universal gravitation. As Newton soon realized, 
the focus of the orbits of the planets is not the sun but the center of mass common to the planets 
and the sun. Not only does the sun attract each planet but also each planet attracts the sun. 
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**KE XUE 

How to reach 
the people with 
the longest shopping 
list in the world. 

The People's Republ ic of Ch ina is buyi ng and it 's t ime your 
com pany introd uced itself. 

Our paid c i rcu lat ion of 25,000 inc ludes Ch ina 's emerg ing 
scientif ic,  engi neering and industr ial  leadersh ip ;  the people 
who make the future happen. Rarely have advert isers been 
presented with such a c learly defi ned and potent aud ience. 

Ch i na's shopping l ist inc ludes most ind ustr ial  categories: 
agr iculture, energy, aerospace, chemicals,  m i n i ng ,  data pro
cess ing ,  commun ications,  man ufactur ing ,  transportat ion ,  re
sou rce recovery and heavy mac h i nery. Ch i na's ab i l ity and 
inc l i nat ion to buy wi l l  accelerate . N ow is the t ime to present 
your product, your people and you r  corporate ident ity. 
. SC IENTI F IC AMER ICAN is now publ ished in the fi rst 
lang uages- Engl ish ,  I ta l ian ,  Japanese, French,  Span ish ,  
German and Ch inese-of ha l f  the  world's populat ion .  World
wide paid c i rcu lation exceeds 1 ,000,000. 

Where wi l l  you r  company be when Ch ina makes a 
purchase? If you want a place on the shopping l ist, we' l l  save 
you a place in the C h i nese- lang uage edit ion of SC IENT IF IC 
AMER ICAN .  For more i nformati on ,  contact: R ichard Delano,  
41 5 Madison Avenue,  N ew York, N Y  1 001 7 (21 2 )  754-0472, or 
Wal lace Burg is ,  54 Pal l  Mal l ,  London SW1 Y5J H ,  Eng land ,  
01 1 441  839 1 595 / 6 .  

*The Chinese Language Edition o f  Scientific American. 
**English Transliteration ; Translation : Exact Knowledge, Science 
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The Coastal Almanac 
For 1980-The Year of the Coast 

Paul L .  Ringold 
and 

John Clark 
THE CONSERVATION FOUNDATION 

The Great Egret, formerly the Common Egret, is found 
in the Western, Southern, and Eastern regions of the 
United States, It now faces loss of its habitat due to 
the draining of wetlands, 

President Carter has declared 1980 to be 

" The Year of the Coast . "  The Coastal Almanac 
has been produced by The Conservation Foundation 

to celebrate this proclamation, 

Includes : 

• The most up-to-date data,  collected by known and 

uniform standards , 

• Information available by individual states , 

• A list of coastal counties designated as truly coastal 

in character. 

• A section on the coastal regions of the Great Lakes . 

• Tabular presentations accompanied by chart s ,  map s ,  

and line and bar graphs . 

• Recreational as well as resource information . 

The Coastal Almanac is an indispensable reference for 

all concerned with the conservation and use of our 

coastal resources . 

November 1980, 172 pages , 20 illustrations , 54 tables 

r - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Please send me The Coastal Almanac, 
I enclose payment or credit card information with order . 
Publisher pays postage and handling , 

Copies 

hardbound: 1285-7 $ 19 ,95 
paper : 1286-5 $9 .95 

Guarantee: Examine this book for fourteen days , 
If for any reason you are not satisfied, you may 
return it for a full and prompt refund, 

W, H ,  Freeman and Company is the book-publishing 
affiliate of Scientific American . 

Name ________________________________ � ____ __ 

Address 

City/ State ____________________ _ Zip _____ _ 

o I enclose payment with order 
(California residents add appropriate sales tax) 

Charge my o Visa o Master Charge 

Account Number 

Expiration Date ______ _ 

Signature 
---A1;-;-I;-:cC::re:-:;d-;:-itC::ca:::rd:;-o=r::;-de=r�s m=us:;-', bO::e:::s;::ig=ne:::<d'. -----------;OSA .. 'm' () ,m w. H. Freeman and Company 

660 Market Street , San Francisco , CA 94104 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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STRUCTURE OF THE UNITED STATES ECONOMY 

WHAT M A K E S  TH E U . S .  E C O N O M Y TI C K? 
The ed itors of SCIENT IF IC AMER ICAN have prepa red a wa l l  c h a rt d i sp lay ing fo r the 1 9 8 0 ' s  the I n put/Output Structu re of the U . S .  
Economy based on the latest i nte r i n d u st ry study f r o m  the U . S .  Depa rtment of C o m m e rce. 

The SCIENTIF IC AMER ICAN I n put/Output wa l l  c h a rt does for economics what the ta b le  of e lements does for c h e m i st ry.  I t  a n swers at 
a glance q u est ions a bout the l i n kage between the m i c roeconomics  of the f irm and the macroeconomics  of the syste m ;  a bout the 
web of tec h n o l ogica l  i nterdependenc ies that t ie  i n d u st ry to i n d u st ry; a bout  the i n d u st ry-by- i n d u st ry d i rect and i n d i rect conse
q u ences of swi n gs i n  p u b l i c  a n d  p rivate spend i ng;  about t he i m pact of c h a n ge in tec h n o logy, a n d  a bout any other topic you can 
t h i n k  of. You are rewa rded by su rpr ise a s  wel l  as  by conf irmat ion of you r h u nches.  For teac h i ng and pract ical  and theo ret ica l  
stu d ies ,  h e re i s  a powe rf u l ,  gra p h i c  too l .  

I n  t h e  fa m i l i a r  format o f  t h e  SCIENTIF IC AMER ICAN I n put/Output 

wa l l  c h a rts for the 1 9 60's  and 1 9 7 0 ' s ,  the wa l l  c h a rt for the 

1 9 8 0 ' s  measu res 65" X 52" and i s  pr i nted i n  e ight colors.  Each 

of the near ly 1 0 , 0 0 0  cel l s  i n  the 9 7  -sector i nteri n d u st ry matr ix 

shows ( 1 )  the i nteri n d u st ry commod ity f low, ( 2 )  the d i rect i n put/ 

output coeff ic ient and (3)  the " i nverse" coeff ic ient .  Where the 

d i rect i n put/output coeff ic ient exceeds . 0 1 ,  the ce l l  i s  t i nted in 

the color code of the i nd u str ia l  bloc from which the i n put comes. 

This device, combi ned with tr iangulat ion of the matr ix ,  br i ngs the 

structu re of i nte r indust ry transact ions i nto gra p h i c  v i s i b i l ity. 

A supplementa ry table d i splays,  i n d u st ry by i n d u st ry, the capita l  

stoc k employed ; the employment of ma nageri a l ,  tec h n ica l -pro

fess iona l ,  wh ite-co l l a r  and b lue-co l l a r  personne l ;  the ene rgy con

s u m ption by major categories of fuel ,  and envi ron mental  stress 

measu red by tons of pol l utants. 

The ed itors of SCIENTIF IC AMERICAN a re ha ppy to acknowledge the col
l a boration ,  i n  the preparation of th is  wal l  chart ,  of Wassi ly Leontief, or igi
nator of i n p ut/output ana lysis-for which contribution to the i ntel lectual  
a pparatus of economics he received the 1 9 7 3  Nobel priz e--a n d  d i rector 
of the I n stitute for Economic Analysis at New York U n iversity. 

Packaged with the chart is  a n  index showing the SEA and S IC code indus
tr ies  aggregated i n  each of the 9 7  sectors. 

r- -- - -- -- -- -- -- -- -- -- ----, 
I SCIENTIFIC I 
I AMERICAN I 
I 4 1 5  Madison Avenue,  Dept. I/O,  New York,  N . Y .  1 00 1 7  

I 
YES, send me the new SCIENTIF IC AMER ICAN 1 9 8 0 ' s  I N PUT/OUTPUT wa l l  

I cha rt-pri nted i n  e ight colors o n  heavy paper mea s u r i n g  6 5 "  X 5 2 " . I 
I I u ndersta nd my c h a rt(s) w i l l  be s h i pped prepa i d ,  u n c reased ' ,  f lat- I rol led a n d  in a stu rdy m a i l i n g  tu be. (Al low 4-6 weeks for de l ivery) 

I I enc lose a check for $ ___ for ___ c h a rt(s) at $ 3 5  each,  sav ing I me $ 5  each in h a n d l i n g  cha rges.  

I B i l l  me for $ ---for ___ c h a rt(s) at $ 4 0  each.  I 
Name I I Company ______________________ _ 

I Street Add ress I 
City, State, Z i p  Code I I M 5 A /81 
' C h a rts sh i pped i nternat ional  req u i re one fo l d .  

I Make check paya ble to SCIENTIF IC AMER ICAN. Please add sales tax for I 
La l ifor� :: i�a.:.c:::t� i C h i g�O.:: � New ::'_-.J 
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A FuNNY THING HAPPENED 
ON THE WAY ID THE OCEAN . 

Not so long ago most of . 
the water that fell on our 

continent ran downhill and 
back to the ocean, from which 
it came. 

No more. Modem man called 
that "wasting to the sea : '  He had 
other ideas .  He would control all 
that free�running water. 

He built dams, dikes, and diver� 
sions ; levees ,  locks and canals .  
Where water inconveniently ran in 
crooked courses, he channeled it. 
Where  i t  ran t o o  shal low,  h e  
dredged. Where i t  ran the wrong 
way, he turned it around. And often, 
where he did let it return to the sea, 
he filled it with wastes. 

Up to a point it worked. Some 
of America's waters could now be 
used for irrigation, cities, industry, 
power generation, sewage disposal 
and transportation. And still many 
of our waters were left to their own 
devices, providing their natural, 
less tangible benefits to man. 

But then the balance swung. 
In many places there was an 

overkill of manipulation and use. 
Lakes died. Rivers became conduits 
of sewage and toxic wastes; others 
were turned into a series of ,,-:=c=� 

. --- . 

s t i l l  p o n d s. M a g n i fi c e n t  
streams and awesome can� 

y o n s  were  drowned .  F r e s h  
waters turned salty. 

Fish are among the casualties. 
Many of them chemically contami� 
n a t e d .  Much o f  t h e i r  hab i t a t  
changed -fouled and stilled. Those 
special conditions necessary for the 
health and propagation of our 
worthiest sport and commercial 
species, gone. As our waters go, so 
go our fisheries. 

The A merican L e a g u e  o f  
Anglers believes that natural and 
free�flowing waterways are more 

than pleasant amenities for fish� 
ermen. Their ecological health 
is essential to man as well as to 

. all forms of wildlife. 
We are committed to preserv� 

ing a proper balance between 
the need for water manipulation 

now and the desire for pure, free� 
flowing waters forever. 

We act and speak for this goal 
on a national level . We urge all 
anglers, who receive extra benefits 
from good water, to participate. We 
invite all those who revere our 
dwindling stock of natural waters to 

support our efforts. 

THE AMERICAN LEAGUE OF ANGLERS ,  810 18TH STREET NORTHWEST, WASHINGTON,  D .C . ZO006 
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single and one. There is not, for exam
ple, one operation by which the sun at
tracts Jupiter and another operation by 
which Jupiter attracts the sun, but one 
operation by which the sun and Jupiter 
endeavor to approach each other. By the 
action by which the sun attracts Jupi
ter, Jupiter and the sun endeavor to ap
proach each other (by law 3), and by the 
action by which J upiter attracts the sun, 
J upiter and the sun also endeavor to ap
proach each other . Moreover, the sun is 
not attracted by a twofold action toward 
J upiter, nor is J upiter attracted by a two
fold action toward tHe sun, but there is 
one action between them by which both 
approach each other ."  

Next Newton concluded that "ac
cording to this law all bodies must at
tract each other ."  He proudly presented 
the conclusion and explained why the 
magnitude of the attractive force is so 
small that it is unobservable. "It is possi
ble," he wrote, "to observe these forces 
only in the huge bodies of the planets." 

In book three of the Principia, which is 
also concerned with the system of the 
world but is somewhat more mathemat
ical, Newton treats the topic of gravita
tion in essentially the same way. First, in 
what is called the moon test, he extends 
the weight force, or terrestrial gravity, 
to the moon and demonstrates that the 
force varies inversely with the square of 
the distance. Then he identifies the same 
terrestrial force with the force of the sun 
on the planets and the force of a planet 
on its satellites. All these forces he now 
calls gravity. With the aid of the third 
law of motion he transforms the concept 
of a solar force on the planets into the 
concept of a mutual force between the 
sun and the planets. Similarly, he trans
forms the concept of a planetary force 
on the satellites into the concept of a 
mutual force between planets and their 
satellites and between satellites. The fi
nal transformation is the notion that all 
bodies interact gravitationally. 

My analysis of the stages of Newton's 
thinking should not be taken as 

diminishing the extraordinary force of 
his creative genius; rather, it should 
make that genius plausible. The analy
sis shows Newton's fecund way of think
ing about physics, in which mathemat
ics is applied to the external world as 
it is revealed by experiment and criti
cal observation. This way of thinking, 
which I call the Newtonian style, is cap
tured by the English title of Newton's 
great work: Mathematical Principles of 
Natural Philosophy. 

The Newtonian style consists in a re
peated give-and-take between a mathe
matical construct and physical reality. 
In the development of Newton's ideas 
on gravity and in his presentation of 
those ideas in the Principia, he started 
with a mathematical construct that rep
resents nature simplified: a point mass 
moving around a center of force. Be-
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cause he did not assume that the con
struct was an exact representation of the 
phY!l.ical universe he was free to explore 
the properties and effects of a mathe
matical attractive force even though he 
found the concept of a grasping force 
"acting at a distance" to be abhorrent 
and not admissible in the realm of good 
physics. Next he compared the conse
q uences of his mathematical construct 
with the observed principles and laws of 
the external world such as Kepler's law 
of areas and law of ell iptical orbits. 
Where the mathematical construct fell 
short Newton modified it. He made the 
center of force not a mathematical enti
ty but a point mass. I say a point mass 
rather than a physical body because he 
had not yet considered physical proper
ties such as size, shape and mass. 

From the modified mathematical con
struct Newton concluded that a set of 
point masses circling the central point 
mass attract one another and perturb 
one another's orbits. Again he com
pared the construct with the physical 
world. Of all the planets, J upiter and 
Saturn are the most massive, and so he 
sought orbital perturbations in their mo
tions. With the help of John Flamsteed, 
Newton found that the orbital motion of 
Saturn is perturbed when the two plan
ets are closest together. The process of 
repeatedly comparing the mathematical 
construct with reality and then suitably 
modifying it led eventually to the treat
ment of the planets as physical bodies 
with definite shapes and sizes. 

After Newton had modified the con
struct many times he applied it to the 
system of the world. He asserted that the 
force of attraction, which he had de
rived mathematically, is universal gravi
ty.  He found that the moon moves as if it 
were attracted to the earth with a force 
that is 1 / 3,600th of the strength of the 
gravitational force with which the earth 
p ulls on objects at its surface. S ince the 
moon is 60 times farther from the center 

of the earth than objects on the earth's 
surface are, the factor of 1 / 3 ,600 is 
consistent with the ded uction that 
the earth's gravity extends to the moon 
and diminishes with the sq uare of the 
distance. 

The law of universal gravitation ex
plains why the planets follow Kepler's 
laws approximately and why they de
part from the laws in the way they do. It 
demonstrates why (in the absence of 
friction) all bodies fall at the same rate 
at any given place on the earth and why 
the rate varies with elevation and lati
tude. The law of gravitation also ex
plains the regular and irregular motions 
of the moon, provides a physical basis 
for understanding and predicting tidal 
phenomena and shows how the earth's 
rate of precession, which had long been 
observed but not explained, is the effect 
of the moon's pulling on the earth's 
equatorial bulge.  Since the mathemat
ical force of attraction works well in 
explaining and predicting the observed 
phenomena of the world, Newton de
cided that the force must "truly exist" 
even though the received philosophy to 
which he adhered did not and could not 
allow such a force to be part of a system 
of nature. And so he called for an in
quiry into how the effects of universal 
gravity might arise. 

Although Newton at times tho ught 
universal gravity might be caused by the 
impulses of a stream of ether particles 
bombarding an object or by variations 
in an all-pervading e ther, he did not ad
vance e ither of these notions in the Prin
cipia because, as he said, he would "not 
feign hypotheses" as physical explana
tions. The Newtonian style had led him 
to a mathematical concept of universal 
force, and that style led him to apply 
his mathematical result to the physical 
world even though it was not the kind of 
force in which he could be lieve. 

Some of Newton's contemporaries 
were so troubled by the idea of an at-

P ,  PLANET P 

PERIHELION APHELION 

ORBIT AL SPEED OF A PLANET is inversely proportional not to the direct distance be
tween the sun and the planet but to the perpendicular distance (the distance represented by the 
broken line between the sun and the tangent to the orbit PP' ). Only at two points in the or
bit (perihelion and aphelion) are the direct distance and the perpendicular distance the same. 
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tractive force acting at a distance that 
they could not begin to explore its prop
erties, and they found it difficult to ac
cept the Newtonian physics. They could 
not go along with Newton when he said 
he had not been able to explain how 
gravity works but that "it is eno ugh that 
gravity really exists and suffices to ex
plain the phenomena of the heavens 
and the tides ."  Those who accepted the 
Newtonian style fleshed out the law 
of universal gravity, showed how it ex
plained many other physical phenome
na and demanded that an explanation be 
sought of how such a force co uld be 
transmitted over vast distances thro ugh 
apparently empty space. The Newtoni
an style enabled Newton to study uni
versal gravity witho ut premature inhibi 
tions that would have blocked his great 
discovery. The 1 8th-century biologist 
Georges Louis Leclerc de B uffon once 
wrote that a man's style cannot be d is
tinguished from the man himself. In the 
case of Newton his greatest discovery 
cannot be separated from his style.  

The correspondence between Hooke 
and Newton clearly shows that Hooke 
taught Newton how to analyze curved 
motion. Hooke subseq uently made the 
much stronger claim that he deserved 
credit for suggesting to Newton the law 
of universal gravity varying inversely 
with the square of the distance. M any 
historians have echoed Hooke's  view.  

The claim, however, does  not  hold 
up. Hooke had merely suggested 

that the planets are subject to an in
verse -square force directed toward the 
sun. Universal gravitation is much more 
than a solar-directed force.  It  also im
plies an effect of the planets on the sun. 
What is more, it applies to all objects in 
the universe. The law of universal gravi
tation is not merely an inverse -sq uare 
relation; it is also a mathematical rela
tion between the masses of the attract
ing bodies. It took tremendous insight 
to leap from an inverse -square solar
directed force to universal gravitation. 
And it took the genius of Newton to in
vent the modern concept of mass. 

Newton did not feel he owed Hooke 
credit even for suggesting that the cen
tripetal force is inversely proportional 
to the square of the distance. In 1 6 7 3  
Huygens had published a supplement to 
a book on the pend ulum clock in which 
he states that for circ ular motion the 
centrifugal force is measured by v2 l r. 
where v is the velocity of the orbiting 
body and r is the radius of rotation. 
Newton had independently discovered 
the same relation in the 1 660's .  Since the 
mathematical difference between a cen
tr ifugal force and a centripetal force is 
only a matter of direction, the v2 1 r  rela
tion also holds for a centripetal force. 
From this relation and Kepler's third 
law it follows by simple alge bra that the 
centripetal force varies inversely with 
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INVERSE-SQUARE NATURE OF CENTRIPETAL FORCE for circular orbits can be de
duced from Kepler's tbird law of planetary motion and from tbe law of centripetal force. Ac
cording to Kepler's tbird law, r3 / T2 is a constant K, wbere r is tbe radius of tbe planet's orbit 
and T is tbe period of tbe orbit. Tbe law of centripetal force states tbat for a circular orbit tbe 
centripetal force is v2/ r, wbere v is tbe planet's velocity. In tim e  T tbe planet makes a com
plete orbit, moving a distance 217"r (the circumference of a circle), and so the velocity is 217"r/ T. 

the square of the distance. After Huy
gens' book was published anyone with 
a rudimentary knowledge of algebra 
could have found an inverse-square cen
tripetal force for a circular orbit. Ac
cordingly Newton saw no need to ac
knowledge Hooke's statement of an in
verse-square law. 

Both Hooke and Newton were aware 
that finding an inverse-square law for 
circular orbits was not the same thing as 
showing that the law holds for elliptical 
orbits in which the motion follows Kep
ler's law of areas. The task, which New
ton carried out, was to demonstrate that 
an inverse-square law of centripetal 
force corresponds to orbital motion ac
cording to Kepler's law of elliptical or
bits and his law of areas. In discussing 
this point in the letter dated January 6, 
1680, Hooke made a fundamental error 
that must have convinced Newton that 
Hooke did not entirely understand what 
he was talking about. Hooke said that 
if the attraction varies inversely as the 
square of the distance, the orbital speed 
of a planet will be "as Kepler supposes 
ReciprocaU to the Distance ." Yet under 
the conditions Hooke assumed the or
bital speed is not inversely proportion
al to the direct distance from the sun 
except at the extreme points of the or
bit: perihelion and aphe lion. In view of 
Hooke's error Newton was not about 
to give him credit for having s uggested 
the inverse-squate nature of the centrip
etal force. 

In 1 7 1 7  Newton wanted to ensure his 
own priority in discovering the inverse
square law of gravitation, and so he in
vented a scenario in which he made the 
famous moon test not while writing the 
Principia but two decades earlier in the 
1 660's. The documents of the 1 660's, 
however, indicate that he was not then 
comparing the falling of the moon in its 
orbit with the falling of objects on the 

earth but was comparing the "centrifu
gal endeavor" of the orbiting moon with 
the "centr ifugal endeavor" of a body on 
the earth's surface rotating along with 
the daily motion of the earth. He did 
calculate that for circular planetary or
bits the "centrifugal endeavor" would 
be inversely proportional to the plan
et's distance from the sun, but he drew 
no physical conclusions from the cal
culation. 

Newton never published his invented 
scenario of the early moon test. He in
cluded it in the manuscript draft of a 
letter to the French writer Pierre Des 
Maizeaux but then crossed it out. New
ton also circulated the familiar story 
that a falling apple set him on a chain of 
reflections that led to the discovery of 
universal gravitation. Presumably this 
invention was also part of his campaign 
to push back the discovery of gravity, or 
at least the roots of the discovery, to a 
time 20 years before the Principia. 

The real roots of the discovery cannot 
be p ut any earlier than December, 1684, 
when Newton first recognized that if the 
sun attracts the earth, the earth must at
tract the sun with a force of equal mag
nitude. In 1 685  he overcame his usual 
reluctance to write up his discoveries_ 
and started to draft the Principia for 
publication by the Royal Society. Per
haps his willingness to present his work 
for public inspection (and thereby risk 
possible disapprobation) was motivated 
first by his momentous discovery of in
terplanetary perturbations followed by 
his bold conception of universal gravity . 
He had within his grasp the foundation 
of a new system of natural philosophy 
that could be expounded on mathe
matical principles. In short, once New
ton had something of real consequence 
to say about celestial dynamics he was 
willing and even eager to present it to 
the world. 
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#1 in a series of reports on new technology fromXerox 
A bout a year ago, Xerox introduced the E themet 

network- a pioneering new development that 
makes it possible to link different office machines into 
a single network that's reliable, jlexible and easily 
expandable. 

The following are some notes explaining the 
technological underpinnings of this development. They 
are contributed by Xerox research scientist David 
B oggs. 

The Ethernet system was designed to meet 
several rather ambitious objectives. 

F irst, it had to allow many users within a 
given organization to access the same data. Next, 
it had to allow the organization the economies 
that come from resource sharing; that is, if 
several people could share the same information 
processing equipment, it would cut down on 
the amount and expense of hardware needed. In 
addition, the resulting network had to be flex
ible ; users had to be able to change components 
easily so the network could grow smoothly 
as new capability was needed. Finally, it had to 
have maximum reliability- a system based on 
the notion of shared information would look 
pretty silly if users couldn't get at the information 
because the network was broken. 

180 

Collision Detection 
The Ethernet network uses a coaxial cable 

to connect various pieces of information equip
ment. Information travels over the cable in 
packets which are sent from one machine to 
another. 

A key problem in any system of this type is 
how to control access to the cable:  what are the 
rules determining when a piece of equipment can 
talk? Ethernet's method resembles the unwritten 
rules used by people at a party to decide who 
gets to tell the next story. 

While someone is speaking, everyone else 
waits. When the current speaker stops, those who 
want to say something pause, and then launch 
into their speeches. If they collide with each other 
( hear someone else talking, too) ,  they all stop 
and wait to start up again. Eventually one pauses 
the shortest time and starts talking so soon that 
everyone else hears him and waits. 

When a piece of equipment wants to use 
the Ethernet cable, it l istens first to hear if any 
other station is talking. When it hears silence on 
the cable, the station starts talking, but it also 
listens. If it hears other stations sending too, it 
stops, as do the other stations. Then it waits a 
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random amount of time,  on the order of micro
seconds, and tries again. The more times a 
station collides, the longer, on the average, it 
waits before trying again. 

In the technical literature, this technique 
is called carrier-sense multiple-access with col
lision detection. It  is a modification of a method 
developed by researchers at the University of 
Hawaii and further refined by my colleague Dr. 
Robert Metcalfe .  As long as the interval during 
which stations elbow each other for control of 
the cable is short relative to the interval during 
which the winner uses the cable, it is very 
efficient. Just as important, it requires no central 

control - there is no distinguished station to 
break or become overloaded. 

The System 
With the foregoing problems solved, 

Ethernet was ready for introduction. It  consists 
of a few relatively simple components: 

Ether. This is the cable referred to earlier. 
S ince it consists of just copper and plastic, 
its rel iabi l ity is high and its cost is low. 

Transceivers .  These are sm.all boxes that 
insert and extract bits of information as 
they pass by on the cable . 
Controllers . These are large scale inte
grated circuit chips which enable all sorts 
of equipment, from communicating type
writers to mainframe computers, regardless 
of the manufacturer, to connect to the 
Ethernet. 
The resulting system is not only fast ( trans

nutting nlillions of bits of information per 
second) ,  it's essentially modular in design. It's 
largely because of trus modularity that Ethernet 
succeeds in meeting its objectives of economy, 
reliability and expandability. 

The system is econonucal simply because 
it enables users to share both equipment and 
information, cutting down on hardware costs . 
It is reliable because control of the system is 
distributed over many pieces of communicating 
equipment, instead of being vested in a single 
central controller where a single piece of mal
functioning equipment can immobilize an 
entire system. And Ethernet is expandable 
because it readily accepts new pieces of infor-

,. mation processing equipment. 
Trus enables an organization to 
plug in new macrunes gradu
ally, as its needs dictate, or as 

technology develops new and better ones. 
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The physics of spinning tops, 
including some far-out ones 

by J earl Walker 

SPinning tops are ancient toys, but the 
principles that govern their behav
ior have come to be understood 

only in the past century and a half. What 
keeps an irregularly shaped object spin
ning on a single point? Why do tops of 
different shapes behave in such different 
ways? Here I shall explain some of the 
mechanics of tops, avoiding the mathe
matical thickets that obscure the subject 
in some physics textbooks. I shall also 
introduce several of the unusual tops 
made by Donald W. Dubois of the Uni
versity of New Mexico, who has set 
spinning such unlikely objects as a golf 
tee and the stopper from a bottle of In
dia ink. 

The behavior of any top is due mainly 
to the effect of gravity. Every atom of 
the top's mass is pulled downward by 
gravity, but the net pull is more readily 
envisioned as being through the center 
of mass, which lies somewhere inside 
the top, usually at its geometric center. 
The weight of the top can be represented 
by a vector pointing downward from the 
center of mass. It seems logical that be
cause of this pull the top would be less 
likely to remain standing than to topple 
over (as you would if you were leaning 
away from the vertical). 

The difference is that the top is spin
ning. As a result the downward pull of 
gravity gives rise to the surprising rota
tion of the top about the vertical. This 
reaction is not easy to visualize because 
you are more familiar with nonspinning 
objects. Normally a force on an object 
causes an acceleration in the direction of 
the force. When a spin is involved, the 
force may result in a motion perpendic
ular to the direction of the force. Such 
an unfamiliar motion is part of the fasci
nation of tops. 

The spinning top has angular momen
tum. Where linear momentum is the 
product of the mass and the velocity of 
an object, angular momentum is the 
product of the mass distribution (the 
moment of inertia) and the angular ve
locity. The top has angular momentum 
because it is spinning around its long 
body axis and because it has a mass dis-
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tributed around that axis. The angular 
momentum is a vector that lies along 
the body axis, the axis around which the 
top is symmetrical. 

The only way to change the angular 
momentum of an object is by means of a 
torque. A torque is scientifically defined 
(not too differently from the common 
usage) as the product of (1) the force on 
an object and (2) a lever arm that ex
tends from a pivot point to a line drawn 
through the force perpendicular to the 
lever arm. The pivot point for a top is 
obviously at the pointed end touching 
the fioor or a tabletop. The lever arm 
extends horizontally from that point to a 
vertical line drawn through the center of 
mass, which is where gravity is consid
ered to be pulling on the top. 

Gravity provides not only a down
ward force but also a torque to change 
the angular momentum of a top. The 
torq ue does so in a simple way: it redi
rects the angular momentum, rotating 
the vector about the vertical axis. Since 
the vector must continue to be along the 
body axis, that axis also rotates about 
the vertical in the motion called preces
sion. It maps out a cone centered on the 
vertical. (For the present I shall treat the 
point of the top as being fixed where it 
touches the fioor.) 

If the top is spinning counterclock
wise as it is viewed from overhead, the 
precession around the vertical is also 
counterclockwise. If the top is spinning 
clockwise, the precession is clockwise. If 
the top were not spinning, the torque 
effect of gravity would cause it to fall to 
the fioor, which it actually does during 
the last stage of its spin because of the 
effect of friction on the point on which 
the top is spinning. 

Nearly all tops fall somewhat as they 
start to spin. The reason is an energy 
requirement. If the top is to precess as 
a result of the torque due to gravity, 
it must have kinetic energy. Occasional
ly it gains energy from the launching. 
More often the energy must come from 
the initial fall, during which the de
crease in the potential energy of the top 
is transformed into kinetic energy. 

This simple story of the top fails the 
first time you examine the motion of a 
real top. The top does not just spin and 
precess; its body axis nods in what is 
called nutation. As it nutates the angle 
between the body axis and the vertical 
varies between two values determined 
by the mass distribution and kinetic en
ergy of the top and its initial angle with 
the vertical. It is possible to ill ustrate the 
types of nutation by tracing the position 
of the upper end of the body axis on a 
sphere centered on the point where the 
top touches the fioor. The angle between 
the body axis and the vertical is limit
ed by two circles drawn around the ver
tical. The circles represent the range 
through which the top can lean away 
from the vertical during nutation. 

In one type of nutation the body axis 
weaves between the two limiting cir
cles harmonically, touching each circle 
tangentially. The precession of the axis 
around the vertical is always in one 
direction, either clockwise or counter
clockwise as seen from above. In the il
lustration on page 188 the rotation is 
counterclockwise. 

In the second type of nutation the 
body axis loops between the two lim
iting circles but still touches each one 
tangentially. The direction of travel of 
the body axis periodically changes be
tween clockwise and counterclockwise. 
In spite of this reversal the precession 
has an average value that is in one direc
tion or the other. In the illustration the 
average precession is counterclockwise. 

The third type of nutation traces 
cusps on the imaginary sphere. The path 
of the body axis meets one of the limit
ing circles tangentially as it does in the 
other types. The path meets the other 
limiting circle perpendicularly. The pre
cession is consistently in one direction, 
but the rate of precession varies from 
maximum at the lower limiting circle to 
zero at the upper limiting circle. 

The type of nutation that occurs (if 
any) depends on the initial conditions of 
the top's spinning. Since there are many 
perturbations in starting a top, you do 
not always have full control over those 
conditions. Suppose the launching im
parts to the top a precession velocity 
that is in the same direction as the pre
cession velocity gravity provides. Then 
the top precesses with harmonic nuta
tion. Regardless of where the top is dur
ing its cycle of nutation, either its initial 
precession velocity or the velocity pro
vided by gravity guarantees its contin
ued precession in one direction around 
the vertical. 

If the initial precession velocity is op
posite to the precession resulting from 
gravity, the nutation is looped. During 
the lower part of the loop the gravita
tional precession drives the top around 
the vertical in the preferred direction. 
During the higher part of the loop, 
where the body axis reaches its upper 
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limiting circle, the precession due to 
gravity is exhausted and only the initial 
precession is left. Until the top can drop 
and be driven around the vertical again 
by gravity it precesses in the opposite 
direction. 

The third type of nutation is often 
seen when a spinning top is initially held 
at an angle to the vertical and then re
leased. It has no initial precession and so 
it just falls to the lower limiting circle. 
The fall is necessary because the result
ing decrease in the potential energy of 
the top provides energy for the preces
sion brought about by the torque exert
ed by gravity. When continued nutation 
brings the body axis back to its initial 
angle with the vertical, the top regains 
its initial potential energy. Precession 
then stops momentarily, since no energy 
is left for it. Afterward the top again 
falls to the lower limiting circle and pre
cession continues until the top again is 
raised by nutation. 

The limiting circles originate from 
three severe restrictions on spin, preces
sion and nutation. The total energy (ki
netic and potential) of the top must re
main constant. (I shall discuss the effects 
of friction below.) The angular momen
tum along the body axis must also re
main constant in amount, although its 
direction can change, because there is no 
torque along the axis to change it. Final-

India- ink 
bottle 
and cap 

ly, the angular momentum along the 
vertical must remain constant for the 
same reason. (Once precession begins, 
the calculation of these two angular mo
mentums becomes harder because the 
angular velocity then includes both the 
spin of the top and the precession veloci
ty.) Because of these three strict rules 
the body axis is limited to a certain 
range of angles with the vertical. If the 
body axis dropped below the lower lim
iting circle or rose above the upper one, 
it would do so only hy disobeying the 
rules. (Tops do rise above the upper cir
cle but only because of friction.) 

Most mathematical models of tops 
are devised with the simplifying as
sumption that the kinetic energy of the 
spin is much greater than the change in 
potential energy as the top weaves in 
nutation. Such a top is said to be "fast." 
With this assumption severa] features 
of the motion can be related to the rate 
at which the top spins. A lower rate in
creases the nutation weave but decreas
es the rate of nutation. The average rate 
of precession also depends on the spin, 
being faster with a slower spin. You can 
easily see these relations when you spin 
a top on the floor. As friction gradually 
robs the top of spin the precession rate 
increases and nutation becomes slower 
and more pronounced. Finally, just be
fore the end, the top swings sluggishly 

Wood bead 

up and down as it precesses around the 
vertical faster than ever. 

The precession rate and the extent and 
frequency of nutation also depend on 
the mass and shape of the top. In general 
a greater mass increases each of these 
components of the motion. (Of course, 
a more massive top is more difficult 
to spin at a given rate than a less mas
sive one.) 

If the top is spinning quite rapidly, the 
small amount of nutation that should 
be present might be eliminated by the 
friction on the point of the top. Then the 
top would appear to precess uniform
ly around the vertical without nutation. 
This uniformity, however, is due only to 
the intervention of the friction. 

Truly uniform precession is possible 
if the top has coincident limiting circles. 
If it does, it must be released in such a 
way that its angle with the vertical cor
responds to the angle of the limiting cir
cles. Such a top does not nutate, since 
it can neither rise above the limiting 
circles nor fall below them. Since it 
does not fall, however, it has no way to 
convert some of its potential energy 
into energy for precession. Your start
ing technique or the initial impact of the 
top on the floor would have to provide 
the impetus to start precession. 

There are actually two possible types 
of precession. Only the slower one is re-
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A few of the objects made into tops by Donald W. Dubois 
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Medicine is always ch anging, 
now there� s 'a text that 
changes right along with it. 
SCIENTIFIC AMERICAN Medicine. 

The answers that you get from 
SCIENTIFIC AMERICAN Medicine are 
current, because each month new 
chapters replace the old. You will 
know where to look for the answers, 
because this advanced text follows the 
familiar structure of medical knowl
edge, changing as medicine changes. 

Comprehensive. Leading authori
ties from Harvard and Stanford cover 
the full range of medicine for you the 
seasoned clinician. 

Complimentary CME. At no extra 
cost, we offer a CME program through 
which you can earn 32 top credits* per 
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SCIENTIFIC AMERICAN Medicine for two 
months with our compliments. Send 

us the coupon and you will receive the 
two-volume text and two monthly up
dates. You may also take a CME test for 
credit. At the end of 60 days, if you 
decide to continue the subscription, 
you will owe us $185 for the first 12 
months (renewal is $160); otherwise, 
return the volumes; there will be no 
charge. 

Please mail the coupon today so that 
we can put medical progress to work 
for you. 

l3 � ri1 � 

,c� j� 

Computerized scintigraphy reveals 
pulmonary thromboembolism. 

100 ��,,-.-.--.-,-,--,-,--.-,-, 

� 11���=t�t=�=t� 
� ����-4--�+-��-+--�+-� 
� m r-+--r��r-�-r�--r-�-+�� '� 60 I--t�--+-+"'-d---t--t--+-+-+--+--l 

� � r-+--r-f--r-+--F��r-1--+�� 
� � r-+--r�--r-�-r�--r-���� 
.. 
� � r-+--r-+--r-�-r�--r-�-+�� 
� r-r-���-+-4--lr-r-+-��� 
10 r-t-+-��-+-4--lr-t-+-��-1 

6 U' 18 24 � 36 42 48 54 60 66 n 
Months 

Blue curve represents survival in chronic 
'-,. ... -"""� hepatitis patients treated with steroids. 

---- ---- --- ----------, ��m� MEDICINE ' 
415 Madison Avenue, New York, New York 10017 
Please enroll me as a subscriber to SCIENTIFIC AMERICAN Medicine. On receipt of this coupon you 
will send me the advanced two-volume text described in your announcement and update it 
regularly by sending me new monthly subsections. I understand that the annual subscription of 
$185 for SCIENTIFIC AMERICAN Medicine is tax deductible, If I am not entirely satisfied, I may 
cancel at any time during the first 60 days, returning all materials for a complete refund. 
o Please enter my subscription for SCIENTIFIC AMERICAN Medicine 
o I shall also enroll in the CME Program 

o I enclose a check made out to SCIENTIFIC AMERICAN Medicine for $185 * 
o Please bill me 

·PI � add sales tax for California, Illinois. M a.ssachusttts. Michigan. Ohio. and Nrw York 

Name _____________________ MD Specialry ______ _ 

Address ______________________________ _ 

City _______________ State ________ Zip _______ _ 

Signature ____________________________________________________________ _ 
Subscri�rs outSide (he U.S. and �5ions will be chargrd extra (or shipping and handling: updaen ... ·iII be sene by surfac� rouen unlns 
airmail d�liv�ry is requneed. PI � allow 6-8 wttks for d�liv�ry. IV 

CT scan reveals large meningioma and mild 
hydrocephalus. 
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CME credit. 
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lated to the gravitational pull on the top. 
The faster one is rarely seen in a top but 
can turn up under the proper initial con
ditions. The classical explanation of the 
faster precession involves a top (usually 
considered as an ellipsoid in textbook 
discussions) that is free to roll around on 
a horizontal plane while it spins. No 
forces or torques act on this imaginary 
top, not even gravity. In this situation 
the top cannot slide into the plane or 
break contact with it. 

Once the top is spinning with its body 
axis at some angle to the vertical it be
gins to precess around the vertical in a 
way that maintains the contact between 
it and the horizontal plane. The plane is 
usually called the invariant plane; the 
path of the top's contact point on the 
invariant plane is called the herpolhode, 
and the path of the top's contact point 
on the top itself is called the polhode. As 
one writer put it, the motion leads to a 
jabberwockian statement: The polhode 
rolls without slipping on the herpolhode 
lying in the invariant plane. The preces
sion in this idealized case is the f!lst pre
cession a real top might have. 

My colleague James A. Lock has 
pointed out that fast precession can be 
seen in a spinning football and a soft
drink bottle thrown into the air. A quar
terback throws a football with a spin to 
keep the ball stable during flight, taking 
advantage of its streamlined shape. In a 
long pass the football often has a notice
able wobble, which may be partly due to 
air drag. Even without drag the ball will 
wobble if it is thrown to develop fast 
precession. 

The precession is easier to see if a soft
drink bottle is tossed upward with spin. 
(The bottle should be empty; sloshing 
fluid would interfere with the spin.) If 
you toss the bottle with its body axis 
vertical, you may not be able to see any 
precession. With a less careful toss the 
spinning bottle will precess around the 
vertical in the fast-precession mode. 
The motion is not caused by gravity be
ca use the bottle is in flight. During the 
precession the bottom of the bottle trac
es out the herpolhode on an imaginary 
invariant plane that is perpendicular to 
the vertical. 

Fast precession is rare with a real top 
because it is so much faster than the pre
cession that depends on gravity. Much 
more energy is needed to send the top 
into fast precession. Unless the top is 
somehow given that energy during the 
initial stages (for example, if a fortui
tous launching imparts the energy and 
the required initial motion) , it will settle 
instead into slow precession. 

With some care you can set a top spin
ning so that its body axis is vertical. (The 
technique of launching a top with two 
lengths of tape, which I shall describe 
below, is useful here.) If the spin rate is 
higher than some critical value, which 
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varies according to the type of top, the 
top stays upright. At a spin rate lower 
than the critical value the top nutates 
between the vertical and some limiting 
circle corresponding to a larger angle 
to the vertical. 

Both kinds of behavior can be seen in 
.a real top with a spin rate that is initially 
above the critical value and a body axis 
that is initially vertical. The spin has two 
stages: first a sedate vertical spinning 
and then a frantic nutation. The trans
formation is brought about by the fric
tion at the point where th� top touches 
the floor. Although the initial spin rate is 
high enough for the vertical spinning, 
friction eventually pushes the spin rate 
below the critical value and the top be
gins to lean and to nutate and finally to 
topple. 

Can a top that is initially tilted ever 
nutate until it is vertical? In principle it 
cannot because it will always lack the 
energy to become precisely vertical. It 
can come close, however, if the upper 
limiting circle is quite small. Then the 
top can nutate upward in such a way 
that it passes close to the vertical before 
it nutates downward again. This situa
tion will probably not arise often. 
A keen observer of tops would not 

agree with much of what I have said. 
Many tops do rise to a vertical spin 
(such a top is called a sleeper), and so my 
statements are not entirely correct. A 
top rises not through a process of nuta
tion but through a subtle interplay of 
the stem of the top and the friction be
tween the point of the top (the end of 
the stem on which the top spins) and 
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the floor. The stem of any real top is not 
the infinitesimal point I have been as
suming so far. A better model would be 
a hemispherical stem. 

Such a stem would tend to rotate on 
the floor because of the top's spin. 
Meanwhile the top is also trying to pre
cess. Since I am now considering a more 
realistic stem instead of a stationary 
point of contact with the floor, I must 
visualize the precession as moving the 
top around its center of mass, which re
mains stationary. The contact point on 
the floor moves, circling below the cen
ter of mass, while the upper section of 
the top circles above the center of mass. 

As a result the hemispherical stem is 
attempting to roll over the floor in two 
ways, one due to the spin of the top 
around its body axis and the other due to 
the precession driving the stem over the 
floor. The first way is much faster than 
the second, and so the stem slips. As it 
slips the friction between it and the floor 
points in a direction opposite to the di
rection of tl}.e slip, as is shown in the 
bottom illustration on page 1 90. It is 
this friction that rotates the body axis of 
the top to make the spin vertical. To 
calculate the torque I treat the pivot 
point as the center of mass. The lever 
arm is the distance between that point 
and the place where the stem touches 
the floor. The torque raising the top is 
equal to the multiplication of the lever 
arm and the friction. 

Of course, the friction on the stem is 
also stealing energy from the top. The 
trick in designing a good sleeper is to 
shape the stem so that the top becomes 
vertical before it loses too much energy. 
Hence a good sleeper has a stem with a 
small radius of curvature. Tops with 
stems that have a more gradual curva
ture take longer to rise and may not 
reach the vertical before the spin de
clines below the critical value needed to 
sustain a vertical position. A whip top, 
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which is lashed with a whip to add ener
gy to the spin, has a stem with a very 
small radius of curvature; it rises to be a 
sleeper within seconds of being lashed. 

Most of the commercially available 
tops are shaped like a pear. Some are 
spun by the fingertips. Others are wound 
with string and thrown to the floor. 
Some handcrafted tops are mounted in a 
wood holder until the string wrapped 
around their spindle is unwrapped with 
a brisk pull; then they fall spinning to the 
floor. 

Although all these types are usually 
found in toyshops, they by no means 
exhaust the variety of tops that can be 
(or once could be) found around the 
world. A beautiful description of the 
many kinds of top that have been made 
can be found in the book by D. W. 
Gould cited in the bibliography for this 
issue [page 194]. Some tops have multi
ple faces for the purpose of gambling 
and telling fortunes. Some are flat disks 
pierced by a thin rod. Others are flat 
disks with a central bump on which they 
spin. (Several of them can be deployed 
at one time from a single holder.) The 
most remarkable feature of tops (apart 
from their rotational mechanics) is how 
they were developed in such a variety of 
shapes by people working almost inde
pendently around the world. 

Dubois recently wrote me a.bout the 
tops he and his students make from 
common items such as buttons, needles 
and machine screws. Often these uniike
ly objects need only a little fixing before 
they can serve as tops. A point may have 
to be ground or a slot may be required in 
a spindle so that a cord can be inserted. 
Sometimes several pieces are assembled 
into a top with glue. (Dubois says epoxy 
is best.) 

Since friction plays a role in the be
havior of tops, Dubois experiments on 
different surfaces. Paper, thin plastic 
sheets (such as food wrap) and bed 
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sheets work well with some tops but not 
with others. Dubois has found that a 
linoleum floor is the only surface on 
which all his tops work adequately, al
though most of them work better on 
some other surface. You can keep track 
of where the point of a top travels by 
spinning it on carbon paper, soot-cov
ered paper, ink-covered glass or some 
other surface on which the point can 
leave a mark. 

Some of Dubois's tops can be spun by 
a quick snap of the fingers. He holds 
the upper stem of the top between his 
thumb and second finger, keeping both 
the point and his palm downward. Then 
he snaps those fingers, causing the top to 
spin outward on the table or the floor. If 
there is no upper stem, he holds the stem 
with his palm upward. Then when he 
releases the top with a snap, the point is 
properly downward. Another launching 
procedure is to hold the stem between 
the forefinger of the left hand and the 
thumb of the right hand; when the two 
digits are pulled quickly in opposite di
rections, the top is spun. 

Fast spins can be achieved with some 
tops by wrapping a cord or a strip of 
cloth around the stem or some other cy
lindrical part of the top. A typewriter 
ribbon works well. (The ink should of 
course be removed first.) You can slip 
one end through a notch in the stem and 
then wrap the ribbon around the stem 
several times. When you throw the top 
outward across the floor while holding 
the end of the ribbon, the top is made to 
spin rapidly. 

This technique does not work well 
with small or fragile tops. With them 
Dubois prefers a double wrapping of 
ribbon around the stem. Both strips are 
started in the same way in the notch. As 
the top is turned in the hand the double 
layer of ribbon js wrapped around it six 
to 1 2  turns. Then instead of throwing the 
top to unwrap the ribbon. pull the two 
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A prototype of the system that will serve as radar and radio for NASA's Space 
Shuttle has met its scheduled completion date and is undergoing tests. As a 
radar, the system will allow astronauts to rendezvous with orbiting satellites 
in order to repair or retrieve them. It also can track any payloads released 
from the Shuttle. As a radio, the system will link with the Tracking and Data 
Relay Satellite System to let astronauts communicate with stations on earth. 
Hughes delivered the Ku-band integrated radar and communications system, as it 
is called, to Rockwell International, builder of the Space Shuttle. 

A modified U.S. Air Force F-15 fighter looms as an economical way for NATO to 
have an aircraft that could attack enemy ground forces in all kinds of bad 
weather. The proposed two-seat F-15 Strike Eagle would still be able to fly 
air-to-air missions. But an advanced long-range AN/APG-63 radar with SAR (syn
thetic aperture radar) modifications would give the F-15 many new capabilities. 
The crew would have radar maps showing objects as small as 1 0  feet, and the 
p lane could fly low using terrain masking to avoid detection. A Strike Eagle 
could operate abou t 95 percent of the time in Central Europe in winter, compared 
to about 59 percent for an aircraft equipped with an infrared visual system, and 
only about 20 percent for daytime visual missions. Hughes supplies the APG-63 
radar to McDonnell Douglas Corp., builder of the F-15. 

Three communications satellites ordered by AT&T (American Telephone and Tele
graph Company) will live longer and handle more long-distance calls than earlier 
models. The new Telstar 3 satellites will serve 10 years instead of seven and 
have the capacity for 21,600 simultaneous calls instead of 18,000. These im
provements are due chiefly to such technical innovations as solid-state amplifi
ers, better batteries, and a greater capacity for fuel to keep the satellites on 
station while in orbit. The first Telstar 3 is set for launch in 1983. 

Hughes pushes the frontier of 34 different electronic technologies, from devices 
to systems, in its Industrial Electronics Group. We offer advantages and oppor
tunities of a small company, but resources of a big one. The diversity includes 
a choice of facilities in Carlsbad, Irvine, Newport Beach, and Torrance, Cali
fornia. If your interests lie in semiconductors, fiber optics, microprocessors, 
minicomputers, microwave communications, or lasers, send your resume to John G. 
Wilhite, Hughes Industrial Electronics Group, Professional Employment, Dept. 
SSA, P.O. Box 2999, Torrance, CA 90505. Equal opportunity employer. 

A device that scans the sky with heat sensors to detect, track, and identify 
aircraft and missiles is being developed by Hughes for the U.S. Air Force. The 
device, an electro-optical threat sensor, could be used with ground, ship, or 
airborne fire control systems. It emits no telltale radiation of its own, it is 
small, and it can search a wide area rapidly. A signal processor extracts the 
target signal from the background radiation and feeds this data to a computer, 
along with the target's relative bearing. An interrogation unit then uses addi
tional sensors to classify targets further. The computer processes the informa
tion to classify each target by type and lists them in order of priority. 

Creating. new world with electronics r------------------� 
I I 

: HUGHES: 
I I 
L __________________ � 
HUGHES AIRCRAFT COMPANY CULVER CITY. CALIFORNIA 90230 
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The Great Galaxy In Andromeda 
-Just one of six beautiful full-color posters 
including two magnificent views of Saturn 
by Voyager-available now at a special 
price. Also available is a unique set of 20 
Galaxy slides (15 in color), representing 
the world's greatest observatories. 

o Enclosed is $6.50 ppd for any 3 posters. 
o Enclosed is $12.00 ppd for all 6 posters. 
o Enclosed is $10.00 ppd for the Galaxy 

slide set. 

Posters: 
o Andromeda Galaxy 0 Orion Nebula 
o Earth from Space 0 Pleiades o Saturn (Voyager photo) 
o Saturn & Moons (Voyager) 

Add $1.00 for our complete catalogs. 

Foreign orders add $1.00 postage. 

DEPT. SA 
Hansen Plan�rlu," 15 South State Street 

Salt Lake City, Utah 84111 

SAVE 
Up To 

$433.00 
Buy Direct From 

Pan American 
Electronics 

Incorporated 

AUTHORIZED SALES CENTER 

Dept. SA , 1117 Conway 
Mission, Texas 78572 
Telex Numbp.r 767339 

Toll Free Order No. 800·531·7466 
Texas & Principal No. 512·581·2765 
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Herpolhode 

Invariant plane 
Motiolls that gellerate the po/hode alld the herpo/hode 

strips horizontally in opposite directions 
so that the top is twirled. With double
layer wraps of up to 14 revolutions Du
bois can make an upholstery tack spin at 
about 15,000 revolutions per minute. 
With a finger snap the speed is about 
8,000 r.p. m. 

If the top has a smooth stem, as an 
upholstery tack does, the ribbon is diffi
cult to wrap because it slips easily. Du
bois coats the surface with a layer of 
epoxy to provide more friction. The 
added friction also means that when the 
end of the ribbon is reached during the 
launching, the top is deflected by a fi-

nal tug rather than slipping away freely. 
Some of Dubois's tops sing as they 

spin, either because they scratch the sur
face on which they are spinning or be
cause they generate turbulence and vi
bration in the air. The spin of a singing 
top must exceed 3,300 r.p.m. One of Du
bois's faster tops sings two octaves 
above A (440 hertz). If the top is spin
ning on a membrane of some kind, the 
membrane acts as a sounding board to 
enhance the audibility of the sound. Do 
not stretch the membrane too tight or it 
may be punctured by the spinning top. 

Spin and precession can be monitored 

�---� 
� 

Sp2\,1 
Rotation �\\\ _-----...L 
of body axis \ 
due to torque \ 
from friction \ \ 

J\ \ 

Preccssion C 
of <:>tem----<-_____ _ _______ _ 

\ 
\ 

How frictioll raises a top 

\ \ \ \ 
\ \ 

5totionory 
centcr of mass 
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An Economical Solution To 
Massive Software 
Execution. The PGM was 
initially designed to implement 
DISSPLA, a large computer 
graphics package having over 
50,000 Fortran statements 
grouped into approximately 350 
subroutines. This package, 
currently implemented on almost 
400 large mainframes, has proved 
to be beyond 16 bit minis. Not only 
is the PGM able to handle this 
massive package with ease, it has 
proved capable of implementing 
almost any large scale Fortran 
system in existence. It currently 
compiles. links and executes 
programs over 2 megabytes -' 
these are well beyond many 
mainframes, 

48 Bits - Almost Double 
The Precision Of 32 Bit 
Machines. The full 48-bit PGM 
word provides 11 + floating point 
precision (39 bit mantissa) 
compared to 5-6 digits for 32 bit 
machines. This is a single 
precision of roughly one millimeter 
on the earth's circumference, 

24 Megabyte Address 
Space. The virtual memory 
totally dispenses with program 
overlay and segmentation, Virtual 
memory is implemented without 
cache memory or other expensive 
hardware crutches: The PGM 
utilizes the properties of higher 
level languages to implement a 
unique virtual memory scheme 
that is competitive in speed with 
machines costing orders of 
magnitude more. 

Interactive Textbook 
Quality Graphics - The 
Primary Output Medium. 
Not only is the full 
DISSPLA package available, 
but also INTERACT, a 
non-programmer system for 
generating simple or sophisticated 
report quality charts and graphs in 
minutes. INTERACT operates 
through question/answer menus 
and any inexpensive digitizer pad. 
DISSPLA, the leading graphics 
package, enables the integration of 
custom sophisticated graphics 
into user developed programs. 
INTERACT source code is 
provided for customization. Also 
available are DIGIFONT for 
custom shaded font digitization, 
POSTGRAPH for storing and 
plotting identical output on 
different devices plus other 
powerful graphics utilities. 

Standalone Computer, 
Distributed Processor or 
Dedicated Controller. The 
PGM operates both as a dedicated 
machine or as a node to a central 
mainframe. Optional sum 
checking is provided for data 
integrity in host communication. 
RS232, IBM 2780, DCT 2000, and 
other Rfotocols are supported. The 
PGM can provide D1SSPLA facility 
to users of a mainframe without 
incurring mainframe memory or 
execution overhead. 

Major Graphics Devices 
Interfaced. The PGM is 
non-partisan to any graphics 
device manufacturer. Drivers are 
available for Tektronix 4010 
Series, Chromatics, AED 512, IDT 
2000 terminals; H.I. DP 14/15, 
Zeta 1453, Cakomp 1051, Soltec 
and Tektonix plotters; Dicomed, 
COMp80 and FR80 microfilm; 
Xerox 6500 color hardcopy; H.1. 
8400, Versatec and Benson Varian 
Electrostatics. Color separation is 
furnished, enabling the use of high 
resolution monochromatic devices 
for color printing. Output may be 
generated on several devices 
simultaneously. A special parallel 
interface is available for the Xerox 
6500 supporting full 600 X 1000 
device resolution. Vector to raster 
conversion is conducted in the 
POM for raster devices at 
500- 1000 vectors/ second. 

Powerful Virtual Memory 
Operating System 
Available. An extensive VMOS, 
extended Fortran compiler, 
Multipass Link Editor, Library 
Management and 
Trace/Peek/Poke Symbolic 
debugger provide a complete 
software development system. 

An Elegant Low Entropy 
Software Engine. The PGM 
48-bit TTL bit slice processor is a 
hardware extension of the 
compiler. There are 'no registers. 
and no assembly language. 
Statements such as A = B + C; 
A(I)= B(J + K)* C(M,N); 
IF(A(I)<B(J,K)) GO TO 5 are 
single POM instructions. 
Polynomial evaluate. block move 
and search are also provided as 
single instructions. The POM 
achieves its remarkable 
performance simply by 
circumventing the superfluous 
instructions executed by general 
purpose computers running high 
level language software. The POM 
is the first machine designed 
totally top down. An 8-bit 
microprocessor takes care of all 
I/O for the 48-bit number 
cruncher. 

Enter The PGM. SO if your 
needs are too big for an Apple@> 
and your budget is too small for a 
VAX,@> the PGM is the solution. The 
POM provides a graphics based 
engine with performance rivalling 
machines costing 100 times more. 

Prices Start At 
$27,000 

Standard PGM includes full 
48-bit processor, Intel 8080 I/O 
frontend, 29 megabyte disk, 
300 kilob'ytes error correcting 
memory (expandable) and 5 
RS232 ports. Options include 9 
track tape interface, high speed 
parallel channel, Xerox 6500 
interface and interface for syn
chronous protocols. Software 
supplied as extra cost items. 

DISSPLA is 8 registered trademark of Integrated Software Systems Corporation. 

48 Bit Virtual Memory 
Mainframe Power Plus 
DISSPLA®Publication Quality 
Graphics 

Non-Prog. 1/ Active DISSPLA 
Qlol lI!roburtb tntirtlu on " 1I!.<!i.!1l. 

....... VEe Oa 
• 
• II!! 
II J!ii 

SEP OCT MOV DEC 
Stacked Staded. Ban VI'iJ" SuP"i"' PI., 

Shaded County Boundaries - The Oltimate Benchmark 
The above map was produced with a few simple commands to a custom modified 
INTERACT version. It represents over 200,000 vectors each of which was projected 
through Alber Equal Area projection requiring execution of 400 statements per vector for a 
total of roughly 80 million Fortran statements. The counties comprise over 3.100 polygons, 
each bounded by about 100 points: they were accessed In random order. The map is 
produced on a 3 x 4 foot plotter for full detail. The program is over 1.5 megabytes. Shaded 
maps are a standard PGM DISSPLA enhancement. The raw execution speed (no disk 
swapping) is approximately 100,000 Fortran statements per second, Compilation speed is 
approximately 1.000 Fortran statements per minute. The map was reproduced courtesy of 
Zytron GraphiC Systems, Cupertino, California. 

• SUPE IZSa 
11675 Sorrento Valley Road, Suite L. San Diego, California 92121 
(714) 452-8665 
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Frank F. Johnson's photograph of soot marks left on a Tippe Top 

The track made by olle of Johnson's Tippe tops Oil soot-col'ered glass 
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with a repetitive-flash strobe light. The 
frequency of the light is varied in or
der to match either the spin or the pre
cession. Some of the tiny tops Dubois 
has sent me turn at speeds of more 
than 100,000 r.p.m., which is possible 
because the top's moment of inertia 
around its body axis is small and the 
energy imparted at launching results in 
a high rotational speed. The commoner 
pear-shaped top has a much greater mo
ment of inertia around its body axis, so 
that the launching energy results in a 
much lower rotational speed. 

The most fascinating top I have ever 
encountered is the Tippe Top, which I 
described in this department for Octo
ber, 1979. The top usually has a hemi
spherical bottom and a central stem. It is 
spun with the bottom downward, a logi
cal position because that section is heav
ier than the stem. Soon after the top is 
released, however, it inverts so that it 
spins on the stem. The heavier hemi
spherical end is lifted, seemingly in defi
ance of gravity. 

The cause of the odd inversion is fric
tion with the surface on which the hem
isphere is turning. Spinning the Tippe 
Top on a soot-covered pane of glass will 
give a picture of the path of the top. 
Such a picture, made and analyzed in 
1960 by Frank F. Johnson of Hasbrouck 
Heights, N.J., appears in the bottom il
lustration at the left. Johnson's analysis 
is cited in the bibliography for this issue 
[page 194]. 

What would a top do on a slightly 
inclined surface? Would its point of 
contact simply move around the way 
it does on a horizontal surface? Ledo 
Stefanini of the University of Bologna 
recently published.a detailed answer to 
this question. Like other people study
ing the role of friction in the behavior 
of a top, he considered the stem to be 
hemispherical. 

If the top is spinning without preces
sion, it will move horizontally across the 
inclined plane in a straight line. If it 
is precessing, however, four things are 
possible, depending on the slope of the 
inclined plane and how much the top 
tilts from the vertical. One possible path 
for the stem is a spiral along a line down 
the plane. The other patterns resemble 
the nutation patterns of an ideal top 
with a sharp stem that does not move 
across the floor. In some cases the stem 
traces out loops on the plane as it moves 
primarily in a horizontal direction. Or it 
may map out cusps. For another set of 
angles the stem first climbs the inclined 
plane and then descends while also mov
ing horizontally across it. 

You might like to try various combi
nations of angles on an inclined plane. 
Stefanini published a tracing he made 
from a top weaving across carbon paper 
he had tacked onto an inclined plane. 
You can make your own tracings to cat
alogue the possible motions. 
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Finally, 
there is a 
magazine that speaks to the beg1nrier . 

onComputing is the new McGraw
Hill quarterly that tells what's ahead -
without talking over your head - in the 
1980's with personal computers. 

onComputing puts you on target 
with all the applications that go beyond 
your imagination. 

D Personal computers in the home. 
D Classrooms. 
D They bring computer mu�ic: 
D Electronic mail. 
D Robots. 
D They manage your personalized 

investment. 
D The list goes on and on in on ComputiJl.g. 
If you're a beginner with personal 

computers, get the most understood 
magazine on computers, onComputing. 
And even if you're an experienced 
computer user, onComputing has the 
information you need in.today's fast
growing personal computer market.· 

onColDputingTM 

DOMESTIC subscription rate, 
o U.s. I yr. (4 issues) @ $8.50 0 Canada & Mexico, I yr. (4 issues) @ $ 1000 
FOREIGN (to expedite service, please remit in U.s. funds drawn on a U.s. bank) 

o Europe (and all other countries, except above), I Yr. @ $ 12.00 - surface delivery. 

o Bill Visa 0 Bill Master Charge 0 Bill me (North America only) 

Card Number Expiration 

Signature 

Gty StatelProvinceiCountry Code 

_________________ 
7131 I 

---- -
©onComputlng, Inc. 1981 
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JVC's Vidstar has four video heads 
and the clarity that goes with them. 

Admit it. Despite all the r----------------, features: 6-hour recording on a 
fancy features that videocassette single 2-hour VHS cassette, 
recorders have to offer, you're multi-function remote control 
worried about picture quality. Will unit, stop action and 
it be crisp and vibrant? Will you slow motion, double and 
get superb reproduction of re- triple speeds, and a micro-
corded material? computer-assisted timer that 

Well, stop worrying. When can record up to 42 programs a 
JVC brought you 6-hour mode week. You simply pre-set days, 
recording and playback, we times and channels. 
equipped Vidstar™ with four Vidstar is designed to let you 
video heads. Here's why. add components to your home 

Vidstar uses one pair of re- entertainment system effortlessly. 
cording/playback heads for the You'll find goof-proof features 
2-hour mode and another pair of that prevent recording mistakes 
heads for the 6-hour mode. Each pair is suited to per- and other features that let you add your own audio to 
forming at a specific tape speed. This specialization recorded material. Vidstar has features you may not 
gives Vidstar unsurpassed picture quality in both the even know you want yet. 
2-hour and 6-hour modes. That's the kind of perform- But you'll want them the minute you get your 
ance you'd expect from the people who developed the hands on them. You can do exactly that at your nearest 
VHS system. And who developed this four head JVC Vidstar dealer. 
technology. That's us, JVC. For JVC dealer names and locations call TOLL-

That's only the beginning. Take a look at our other FREE 800-526-5308. In NJ, 201-794-3900. 
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Introducing the next logical Lincoln. 

New dimensions in size 
and technology were 
achieved in 1980. Now, 
these achievements 
continue in the new 
1981 Lincoln Town Car. 

T his is a truly 
remarkable automobile. 

Arnong its 
technological features: 
• Electronic fuel 
injection and electronic 
engine controls for 

fuel efficiency 
and performance. 
• Four-speed 
Automatic Overdrive 
1tansmission for 
excellent highway 
mileage. 
• 'Itim, contemporary 
size with room for six 
adults. 

• Optional electronic 
instrument panel with 
message center that 
answers twenty 
different driver 
inquiries about time/ 
distance/fuel usage. 
• Optional keyless 
entry system that 
unlocks doors and/or 
decklid electronically 
simply by depressing 
buttons in numerical 
sequence. 

Lincoln Town Car for 
1981. A fine sense of 
tradition ... remarkable 
achievements in 
technology. 

You are cordially 
invited to experience it 
at your Lincoln-Mercury 
Dealer. T here , you may 
exercise your option to 
lease or buy. 
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QPMA()u 
tto�olcn on the rocks!' 

If you like Scotch, you'll love light, 
imported Ja meson Irish -and what 

better day to try it than St. Patrick's. 
Try a glass ofJameson Irish the way you 

would your favorite Scotch. With water. 
Soda. On the rocks. 

You'll notice how much it tastes like 

fine Scotch - only lighter and more 
delicate. 

The dedicated Scotch drinker will 
instantly appreciate this flavor difference. 

Though it may take a little time getting 
used to saying, "Jameson Irish on the 
rocks, please:' 

Jameson. World's largest-selling Irish Whiskey. 

80 PROOf . CALVERT D15T. co .. NYC. 
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