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Quick-handling. Road-hugging. And fun to 
drive. This . . .  is Cimarron. An efficient new 
kind of Cadillac. With the 42 1261 * traction of front-wheel 
drive . . .  MacPherson HWY. ESI EPA ESI MPG 
strut front s uspension . .  and power
assisted rack and pinion steering with re
sponsive 14 : 1  steering gear ratio. Plus, it has 
Cadillac refinements such as genuine leath
er seating areas, body-contoured bucket 

seats, air conditioning and more. All stan
dard. Test-drive Cimarron by Cadillac. Due 
to l imited initial production, Cimarron is not 
available at all Cadillac dealers at this time. 

'Use est i mated mpg for comparison . Your 
mileage may differ depending on speed, dis
tance, weather. Actual highway mileage lower. 
Cadillacs are equipped with GM-built engines 
produced by various diviSions. See your Cadillac 
dealer for details. 

A N EW KIND OF CADILLAC FOR A N EW KIND OF CADILLAC OWNER.  
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When the cost of living goes up, your life 
insurance coverage should go up, too . Otherwise 
your family wil1 no longer have al1 the protection 
it needs. 

Too much trouble, you say? And too costly? 
Wel1, as a New York Life Agent, I've got good 
news for you. New York Life now offers a brand 
new option that wil1 take care of increasing your 
coverage -automatical1y. 

You don't have to ask for the added protec
tion each year. You don't have to take a physical 
exam or fil1 out a form. Al1 you have to do is 

sign up for this option when you buy a popular 
New York Life cash-value policy. 

Then, we'l1 automatical1y increase the face 
value of your policy any year the Consumer Price 
Index rises, as long as the increase in your policy 
amounts to at least $500. 

The premiums you pay for this increase are 
less than those for a new policy. So you not only 
keep up with inflation, but get a little relief from 
it, too . 

Ask me . Your 
New York Life Agent. 

New York life Insurance Company. 51 Madison Ave., New York, N.Y. 10010. In Canada: 124().444 St. Mary Avenue, Wmnipeg, Manitoba R3C3T1. Life, Group and Health Insurance, Annuities, Pension Plans. 
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TRULY WATER 
RESISTANT 
ALARM/CHRONO 
DIGITAL 

Casio's Mariner 
Take To The Water-Snorkel, Swim, Ski, or Sail 

It's so convenient you just put in on and forget it! 
Never worry about the Mariner getting wet, because it's 
water resistant to 10 ATM. Swim, ski and live the active 
life with this durable timepiece. Even the buttons have 
been engineered to prevent the loss of water resistancy 
during virtually any activity you undertake. Includes 
lithium batteries that won't need changing for approx. 5 
years. 

Water Resistant and So Much More 
At your command is a professional l/100th second 
chronograph for timing dives or laps across the pool. Or 
use the 12 hour countdown timer for timing boat races. 
There's even a daily alarm and hourly chime for your 
busy schedule. Plus the extra features you expect from 
Casio, 12 & 24 hour time, ± 15 second quartz accuracy 
per month, a self·adjusting calendar, and mfg.'s 1 yr. 
warranty. 

Buy with Confidence 
We are a leading media merchandiser, and the first to 
offer the rugged Mariner through shop by mail conve· 
nience. We are still the first to give you top service, 
price, and guaranteed satisfaction. If this product isn't 
everything you expect, return it in new condition in 30 
days or less for a complete refund. 

Order Today 

Charge customers call toll free 24 hours a day. Order product 
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THE COVER 

The painting on the cover shows an exterior detail of the Sheldon ian Theatre 
at the University of Oxford, which was the first building designed by Christo
pher Wren. He based the design, which was notable for breaking with the 
Gothic tradition of Oxford, on the Roman theater of Marcellus. The Roman 
prototype had the shape of a horseshoe and was open at the top, covered only 
by a canvas awning. Wren's design, done in 1662, was a polygonal approxima
tion to a horseshoe a'nd had a permanent roof. His contemporaries were im
pressed by the ceiling of the theater because it was unsupported by columns 
over a span of 70 feet. Whatever the beauty and the engineering quality of 
Wren's ceiling design, it owes nothing to theoretical analysis (see "The Archi
tecture of Christopher Wren," by Harold Dorn and Robert Mark, page 160). 
At the peak of the Scientific Revolution in Europe, Wren was Savilian pro
fessor of astronomy at Oxford and president of the Royal Society. Neverthe
less, there is no definite connection between his science and his architecture. 

THE ILLUSTRATIONS 

Cover painting by Marvin Mattelson 
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20-27 Ilil Arbel 140-145 Albert E. Miller 

46-53 Albert E. Miller 149 Ralph Morse 

54 EROS Data Center, 150-151 Walken Graphics 
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Bela J ulesz, Bell 
56 Andrew Tomko Laboratories (bottom left); 
58-59 Ilil Arbel IIil Arbel (bottom right) 

60-61 Charlie Siegel, Water 157 John I. Yellott, Jr., 

and Power Resources University of California 

Service, Department at Irvine 
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67 Larry D. Travis and 162 John Moss, Black Star 

Anthony Del Genio, 
Goddard Institute 163 Alan D. Iselin (top and 
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68-72 Ian Worpole 
(bottom) 

73 Larry D. Travis and 
164 Ralph Morse 

Anthony Del Genio, 165 Valerio Simini 
Goddard Institute 166 Ralph Morse 
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167 John Moss, Black Star 
74 Michael J. S. Belton, 

Kitt Peak National 168 Robert Vuyosevich and 
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107 Elaine G. Diacumakos, 
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122 Ralph Morse 
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123-136 George V. Kelvin 
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Reddy Chirra improves his vision 
with an Apple. 

Reddy is an optical engineer who's 
used to working for big companies and using 
big mainframes. 

But when he s tarted his own consulting 
business, he soon learned how costly main
frame time can be. So he bought himself a 
48K Apple II Personal Computec 

And, like thousands of other engineers 
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and scientists, quickly l earned the ple asures 
of cutting down on s hared time and hav-
ing his own tamper-proof data base. 

His Apple can handle 
formulas with up to 80 vari
ables and test p arameters on 
250 different optical glasses. 

He can even use BASIC, 
FOR TRAN, Pascal and Assembly languages. 

And Apple's HI-RES graphics come in 
handy for design. 

Reddy looked at other microcomputers, 
but chose Apple for its in-depth do cumenta
tion, reli ability and exp andabili� 

You can get up to 64K KAMin an 
AppleILUpto128K RAMinournew Applem. 

And there's a whole family of compatible 
peripherals,including an IEEE-488 bus for 
laboratory ins trument control. 

VlSityour authorized Apple dealer to 
find out how far an Apple can go with 
scientific/technical applications. 

It'll change the way you see things. 

The personalcomputeJ! 
fur the dealer nearest you, call (800) 538-9696. In California, call (800) 662-9238. Or write: Apple Computer Inc., 10260 Bandley Dr., Cupertino, CA 95014. 
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TDK 

brings two 
new standards 

to open reel. 
TOK now announces two 

breakthroughs in open reel. 
TOK ex Studio Mastering tape: 
an ultra refined particle lets it 
handle the critical demands of 
live music mastering. And TOK LX 
Professional Studio tape, with a 
super refined particle that gives it a 
performance ideal for professional 
and audiophile use. 

A unique polishing and binding 
process makes dropouts practically 
a thing of the past. A special 
graphite and carbon backcoating 
on all ex and some LX reduces 
friction for smooth winding while 
preventing static and diminishing 
wow and flutter. At last your music 
is heard the way you intended to 
hear it. 

Listen to TOK ex and LX. They 
could open up a whole new 
standard of recording excellence. 

© Copynght 1981 TOK Electronics Corp., Garden City. N.V. 11530 
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LETTERS 
Sirs: 

Eli Ginzberg and George J. Vojta 
["The Service Sector of the U.S. Econ
omy," SCIENTIFIC AMERICAN, March], 
contend "that human capital, defined as 
the 'skill, dexterity and knowledge' of 
the population, has become the critical 
input that determines the rate of growth 
of the economy and the well-being of 
the population." But they measure the 
growing expenditures for education, re
search and development and health 
care, not the resulting rate of growth of 
the economy. By their measure the U.S. 
has more "skill, dexterity and knowl
edge" than Japan, whereas judging by 
the results it is Japan (with lower ex
penditures) that has the more of it. ... 

GABRIEL ZAID 

Mexico City 

Sirs: 
... Ginzberg and Vojta make two 

points of fundamental importance: that 
we must continue to support our educa
tional and research facilities and that 
we must not allocate precious resources 
to pump up failing industries. But they 
make no mention of the extent to which 
the comparative advantage of an indus
try (even those perceived as "sunset" in-

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

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

Offprint correspondence and orders should be ad
dressed to W. H. Freeman and Company. 660 Market 
Street, San Francisco, Calif. 94104. For each offprint 
ordered please enclose 60 cents. 

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

Name 

New Address 

Old Address 

dustries such as steel and automobiles) 
depends on the efficiencies of produc
tion afforded by capital goods that em
body innovations of technology. They 
do not discuss the degree to which the 
service sector is employed in the devel
opment of technology and in the manip-
ulation of technology. 

. 

We have learned that technology can 
be purposefully stimulated by govern
ment policy. The Japanese support of 
the microelectronics industry is a lead
ing recent example. We know that tech
nological innovations tend to become 
embodied in products and processes 
that increase efficiency in both the in
dustrial and the service sectors. Rein
dustrialization, one would hope, would 
be directed toward greater efficiencies 
by providing industry with state-of-the
art production techniques and products. 
This demand should in turn be a stimu
lus for advancing the state of the art, 
resulting in a further increase in produc
tivity, an increase in the comparative ad
vantage of U.S. industry, the increased 
availability (to all sectors) of technology 
in both producer and consumer goods, 
and the increase of available goods and 
services that we characterize as an in
crease in G.N.P. 

S. DONALD GONSON 

Cambridge, Mass. 

Sirs: 
Mr. Zaid raises a good question: How 

does one distinguish between the invest
ment and consumption aspects of edu
cation and other outlays for human cap
ital? One cannot do so scientifically, 
only judgmentally. His enthusiasm for 
Japan would be tempered if he read the 
MITI report for the 1980's, in which the 
Japanese raise serious questions as to 
their ability to lead at the cutting edge of 
research and development. 

Mr. Gonson's explanation for the 
troubles of the U.S. automobile and 
steel industries as residing primarily in 
the weakness of the capital goods they 
employ is not without merit but appears 
farfetched. Detroit misjudged the mar
ket, and steel sought to maintain a lead
ership role without adequate reinvest
ment. In the face of such errors why pick 
on the backwardness of the capital
goods sector? 

With respect to government assis
tance in Japan for the microelectronics 
industry one should remember that even 
the Japanese government has some hits 
and some misses. 

ELI GINZBERG 

GEORGEJ. VOJTA 

Graduate School of Business 
Columbia University 
New York 
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Find the case of c.c.® we hid along the lewis and Clark trail. 
We retraced Lewis and Clark's historic expedition up the Missouri 

River into Montana. And where they found their roughest going, 
we hid a case of the smoothest whisky, Canadian Club. 

Where Lewis and Clark had floated the unspoiled river, Canadian 
Club's rafts followed. We tested our nerves, as the explorers had, 
on the wild rapids of the Clark's Fork. 

As we explored those historic Montana streams, we buried a case 
of Canadian Club overlooking the very site of one of the expedition's 
most important sightings. One clue: neither Lewis nor Clark made it. 

Discover the taste of the world's finest whisky. 
As you search along this historic trail, remember Canadian Club 

has a proud history of its own. For over 120 years it's been 
enjoyed by those who seek the very best . Canadian Club is lighter 
than Scotch, smoother than bourbon, and enjoyable on the rocks, in 
a sour or Manhattan, or with your favorite mixer. 

So come search along the Lewis and Clark trail to discover why 
it's "The Best In The House;' or simply venture down to your favorite 
bar and say, "Canadian Club, please!" 

liThe Best In The House"® in 87 lands. 

6 YEARS OLD. IMPORTED IN BOTTLE FROM CANADA BY HIRAM WALKER IMPORTERS INC .• 

DETROIT MICH. 86.8 PROOF. BLENDED CANADIAN WHISKY © 1981 
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50 AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

J UL Y, 1931: "If, as appears to be 
true, the only permanent entity in the 
universe is light, then Albert A. Michel
son, who has died in his 79th year, iden
tified himself so intimately with it that 
the one can scarcely be thought of with
out the other. We may attempt to isolate 
Michelson's major achievements, sum
ming them up broadly as the perfection 
of the Michelson interferometer for the 
measurement of the diameter of stars, 
and the high refinement of the deter
mination of the velocity of light, not 
to speak of the famous Michelson-Mor
ley experiment, whose unanticipated by
product was the Einstein theory of rela
tivity. But when we have accomplished 
that much, Michelson's major contribu
tions to science and the world have been 
little more than touched. Everyone who 
knows the inner world of physics and its 
personnel is aware that Michelson's real 
contribution to science was simply in be
ing Michelson: Michelson the leader, 
Michelson the teacher, Michelson the 
inspirer-particularly the inspirer. To 
this a host of Millikans and Comptons 
who grew up under his tutelage will tes
tify. He sensed which problems were 
the big ones and not only directed the 
energies of his best workers toward 
them but also kept them there." 

"On the cliffs of St. Margaret's Bay 
near Dover, England, the International 
Telephone and Telegraph Laboratories 
of Hendon, England, in co-operation 
with the Laboratories of Le Materiel 
Telephonique of Paris, recently gave a 
successful demonstration of a new ultra
short-wave radio telephone and tele
graph circuit between Dover and Calais 
across the English Channel. In this dem
onstration oscillations of wavelengths 
as short as 10 centimeters, designated 
'micro-rays,' were used for the first time 
to provide a high-quality two-way ra
dio-telephone circuit. When compared 
with radiations of the more usual wave
lengths, 'micro-rays' present many strik
ing features. For example, their ex
tremely short wavelength permits the 
use of electro-optical devices more usu
ally associated with light, such as reflec
tors or refractors. A very important use 
will be for television transmission. The 
present difficulty with regard to televi
sion is the very large freq uency -range 
req uired for satisfactory definition of 
the object transmitted. It should now be 
possible to allocate as wide a band as is 

necessary for television without causing 
any ether congestion." 

"The world is not as familiar with the 
name of Willem de Sitter, the Dutch as
tronomer-cosmologist, as it is with that 
of Albert Einstein. Readers of science 
often encounter the term 'the Einstein 
universe,' 'the de Sitter univ.erse' and so 
on. Such expressions refer to concepts of 
the size, shape and general nature, also 
the finiteness or infiniteness, of the total
ity of things. Of course, no existing tele
scope can penetrate the entire extent of 
the universe, and therefore these con
cepts are based partly on inference. In 
de Sitter's universe, which is finite, space 
is curved or bent, not so much because 
of the presence of matter, as in Ein
stein's universe, but inherently. It is an 
unstable universe, expanding or con
tracting. Recent research by E. P. Hub
ble of the Mount Wilson Observatory, 
indicating an expansion, favors de Sit
ter's concept and has caused Einstein to 
revise his own." 

"As business and industry begin grad
ually to adjust themselves to present 
conditions and to plan for the future, 
the controversy over the possibility of 
wage red uctions is becoming more seri
ous. President Hoover has consistently 
fought against such a step, although 
many executives, bankers in particular, 
have as strenuously favored it. It is go
ing to be no easy matter to adjust wages 
to a lower level even if in time that 
is shown to be the only feasible thing 
to do. Nevertheless, others besides the 
workingman have felt the depression, 
and on a stupendous scale. If, therefore, 
the restoration of economic balance can 
be effected in no other way, it may final
ly be necessary to reduce wages, in cer
tain lines at least." 

JULY, 1881: "Judge Lowell of the 
United States Circuit Court in Boston 
rendered an important decision on the 
27th ult., in which he virtually confirms 
to the American Bell Telephone Com
pany the exclusive right of talking over a 
wire by electricity. If his decision stands, 
what a marvelous honor belongs to Al
exander Graham Bell! He is declared to 
be the original and first discoverer of 
the far-reaching art of speech transmis
sion by electricity. It has been hereto
fore supposed by electrical laymen that 
Bell's devices are simply improvements 
upon something previously done in the 
same line by others, such as Oersted, 
Reiss and Gray. But a trial has been had, 
and the hopes of hundreds of telephonic 
inventors have been laid low in the dust. 
It may equally be said of Bell's tele
phone that although it is a good receiver, 
it is a poor transmitter-so poor that its 

use has been almost abandoned in fa
vor of superior instruments such as the 
Blake or the Edison. If we had to rely 
only on the Bell instruments, the tele
phone would be a nuisance, and the 
wide-spread use of speaking telegra
phy now enjoyed could never have been 
realized." 

"Sir William Thomson confirms the 
favorable results of his previous experi
ments with the Faure battery. He says: 
'If the processes are pushed on too fast, 
there is necessarily a great loss of ener
gy. If the processes are carried on too 
slowly, there is inevitably some loss 
through local action, the spongy lead be
coming oxidized and the peroxide losing 
some of its oxygen viciously, that is to 
say, without doing the proper propor
tion of electric work in the circuit. I have 
seen enough, however, to make me feel 
very confident that in any mode of 
working the accumulator will not be 
uselessly slow and the loss from local 
action will be very small. I think it most 
probable that, at rates of working that 
would be perfectly convenient for the 
ordinary use of fixed accumulators in 
connection with electric lighting and the 
electric transmission of power for driv
ing machinery, the loss of energy in 
charging the accumulator and taking 
out the charge again will be less than 
10 per cent of the whole that is spent 
in charging the accumulator. It seems 
probable that a tramcar arranged to 
take in, say, 850 pounds of freshly 
charged accumulators, on leaving head
quarters for an hour's run, may be driv
en more economically by the electric 
energy operating through a dynamo
electric machine than by horses.'" 

"Dr. W. F. Gint! discusses the ques
tion of whether, according to the experi
ments of Crookes, the assumption of an 
especial fourth state of matter is nec
essary, or whether the facts may be 
satisfactorily explained without such hy
pothesis. He shows that the latter alter
native is possible with the aid of a me
chanical theory of electricity: Particles 
become separated from the surface of 
the substance of the negative pole, they 
are repelled and they move away from 
the pole with a speed resulting from the 
antagonistic forces in a parallel and rec
tilinear direction, preserving their speed 
and their initial path so long as they do 
not meet with obstacles that influence 
their movement. At a certain density of 
the gases present in the exhausted space 
these particles, in consequence of the 
impact of gaseous molecules more or 
less opposed to their direction of move
ment, lose their velocity after traveling a 
short distance and soon come to rest. 
The luminous phenomena of the Geiss
ler tube Dr. Gint! supposes to be pro
duced by the intense blows the gaseous 
molecules receive from the polar parti
cles flying through the apparatus." 
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THE AUTHORS 
STEFAN NOWAK ("Values and At

titudes of the Polish People") is a sociol
ogist on the faculty of the University of 
Warsaw. He is currently on leave as a 
visiting" professor at Columbia Universi
ty. A native of Warsaw, Nowak was ed
ucated at the university there, earning 
his M.A. in the sociology of literature in 
1951. He taught a course in the history 
of Renaissance philosophy at the uni
versity for several years before return
ing to the study of sociology, obtaining a 
Ph.D. in the methodology and philoso
phy of the social sciences in 1958. No
wak has made a number of visits to aca
demic institutions outside Poland, be
ginning with a year as a postdoctoral 
fellow at Columbia's Bureau of Applied 
Social Research in 1958-59. On other 
occasions he has been a visiting profes
sor at universities in the U.S., Sweden, 
Finland and Norway. In recent years 
two of his books have been translated 
into English: Essays in the Methodology 
0/ Social and Behavioral Theories (1976) 
and Methodology 0/ Sociological Research 
(1977). Nowak is currently president of 
the Polish Sociological Association and 
a member of the executive committee 
of the International Sociological Asso
ciation. 

ARTHUR F. PILLSBURY ("The Sa
linity of Rivers") is a retired engineer 
who was affiliated for most of his career 
with the University of California. He 
has two degrees from Stanford Univer
sity: a B.A. in 1928 and a C.E. in 1930. 
He was employed as an irrigation engi
neer at both the Berkeley and the River
side campus of the university system un
til 1939, when he joined the U.c.L.A. 
faculty, serving for many years as chair
man of the department of irrigation and 
soil science. At the time of his retire
ment in 1972 Pillsbury was professor of 
engineering and director of the Water 
Resources Center at U.C.L.A. 

GERALD SCHUBERT and CURT 
COVEY ("The Atmosphere of Venus") 
are in the department of geophysics and 
planetary physics of the University of 
California at Los Angeles. Schubert, 
who has the rank of professor, was grad
uated from Cornell University in 1961 
with degrees in engineering physics 
and aeronautical engineering. He then 
joined the Navy, serving for four years 
on the faculty of the Naval Nuclear 
Power School at Mare Island in Califor
nia, while attending the University of 
California at Berkeley, where he ob
tained a Ph.D. in aeronautical sciences 
in 1964. After a postdoctoral year in the 
department of applied mathematics and 
theoretical physics at the University 
of Cambridge he returned to the U.S. 
to join the U.C.L.A. faculty in 1966. 

Covey, a graduate student at U.c.L.A., 
majored in biology as an undergraduate 
at the Massachusetts Institute of Tech
nology. He already has two advanced 
degrees, both from the University of 
California at Santa Barbara: an M.A. 
in biology and an M.A. in physics. 

W. FRENCH ANDERSON and 
ELAINE G. DIACUMAKOS ("Genet
ic Engineering in Mammalian Cells") 
are cell biologists with a common inter
est in the new technology of gene spli'c
ing. Anderson is chief of the Laboratory 
of Molecular Hematology at the Na
tional Heart, Lung, and Blood Institute. 
He is also adjunct professor of genetics 
at George Washington University. A 
graduate of Harvard College, he has an 
M.A. from the University of Cambridge 
and an M.D. from the Harvard Medical 
School. Anderson has been associated 
with the National Institutes of Health 
since 1965, when as a newly commis
sioned officer of the U.S. Public Health 
Service he was assigned to the Nation
al Heart Institute's Laboratory of Bio
chemical Genetics. Diacumakos is head 
of the laboratory of cytobiology at 
Rockefeller University. She did her un
dergraduate work at the University of 
Maryland at College Park, obtaining a 
B.S. in 1951, and her graduate work at 
New York University, where she got an 
M.S. in 1955 and a Ph.D. in 1958. She 
was associated with the Sloan-Kettering 
Institute for Cancer Research in 1962 
when she was awarded a special fellow
ship of the Public Health Service to 
work in the laboratory of Edward L. Ta
tum at Rockefeller. Diacumakos has 
been head of the cytobiology laboratory 
there since 1976. 

HERBERT J. BERNSTEIN and AN
THONY V. PHILLIPS ("Fiber Bundles 
and Quantum Theory") are respectively 
a theoretical physicist and a mathemati
cian. Bernstein, who teaches at Hamp
shire College, studied at Columbia Uni
versity (B.S., 1963) and the University 
of California at San Diego (Ph.D., 
1967). Before joining the faculty at 
Hampshire in 1971 he was a visiting 
member of the Institute for Advanced 
Study, an instructor at Southeastern 
Massachusetts University, an investiga
tor at the Cambridge Electron Accelera
tor and a visiting assistant professor at 
the Institute for Theoretical Physics of 
the University of Louvain in Belgium. 
In 1977-78 Bernstein served as techni
cal director of Volunteers in Technical 
Assistance (VITA) in Washington, D.C. 
Phillips, who is professor of mathemat
ics at the State University of New York 
at Stony Brook, was graduated from the 
Massachusetts Institute of Technology 

.in 1960, and went on to earn his Ph.D. 
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This remarkable photograph of Omega Centauri was taken at Apache 

Pass, Arizona, by Hubert Entrop. He writes us "The wind blew from the 

west in strong gusts but I located in a low north-south arroyo beside a large 

bush to protect the scope. The atmosphere was miserably rough but in spite 
of it, it's a good Omega Centauri. Imagine what it would be like if we 

could have it straight overhead instead of so low on the horizon. Exposure 1 
hour 30 minutes on Tri-X." 

If you come past Questar these days you will see the newest feature on our 
landscape-the Observa-Dome, which we are now privileged to offer to our 

customers in a variety of sizes. It is equipped with the new Questar Telescope 

Mount which accommodates our Questar 12 and is engineered to support a 
telescope as large as 20 inches. The design of the mount is an adaptation of the 
German equatorial, with special Questar features that contribute to the 

mechanical perfection for which Questar products are noted. Unlike some 

recently introduced mounts, it has a full 3600 continuous following capability, 

with a smoothness of operation that must be experienced to be believed. 
Also at Questar, if you have an interest in surveillance or special tracking 

applications, you will see our patented 40-120 on display. This unique 

instrument establishes prime focus at both 40 and 120 inches (1000 and 3000 
mm.) It 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. It weighs only 40 pounds. 

In many ways the Questar 40-120 is the most sophisticated of the Questar 

instruments. Its size and weight make it ideal for a variety of uses where the 
observer must be at a great distance from the area or activity under scrutiny, 

while the dual focal length is particularly important for objects in motion. 
Literature on the Questar 40-120 and on the Observa-Dome is available on 

request. • • • 

A convenient accessory for taking deep sky photographs is an auxiliary guiding 

system, the Questar Starguide. It consists of a Tracker and Declination Vernier 

Drive. The Tracker intercepts light from a guide star and delivers it to the 
guiding eyepiece, and the Drive permits corrections on a 10 to 1 ratio over the 

existing, extremely accurate, Questar drive. The eyepiece can be swiveled 3600 
for comfort in guiding and is completely independent of the camera position. 

QUESTAR, THE WORLD'S FINEST, MOST VERSATIlE 
TELESCOPE IS DESCRIBED IN OUR BOOKLET IN 
COLOR WITH PHOTOGRAPHS BY QUESTAR OWNERS. 
PLEASE SEND $2 FOR MAILING COSTS ON THIS 
CONTINENT. BY AIR TO S. AMERICA, $3.50; EUROPE 
AND N. AFRICA, $4; ELSEWHERE $4.50. 

c)Questar Corporation 1981 

QUESTAR 
BOX OC-20. NEW HOPE. PA. 18938 

1215) 862-5277 

from Princeton University in 1966. He 
has worked at a variety of institutions, 
including the University of California at 
Berkeley, the Steklov Institute of Math
ematics in Moscow, the Institute for Ad
vanced Study, the Pontifical Catholic 
University in Rio de Janeiro and the 
University of Paris. Phillips' article 
"Turning a Surface Inside Out" ap
peared in the May, 1966, issue of SCIEN
TIFIC AMERICAN. 

JAMES E. LLOYD ("Mimicry in the 
Sexual Signals of Fireflies") is professor 
of entomology and nematology at the 
University of Florida. A graduate of the 
State University of New York at Fredo
nia, he went on to obtain an M.A. in 
biology at the University of Michigan in 
1962 and a Ph.D. in entomology from 
Cornell University in 1966. Lloyd's field 
work on fireflies is done largely in the 
tropical rain forests of Southeast Asia, 
New Guinea and Central America. 

JOHN 1. YELLOTT, JR. ("Binocular 
Depth Inversion"), is professor of psy
chology at the University of California 
at Irvine. All his degrees are from Stan
ford University; the last, a Ph.D., was 
awarded in 1966. He taught for several 
years at the University of Minnesota, 
leaving in 1970 to spend a year as a vis
iting member of the Institute for Ad
vanced Study. He then moved to the 
school of social sciences at Irvine, where 
he has been ever since. Yellott's research 
work has focused primarily on applica
tions of mathematics to problems in 
learning and perception. 

HAROLD DORN and ROBERT 
MARK ("The Architecture of Chris
topher Wren") have collaborated on 
several projects since they first met in 
the late 1960's at Princeton University, 
where Dorn was a graduate student in 
the history of science and Mark taught 
civil engineering. Dorn, who is now pro
fessor of the history of science and head 
of the humanities program at the Ste
vens Institute of Technology, has a B.A. 
in philosophy and a B.C.E. in civil engi
neering, both from the College of the 
City of New York, an M.S. in mathe
matics from the Courant Institute of 
New York University and an M.A. and 
a Ph.D. in history from Princeton. Mark, 
who in recent years has become in
creasingly interested in the technology 
of historic buildings, now holds a joint 
appointment as professor of both civil 
engineering and architecture at Prince
ton. He majored in engineering as an un
dergraduate at C.C.N.Y. and worked 
for several years as an engineer before 
moving to Princeton in 1957. Mark was 
the author of an earlier article in SCIEN
TIFIC AMERICAN: "The Structural Anal
ysis of Gothic Cathedrals" (November, 
1972). His book, Experiments in Gothic 
Structure, is scheduled to be published 
by the MIT Press later this year. 
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METAMAGICAL 
THEMAS 

Pitfalls of the uncertainty principle 
and paradoxes of quantum mechanics 

by Douglas R. Hofstadter 

Y
OU have dropped a coin into a 
crevice in the upholstery of a fan
cy old chair. You want to retrieve 

the coin, and so you push your hand 
gingerly into the crevice and try to grab 
it. But the very act of pushing your hand 
in widens the crevice, and the coin slips 
farther down. You can feel that if you 
push any more, the coin will be lost for
ever in the innards of the chair. What to 
do? This commonplace little drama il
lustrates a feeling everyone knows: that 
striving for something can have the ef
fect of reducing that thing's availability. 

A good friend is visiting you from far 
away, and before she returns home you 
want to capture her enchanting laugh on 
film. She, however, is terribly camera
shy. The instant you bring out the cam
era she free:z,es; spontaneity is lost, and 
so is any chance of recording that laugh. 
The act of trying to capture the elusive 
phenomenon completely destroys it. 

Examples such as these are some
times attributed to the notorious uncer
tainty principle. That principle of quan
tum mechanics was first enunciated by 
Werner Heisenberg in about 1927. Care
less paraphrases since then, however, 
have eroded and obscured the true 
meaning of the principle in the popular 
mind. Here I should like to clarify mat
ters by discussing the genuine uncer
tainty principle and its impostors. 

Let me first state an imitation version 
clearly, so that you know what I am at
tacking. 

The ,pseudo uncertainty principle 
states: The observer always interferes 
with the phenomenon under observa
tion. It tends to be cited heavily in par
ticular domains, often where the phe
nomenon involves a reciprocal observ
er-someone who can observe back! But 
even in such cases this pseudo principle 
is too simplistic. It rests on a misun
derstanding of how experimentation 
proceeds and how science explains. 
The main thing to keep in mind is that 
science is about classes of events, not 
particular instances. Science explains 
through abstractions that underlie a po
tentially unlimited number of concrete 
phenomena. 
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Consider the following example. I re
cently heard about a woman who, in 
speaking of a friend of hers, said: "At 
that time she always date shranks. " She 
meant that her friend used to go out 
only with psychiatrists. The tense mark
er somehow got shifted from the verb 
"date" to the noun "shrink," which was 
then conjugated as if it were functioning 
as a verb: "dated shrinks" became "date 
shranks. " It would be fascinating to 
know exactly what was going on in the 
woman's brain as she made this bizarre 
transformation. We should like to know 
exactly where things went awry-down 
the wrong track. What went where, 
and why? 

But this was a one-shot phenomenon; 
it will probably never be repeated. A 
scientific explanation of the details is 
unlikely to be forthcoming. Instead we 
have to abstract some general phenome
non we think is the essential component 
of this particular event. We have to be 
able to imagine other events in the same 
general class. We have to be able to 
imagine some way of provoking them or 
of detecting them when they happen, so 
that we can study the patterns. Perhaps 
the appropriate level of abstraction is 
"grammatical errors in the speech of 
woman W." Or perhaps it is "shifts of 
tense markers from verbs to nouns. " De
pending on how we abstract the event 
we shall have to plan a particular course 
of experimentation. 

In the case of the camera-shy friend 
her laugh is presumably a repeatable 
phenomenon; in missing it once you 
have not missed it forever. And with 
enough patience and ingenuity you 
could capture that laugh with a telepho
to lens mounted somewhere in the dis
tance and a remote-control shutter re
lease held in your hand. You could then 
snap the picture without her knowing it. 

In the case of the coin in the up
holstery you could, with some effort, 
make a special tool to retrieve it with. 
In fact, in any such everyday case-even 
with phenomena involving reciprocal 
observers-by investing sufficient effort 
and ingenuity in a revised version you 
call isolate the phenomenon, render it 

Impervious to the fact that you are ob
serving it. You will never get a perfect 
replay of some specific event, but as 
long as it is a general phenomenon and 
not a one-shot event you are interest
ed in you can always reduce the effect 
of the observer (yourself) to as close to 
nil as you want. To be sure, the bud
get might have to be a trillion dollars, 
but here we are discussing principle, not 
pragmatics. 

The point needs repeating because 
many people think the uncertainty prin
ciple actually applies to everyday phe
nomena. Nothing could be further from 
the truth. What, then, is Heisenberg's 
principle about? 

To explain it we have to go back to 
one of Albert Einstein's three funda
mental papers of the year 1905, the pa
per in which he postulated that light is 
made up of the discrete entities called 
photons. It was in this paper that the 
window onto the mysterious world of 
quantum mechanics was first opened. 
Two centuries of cateful experimenta
tion and observation had demonstrated 
unequivocally that visible light acts like 
a wave with an exceedingly short wave
length (some 10-4 centimeter). Light 
waves had been observed interfering 
with themselves, canceling or reinforc
ing themselves. Such behavior is analo
gous to phenomena seen on lakes or oth
er bodies of water, such as the momen
tary canceling of one part of a speed
boat's wake by another part reflected off 
a jetty, or the shimmering patterns creat
ed on a still lake by the crisscrossing 
circular ripples emanating from the suc
cessive bounces of a skipped rock. 

In some ways light waves are simpler 
than water waves. Whereas water waves 
of different wavelengths travel at differ
ent speeds, all light waves travel at one 
speed: c, or 3 X 1010 centimeters per sec
ond. In water, waves of long wavelength 
travel faster than waves of short wave
length. Thus a single circular ripple, 
as it expands, breaks up into its vari
ous components. The outer edge, travel
ing fastest, consists of long-wavelength 
components; the inner edge consists of 
short-wavelength components. Hence 
gradually the ripple flattens out, or gets 
dispersed. Water is thus said to be a dis
persive medium, whereas the medium 
that light waves travel through is non
dispersive. What is that medium? The 
remarkable fact is that light needs no 
medium, or, if you prefer, the medium 
of light is a vacuum. The vacuum is 
nondispersive. But how peculiar it is 
for waves to be able to continue waving 
even when there is nothing to wave! 

This anomaly persistently puzzled 
Einstein, and in 1905 his fertile mind 
came across two fundamental elements 
of the resolution. One element was the 
theory 'of relativity and the other was 
the counterintuitive idea of particle like 
quanta out of which light waves would 
somehow be constituted. Where, how-
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ever, did this curious flash of insight 
come from? 

The classical theory of light as an 
electromagnetic wave had left a mystery 
about the way light of various colors, or 
wavelengths, is emitted from a "black 
body." The term is misleading; it merely 
means any object that absorbs light of 
all frequencies and does not reflect 
light of any frequency. As a black body 
heats up it begins to glow, first dull red, 
then bright red, then orange, eventually 
bluish and even white. (Think of the 
glowing burner on an electric stove.) 
The unexplained problem was to deter
mine how much light of each wave
length is put out by a black body at a 
given temperature. In the water-wave 
analogy this would correspond roughly 
to predicting how deep the leading, cen
tral and trailing parts of a ripple created 
by a falling stone would be as a function 
of, say, the momentum of the stone as it 
hit the water surface. 

The actual black-body spectrum at 
many temperatures had been carefully 
measured by experimental physicists, 
and the characteristic shape of the curve 
of intensity v. wavelength was familiar. 
At both very long and very short wave
lengths the intensity died away toward 
zero, and at an intermediate value, de-

• • • • • • 

termined by the temperature, the inten
sity was at a maximum. This. disagreed 
sharply with the prediction of classical 
physics concerning the intensity of the 
various colors. Classical physics gave 
the prediction that at very short wave
lengths, no matter what the tempera
ture, the intensity would approach infin
ity. In modern terminology this amounts 
to saying that every object, even an ice 
cube, is constantly radiating lethal gam
ma rays at arbitrarily great intensities. 
This is obviously preposterous. Up to 
1900, however, no one had any idea how 
to patch up the classical theory. 

In that year Max Planck discovered 
a kind of hybrid formula that looked 
like a mathematical splicing of two dif
ferent components, one pertaining to 
long wavelengths and the other to short 
wavelengths. At the longer wavelengths 
the formula agreed with the classi
cal prediction and also with the mea
sured data. At the shorter wavelengths 
Planck's formula diverged from the 
classical prediction but stayed in agree
ment with the data. In short, Planck's 
equation seemed right on the money for 
all wavelengths and temperatures-but 
it had not been derived from first prin
ciples. It was a lucky guess, although 
much more than luck was involved, 

A sillgle electroll call pass through two slits alld create all illterferellce patterll (right) 
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since Planck's intuition had guided 
him like a bloodhound to the formula. 

Planck himself was particularly baf
fled by the fact that he had had to throw 
a strange quantity he called "the ele
mentary quantum of action, h," into his 
formula. What h meant was not clear. It 
was just a constant that, with a suitable 
value, would make the formula exact
ly reproduce the observed spectrum. It 
seemed therefore to be a universal con
stant of nature. 

But what in the world was it doing in 
this equation? What did it mean? Ein
stein was the first to postulate the reason 
behind the appearance of Planck's con
stant h in the equation. Einstein began 
with the concept that the energy con
tent of light waves is deposited in tiny 
lumps-photons-whose size has to do 
with h and their wavelength. For exam
ple, if the light is red, its photons carry 
about 3 X 10-12 erg of energy. Green 
photons carry about 4 X 10 -12 erg. AM 
radio-wave photons carry somewhere 
between 3 X 10-21 and 9 X 10-21 erg 
(depending on what station you are 
tuned in to). The amount of energy per 
photon was postulated to be invariant, 
given its color (that is, its wavelength). 

In the water-wave analogy you can try 
to visualize ripples that, when they 
reach the shore, vanish and are replaced 
by frogs that hop up the bank where the 
water would have lapped. The long
er the wavelength of the ripple, the 
smaller the frog that jumps out. Con
versely, when fine ripples with a very 
short wavelength reach the shore, they 
turn into thundering monster frogs that 
knock trees down and send boulders 
crashing into the lake (an analogue to 
the photoelectric effect, in which elec
trons of sufficient energy knock elec
trons out of a metal surface). Einstein's 
interpretation of Planck's formula im
plied that the frog's energy-or rather 
a photon's energy-and its wavelength 
must be inversely proportional. The 
equation linking them is E = he/A, 
where E is the photon's energy, h is 
Planck's newly discovered constant, e is 
the speed of light and A is the photon's 
wavelength. Here E and A are the only 
variables. This mixing of wave and par
ticle viewpoints was one of the most baf
fling aspects of quantum mechanics, and 
it has continued to plague the intuition 
of physicists ever since, although math
ematically it was greatly cleared up by 
the blossoming of the field in the 1920's 
and 193 0's. 

The next step en route to Heisenberg's 
uncertainty principle came in 1924, 
when Prince Louis Victor de Broglie 
was reflecting on the mysterious parti
clelike nature of light waves. He asked 
himself: Why should only light waves be 
particlelike? Why is it just a one-way 
street? Why not the reverse? Might not 
particles also have wavelike properties? 
De Broglie's intuition was more or less 
as follows: If you want to generalize 
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Einstein's equation so that it holds for 
particles other than photons, you have 
to get rid of the one direct reference in it 
to light, namely c. After all, most parti
cles do not travel at the speed of light. 
Hence de Broglie thought about how to 
recast the equation in a c-Iess form. 

It proved to be not too hard, because 
by then it was known that photons have 
both energy E and momentum p. and 
that they are related by the equation 
E = pc. If you combine the two eq ua
tions, you can cancel out the c. and the 
result is p = hit-... This is still Einstein's 
equation; it contains no new physics. De 
Broglie's conceptual bravery was to pro
pose-without any experimental evi
dence for it-that the equation should be 
universal. It should apply to all matter, 
not only photons but also electrons, pro
tons, atoms, billiard balls, people-even 
dogs! Thus Fido would have a wave
length whose value would depend on 
how fast he was running. 

What would this mean physically? 
What can a running dog's wavelength 
mean? Well, if you calculate it, you will 
find that Fido's wavelength is far shorter 
than the radius of a proton, yet Fido 
finds himself considerably bigger than a 
proton. If Fido were very, very small, 
small enough for his wavelength and his 
size to be comparable, his wavelength 
would make him diffract around objects 
the way water waves do. But since Fido 
is macroscopic, his having a microscop
ic wavelength is all but irrelevant. 

For electrons it is entirely another 
matter. They are smaller than their own 
wavelength. (In fact, as far as anyone 
knows electrons are perfect point parti
cles, with zero radius.) Soon after de 
Broglie made his suggestion, experiment 
and theory thoroughly confirmed his 
notion. Electron waves were soon being 
diffracted in laboratories around the 
world, just like light waves. 

Now there arises a puzzle. Are elec
trons spread out in space the way waves 
must be, or are they localized? If they 
are truly points, how can they be dif
fracted? If they are truly waves, where is 
their electric charge carried? 

Experiments have shown that even a 
single electron can be diffracted. Rich
ard P. Feynman in his book The Charac
ter of Physical Law (The MIT Press, 
1967) describes it beautifully. In an 
idealized experiment one electron is re
leased in the direction of a barrier with 
two slits in it. On the far side of the 
barrier is a detecting screen. The elec
tron follows some trajectory and hits the 
screen somewhere. One such event sim
ply results in one dot being made on the 
screen. Suppose we repeat the experi
ment many times, each time releasing 
just one electron. We get a buildup of 
dots on the screen. Intuition tells us 
clearly to expect the dots to be clustered 
directly behind each of the two slits, 
their distribution tailing off with dis
tance. In other words, we would expect 
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to find two clusters of dots and no other 
kind of distribution. 

But if the de Broglie wavelength of 
the electron is close to the distance be
tween the slits, the pattern on the screen 
after thousands of arrivals will look 
very different. It will be a complex regu
lar structure characteristic of waves in
terfering with each other. Actually it 
will reproduce the intensity pattern cre
ated by a wave that splits itself into two 
parts, which interfere with each other on 
the far side of the barrier. It must be 
inferred that each electron, as it flew 
in its trajectory from the source to the 
screen, somehow "sensed" both slits and 
interfered with itself in the manner of a 
wave and yet deposited itself like a frog, 
that is, at a point, on the screen without a 
trace of its schizophrenia. 

The dilemma is, then, that electrons 
act as if they are both spread out and 
localized-as if they were both waves 
and particles. This kind of wishy-wash i
ness is inconceivable in the macroscopic 
realm. We have no trouble distinguish
ing between, say, oranges and ripples in 
a pond. (If you think you might be in a 
tight spot someday where you would 
need to tell quickly if something is an 
orange or a ripple, clip out the following 
wallet-sized orange-ripple distinguisher: 
An orange is solid, tangible and above 
all always somewhere. A ripple has no 
mass, is intangible and is spread out.) 

If you are hungry and want to know 
where your orange is, you just look 
around, and when you sense some or
ange-flavored photons entering your 
eyes, you will have found it. Those pho
tons bounced off the orange and into 
your eyes. But suppose the orange some
how grew smaller and smaller. After it 
got down to the size of a mitochondrion 
in a living cell its diameter would be 
about the wavelength of orange light. 
Then it would diffract light, and you 
would not be able to find it so easily. If it 
grew even smaller, something terrible 
would begin to happen. The individual 
photons that were hitting it would, with 
their momentum and energy, begin to 
jostle it around. The particlelike quality 
of photons would start to enter the pic
ture. Indeed, an orange the size of an 
electron would probably be very hard to 
find. Therefore if you were starved for 
an orange, you would do better to look 
around for a bigger one. 

Unfortunately the same cannot be 
said of electrons. You cannot find a big
ger one. To find an electron you cannot 
do anything but bombard it with other 
particles or with photons. Since particles 
and photons have both particlelike and 
wavelike aspects, either bombardment 
will lead to similar consequences. If you 
want to locate a particle precisely, you 
need waves· whose wavelength is about 
the size of that particle (or shorter). To 
understand this intuitively, think of the 
way water waves would be affected by a 
floating piece of wood. If they have a 

very long wavelength, they will not even 
"notice" the wood. Only if their wave
length gets down to the size of the object 
will they begin to be affected by it. 

Hence in order to find our electron we 
need photons of very short wavelength. 
Wavelength, however, is inversely pro
portional to momentum. That is the 
deadly part of de Broglie's equation. 
You pay for your short wavelength by 
having a lot of momentum. And so as 
you try to diffract waves ever so gently 
off your particle, hoping not to move it, 
you will not be able to do so without 
transmitting momentum to it. Either 
you are gentle (long-wavelength pho
tons) and do not see the electron well, or 
you are violent (short-wavelength pho
tons) and throw the electron completely 
off its course. 

Heisenberg made a careful study of 
this perversity that follows from de 
Broglie's eq uation and discovered, to 
the bewilderment of epistemology lov
ers the world over, that to know the po
sition of a particle perfectly is to give up 
any hope of knowing its momentum, 
and that to know the momentum is to 
give up any hope of knowing its posi
tion. And to �now either one imprecise
ly would be to impose limits on the pre
cision with which you could know the 
other. A recently observed graffito illus
trates this idea: "Heisenberg may have 
been here." The principle can be sum
marized even in an inequality, which 
Heisenberg ded uced. If you are trying to 
determine the location of the particle, 
there will be an uncertainty, conven
tionally denoted !!.x. There will also 
be an uncertainty in the value of the 
momentum, denoted !!.p. Heisenberg's 
uncertainty principle is the inequality 
!!.x·!!.p 2 h!27T. 

There are a couple of things to point 
out here. First, note the presence of h. 
Planck's mysterious constant. This tells 
you that the effect is a consequence of 
the wave-particle duality of matter (and 
of photons) and has nothing to do with 
the notion of an observer disturbing the 
thing under observation. Second, note 
that even with this epistemological re
striction, arbitrarily accurate measure
ment of either position or momentum is 
possible; it is just that you cannot get 
both measurements. 

In short, it is a complete misinterpre
tation of Heisenberg's uncertainty prin
ciple to suppose it applies to macroscop
ic observers who are making macro
scopic measurements. For example, it 
does not follow from Heisenberg that 
psychologists studying the phenomena 
of human cognition are somehow limit
ed in principle by the fact that they are 
observing conscious human beings, who 
are capable of the same kind of observa
tion. What they are limited by is their 
knowledge of the human brain and their 
ingenuity (and perhaps these days by 
their funding). 

If you wanted to know more about 
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Grand Prizes: 15 round trips for 2 to Ireland on Aer Lingus. 
Now, you can make that fantastic vacation you' ve 

always dreamed about, a reality. Soon, John Jameson 
Irish Whiskey will  be giving 15 lucky grand prize 
winners two round trip tickets to Ireland on Aer Lingus, 
Ireland's quality international airline. There, they ' ll 
discover the unspoiled beauty and historic landmarks of 
an exciting era. A time when John Jameson himself 

started to distill his fa
mous whiskey in the Dub

lin of 1780. And to help 
them enjoy their visit to the 

18th century, winners also re
ceive $1,000 in ex

pense money. 
Plus 200 other prizes 

200 runners-up will win 
an elegant set of six imported 

crystal "on the rocks" glasses. (T he perfect 
complement for the delicate taste of imported John 

Jameson.) To enter, just visit your favorite bar, liquor 
store, or restaurant and look at the front label on a bottle 
of John Jameson. Then, simply answer the question on 
the coupon in this ad and mail it in. And put 200 years of 
Ireland's past in your future. 

OFFICIAL RULES 
1. On entry form, or 3" x 5" piece of paper, print your name, address and zip code. Then 

answer the question with information found on the front label of any boule of Jameson 
Irish Whiskey. If you don't own a bottle, visit your favorite restaurant or tavern, or go to 
any participating liquor store and look at a bottle of Jameson. A label may also be 
obtained by sending a stamped, self·addressed envelope to John Jameson Irish Sweep· 
stakes, PO. Box 8288, St. Paul, Minn. 5 5182. 

2. Enter as often as you wish, but each entry must be properly completed, addressed and 
mailed in � separate envelope and received by September 30, 1981 to be eligible. Prize 
winners will be determined in a witnessed random drawing by SiebeUMohr Incorpo� 
rated, an independent judging organization whose decisions are final. Winning entries 
must also include the correct answer to the question asked on the entry form. No 
purchase required. 

3. Each grand prize winner will receive 2 rOllnd trip economy tickets to Ireland on Aer 
Lingus plus $1,000 cash. It's incumbent upon winners to make their own arrangements 
for the trip. Winners shall depart from the normal Acr lingus departure points within 
the Continental U.S. A. Any additional expenses incurred on the trip will be borne by 
the winners. Trips must be taken by December 31, 1982. Any necessary taxes must be 
paid by winners. The 200 second prize winners receive an elegant set of six imported 
crystal"On the rocks" glasses. Prizes are non�transferrable and non�redeemable. 

4. Only one prize per family or household. The odds of winning will be determined by the 
number of correct entries received. All prizes will be awarded. 

5. Sweepstakes open to residents of the Continental U.S.A., Alaska and Hawaii. Employ, 
ees and their families of Calvert Distillers Company and Aer Lingus, their affiliated and 
subsidiary companies, liquor wholesalers and retailers, their advertising agencies and 
judging organization, are not eligible. Sweepstakes void where prohibited or restricted by 
law. All federal, state and local laws apply. 

6. Entrants must be of legal drinking age under the laws of their home state. 

7. A list of all major winners can be acquired at the conclusion of the sweepstakes by 
sending a stamped, self-addressed envelope to John Jameson Irish Sweepstakes, P. O. Box 
8283, St. Paul, Minnesota 5 5182. NO PURCHASE REQUIRED. 

JOHN JAMESON IRISH SWEE PSTAKES "l 
I have read the contest rules listed on this page, and would 1 
like to enter the John Jameson Irish Sweepstakes. Myanswer 1 
is written below (correct answer appears on the front label 1 of each John Jameson bottle). 

What is the motto under the John Jameson coat of arms? 

Name ______________________________________ _ 

1 
1 
1 

Address _________________ 
1 

City ________ State ______ Zip___ 1 
Mail entries to: John Jameson Irish Sweepstakes 1 

P.O. Box 8211 1 St. Paul. Minnesota 55182 
For more information on travel to Ireland. call Aer Lingus toll- I 
free (see local directory). ...I 

- - - - - - - -;o;;;07.�v��IL;-RSZo,;-YC 
John Jameson. World's largest"selling Irish Whiskey. 
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What if you chose 
as a technical 

HPcan be your business 
computer partner too! 

The new, top-of-the-line HP 3000 
Series 44 computer-with advanced 
systems software-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 data pro
cessing. And, 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 

• s 

information access and resource 
sharing. Update kits for smaller 
3000's are available. 

w .. 

'�t Nikon, HP 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"lOOO'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 g uarantee! 

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. 

World's most powerful 
computer CPU chip. 
HP has developed 
a new proprietary 
chip containing 
450,000 transis-
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Hewlett-Packard 
cotnputer partner? 

tors, more than double the number 
previously considered the techno
logical limit. Shown here beside· 
a paper match at 2X magnification, 
this central processor chip is an 
example of the leading edge tech
nology that keeps HP computers 
among the world's most advanced. 

HP's new Microsystem: 
modular and low in cost. 

The HP 1000 Model 5 is the smallest, 
lowest-priced complete system in 
HP's family of real-time computers. 
It is easy to configure for a wide 

range of industrial 
and lab operations, 
and uses software 
packages up-

I wardly compatible 
throughout the 
HP 1000 line, 

including networking, data base 
management, and graphics. Prices 
start at under $10,000*. 

·Domestic u.s. prices only. 

"At Boeing, HP computers 
are helping to save 
$1 million a year in time 
and inventory costs ." 
Boeing's Manufacturing Research 
and Development Functional Test 
Group, in Renton and Everett, 
Washington, uses several HP 9845 
computers to control the mechani
cal, electrical, and avionic testing of 
newly manufactured airplanes. 

Says Merlin Wiese, Group Manager, 
"Using HP 9845s, we have devel
oped an automated test system for 
the Boeing 74 7, and are now rede
signing it for the new Boeing 757 
and 767. Before automation, we 
were spending many days on the 
manual preflight testing of each 
new airplane. 

"The HP 9845s have enabled us to 
improve test accuracy, speed test 
time significantly, and to simulate 
flight conditions while the airplane 
is on the ground. This means air
planes spend less time in test and, 
as a result, labor and inventory 
costs are reduced substantially." 

A working partnership 
withHP. 

HP offers a free, 75-page catalog of computer 
products that provide solutions for Original 
Equipment Manufacturers. For y our 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. 

Whenperformance must r/in- HEWLETT 
be measured by results �� PACKARD 

00144 
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grammatical anomalies in the speech of 
woman W, there are in principle many 
ways you could go about it without 
making her self-conscious. To choose a 
few extravagant examples, for just a few 
thousand dollars you could install a hid
den microphone in her home and moni
tor her conversations. For a few hun
dred thousand dollars you could have 
tiny radio transmitters made and secret
ly sewn into all her lapels. For perhaps a 
few million dollars you might be able to 
convince her she needed minor surgery 
of some kind, and then while she was 
anesthetized you could have harmless 
electrodes implanted in her brain to 
monitor her speech areas without her 
knowing it. If you thought that such 
physical interference with her brain 
might disturb her grammatical habits, 
then you might have to wait for a while 
longer until we figure out how neu
ral activity can be examined remotely. 
These possibilities are clearly ridicu
lous, but the point is that in principle we 
can study macroscopic phenomena with 
an arbitrary degree of precision. 

To recapitulate, the uncertainty prin
ciple does not state that the observer al
ways interferes with the observed but 
rather states that at a very fine grain size 
the wave-particle duality of the probing 
object becomes relevant. The uncertain
ty principle is not an epistemological 
law about observation but a simple con
seq uence of the fact that Planck's con
stant is not zero. 

The uncertainty principle is not an ax
iom of quantum physics; it is a deduced 
principle, just as Einstein's most famous 
eq ua tion E = mc2 was ded uced from the 
more fundamental equations of relativi
ty. Both are useful because they are 
pithy. The uncertainty principle is often 
applied by physicists as a rule of thumb. 
If you want to estimate the approximate 
momentum a neutron will have when it 
is emitted by a nucleus decaying from 
an excited state, a seat-of-the-pants esti
mate is given by p = hlx, where x is on 
the order of the dimensions of the con
fining nucleus. You can think of the con
finement within the nucleus as making 
the position uncertainty very small, so 
that the neutron is bouncing around in
side its "cage" with a compensatingly 
large momentum uncertainty. When the 
neutrol) escapes, a rough estimate of 
the momentum it will have is given by 
the uncertainty val ue. 

When you examine the foundations of 
quantum mechanics, it becomes clear 
that the uncertainty principle is more 
than an epistemological restriction on 
human observers; it is a reflection of 
uncertainties in nature itself. Quantum
mechanical reality does not correspond 
to macroscopic reality. It is not just that 
we cannot know a particle's position and 
momentum simultaneously; the particle 
does not even have definite position and 
momentum simultaneously! 

A particle is represented in quantum 

mechanics by a wave function describ
ing the probabilities that the particle is 
here, there or somewhere else; that the 
particle is heading east, west, north or 
south, and so on. For each point in space 
there is what is called a probability 
amplitude of finding the particle there, 
and this number is given by the wave 
function. Alternatively one can read the 
wave function through different "math
ematical glasses" and obtain a probabil
ity amplitude for each possible value of 
momentum. All the facts about the par
ticle are wrapped up in its wave func
tion. In more modern terminology the 
term "state" is often used instead of 
wave function. 

In classical physics quantities such as 
x and p-position and momentum-di
rectly enter the equations governing a 
particle's behavior. The values of x and 
p are definite at any one moment, and 
they change according to the forces that 
are acting on the particle. With such 
equations of motion physicists can plot 
in advance the positions and momenta 
of particles in simple, stable systems 
with incredible accuracy. An example is 
the motions of the planets, which even 
the ancients learned to predict with con
siderable accuracy. A more contempo
rary example is provided in computer 
space games, where spacecraft and plan
ets are affected by a star's gravity and 
can go into orbit right before your eyes, 
swinging about in perfect ellipses on 
a screen. The underlying equations of 
such motion are differential equations, 
and one obvious property they have (we 
take it for granted) is that the motions 
they describe are smooth. Planets and 
spacecraft do not jump out of their or
bit. There are no sudden discontinuities 
in their motion. 

In quantum mechanics x and p do not 
enter into the equations of motion as 
they do in classical mechanics. Instead it 
is the wave function that evolves in time 
according to a differential equation: 
Schrodinger's equation (in nonrelativis
tic quantum mechanics). As time pro
gresses the values of the wave function 
ripple through space as a water wave 

ripples on the surface of a lake. This 
would seem to imply that quantum phe
nomena, like nonquantum ones, pro
ceed smoothly and with nQ. jumps. In 
one sense that is right. A familiar exam
ple is the smooth precession of a spin
ning charged particle in a magnetic field. 
It is a kind of electromagnetic analogue 
to the precession of a spinning gyro
scope in a gravitational field. The pa
rameters that characterize the state of 
the spinning particle do indeed change 
smoothly, without any jumps. 

However, and it is a big however, 
there are exceptions to this smooth be
havior, and they seem to form just as 
central a part of quantum theory as the 
smooth evolution of states does. The ex
ceptions occur in the act of measure
ment, or the interaction of a quantum 
system with a macroscopic one. As 
quantum mechanics is usually cast, it 
accords a privileged causal status to cer
tain systems known as observers, with
out specifying what observers are (in 
particular without specifying whether 
consciousness is a necessary ingredient 
of being an observer). To clarify this 
point it is necessary to present a quick 
overview of the measurement problem 
in quantum mechanics, and for that pur
pose it will be useful to invoke the meta
phor of the quantum water faucet. 

Imagine a water faucet with two 
knobs, one labeled "H" and one labeled 
"e," each of which you can twist contin
uously. Water comes streaming out of 
the faucet, but the system has a strange 
property: the water is always either to
tally hot or totally cold; there is no in
between. The two states of the water 
may be called temperature eigenstates. 
(The prefix eigen- can be translated 
from the German as "particular." Here 
it refers to the fact that the temperature 
has a particular value.) The only way 
you can tell which eigenstate the water is 
in is by putting your hand in it. Actually 
in orthodox quantum mechanics it is 
trickier than that. It is the act of put
ting your hand in the water that throws 
the water into one or the other eigen
state. Up until that instant the water 

Schrodinger's cat confronts a paradox of quantum mechanics 
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Cutting back without compro
mise isn't easy for any company. 
And a lot of companies that 
depend on electrical connectors 
are trying to reduce their usage 
of precious metals. 

That's why they're coming 
to A MP. 

Over the past decade, we've 
reduced the gold in our connectors 
by 33%. Yet they're as reliable as ever. 

The reason is our advanced tech
nology in plating. And now for the 

'80s, it's ACCU-PLATE -our own 
method of selective plating. With 
extraordinary precision, it uses the 
least amount of gold, palladium, or 
plating combination needed for the 
best performance. 

As a result, our customers are not 
compromising. And they're saving 
money. 

Help for the '80s. 
Call us for electrical or electronic 

connectors or interconnection sys
tems, and we'll respond with innova-

tions and modem technology. What's 
more, we'll give you the benefit of 
our research and development
where we invest more than anyone 
else in the industry so you can spend 
less making your product. 

A better way. 
For reliability, for cost-effecti veness, 

for help to make your company more 
productive, AMP has the better ways. 

Write for our brochure, "AMP Has 
A Better Way." AMP Incorporated, 
Harrisburg, PA 17105. 
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is said to be in a superposition of states. 
Depending on the setting of the knobs, 

the likelihood of your getting cold water 
will vary. Of course, if you open only the 
"H" valve, you will always get hot wa
ter, and if you open only the "C" valve, 
you will get cold water for sure. If you 
open both valves, however, you will cre
ate a superposition of states. By trying 
the same setting repeatedly you can 
measure the probability of getting cold 
water with that setting. Then you can 
change the setting and try again. There 
will be some crossover point where hot 
and cold are equally likely. It will then 
be like flipping a coin. (This quantum 
water faucet is sadly reminiscent of 
many a bathroom shower.) You can 
eventually build up enough data to draw 
a graph of the probability of cold water 
as a function of the knobs' settings. 

Quantum phenomena are like that. 
Physicists can twiddle knobs and put 
systems into superpositions of states, 
analogous to the superpositions of the 
hot-cold system. As long as no measure
ment is made of the system, the physicist 
cannot know which eigenstate the sys
tem is in. Indeed, it can be shown that in 
a fundamental sense the system itself 
does not "know" which eigenstate it is 
in, and that it only decides (at random) 
at the moment the observer's hand is put 
in to "test the water," so to speak. Up to 
the moment of observation the system 
acts as if it were not in an eigenstate. For 
all practical purposes, for all theoretical 
purposes and in fact for all purposes the 
system is not in an eigenstate. 

You can imagine doing a lot of ex
periments on the water coming out of 
a quantum water faucet to determine 
whether the water is actually hot or ac
tually cold without sticking your hand in 
it. (We are assuming, of course, that 
there are no telltale clues to the temper
ature of the water, such as steam rising 
from it.) For example, you could run 
your washing machine on water from 
the quantum faucet. Still you will not 
know whether your wool sweater has 
shrunk until the moment you open the 
machine (a measurement made by a 
conscious observer). You could make 
some tea with water from the faucet. 
Still you will not know whether you 
have hot tea until you taste it (again a 
measurement made by a conscious ob
server). The critical point here is that the 
sweater and the tea, not having con
scious-observer status themselves, have 
to play along and, just as the water did, 
enter superpositions of states: shrunk 
and nonshrunk, hot tea and cold tea. 

That may sound as if it has nothing to 
do with physics per se but merely with 
ancient philosophical conundrums such 
as: Does a tree in a forest make a sound 
when it falls if there is no one present to 
hear it? The quantum-mechanical twist 
on such riddles is that there are obser
vational consequences of the reality of 
the superpositions, consequences that 

are diametrically opposed to those that 
would follow if a seemingly mixed state 
were in reality always a true eigenstate, 
merely hiding its identity from observ
ers until the moment of measurement. 
In crude terms, a stream of maybe-hot
or-may be-cold water would act differ
ently from a stream of water that is actu
ally hot or actually cold, because the 
alternatives "interfere" with each other. 
This would become manifest only after 
a large number of sweater-washings and 
tea-makings, just as in the two-slit exper
iment it takes a large number of elec
tron-landings to reveal the interference 
pattern of the alternative trajectories. 
Interested readers should consult the ex
position of this difference in either Feyn
man's The Character of Physical Law or, 
for an account with mor.e detail, The 
Feynman Lectures on Physics, by Rich
ard P. Feynman, Robert B. Leighton 
and Matthew Sands (Addison-Wesley 
Publishing Co., 1973-75). 

The plight of Schrodinger's cat 
(named for Heisenberg's fellow quan
tum-mechanical pioneer Erwin Schro
dinger) carries this idea further: even a 
cat could be in a quantum-mechanical 
superposition of states until a human 
observer intervened. The tale of the un
fortunate cat goes as follows. A box is 
prepared for a cat's occupancy. Inside 
the box there is a small sample of ra
dium. Also in the box is a detector of 
radiation that will detect any decays of 
radium nuclei in the sample. The sam
ple has been chosen so that there is a 
50-50 probability that within any peri
od of an hour one decay will occur. On 
the occurrence of such a decay a circuit 
will close, tripping a switch that will 
break a beaker filled with a deadly liq
uid, spilling the liquid onto the floor of 
the box and killing the cat. 

The cat is placed in the box, the lid is 
secured and an hour ticks away. At the 
end of the hour a human observer ap
proaches the box and opens the lid to see 
what has happened. According to one 
extreme view of quantum mechanics 
(and the reader should bear in mind that 
it is not the usual view), only at that mo
ment will the system be forced to jump 
into one of the two possible eigen
states-cat alive and cat dead-that are 
represented together as a superposition 
in the wave function of the system. 
(Note that it is necessary for the ran
domness to be of a clearly quantum
mechanical origin: the decay of the radi
um nucleus. This thought experiment 
would not pack any punch if there were 
a spinning roulette wheel in the box in
stead of a radium sample. ) 

One might object and say, "Wait a 
minute! Isn't a live cat as much of a con
scious observer as a human being is? " It 
probably is, but note that this cat is pos
sibly a dead cat, and therefore certainly 
not a conscious observer. We have in 
effect created in Schrodinger's cat a su
perposition of two eigenstates one of 
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wh ich has observer status and the other 
of which lacks it. N ow what do we do? 

To many physicists the distinction be
tween systems with observer status and 
those without it has seemed artificial 
and even repugnant. Moreover, the idea 
that the intervention of an observer 
causes a "collapse of the wave func
tion"-a suddeh jump into one random
ly chosen pure eigenstate-in trod uces 
caprice into the ultimate laws of nature. 
Einstein's lifelong belief was that God 
does not play dice ("Der Herrgott wiir
felt nicht"). 

A radical attempt to save both conti
nuity and determinism in quantum me
chanics is known as the many-worlds in
terpreta tion, first proposed in 1957 by 
Hugh Everett III. According to this 
bizarre theory, no system ever jumps 
discontinuously into an eigenstate. 
What happens is that the superposi
tion evolves smoothly with its various 
branches unfolding in parallel. When
ever it is necessary, the state sprouts 
further branches that carry the various 
new alternatives. For example, there are 
two branches in the case of Schroding
er's cat, and they develop in parallel. 
"Well, " you say, "what happens to the 
cat? Does it feel itself to be alive or does 
it feel itself to be dead? " One must won
der. Everett would answer: "It depends 
on which branch you look at. On one 
branch the cat feels itself to be alive and 
on the other there is no cat to feel any
thing. " With intuition beginning to re
bel, you then ask: "Well, what about a 
few moments before the cat on the fatal 
branch died? How did the cat feel then ? 
Surely the cat can't feel two ways at 
once. Which of the two branches con
tains the genuine cat? " 

The problem becomes even more in
tense as you realize the implications of 
this theory as it applies to you here and 
now. For every quantum-mechanical 
branch point in your life (and there have 
been billions on billions) you have split 
into two or more you's riding along par
allel but disconnected branches of one 
gigantic universal wave function. (By 
this term is meant the enormous wave 
function representing all the particles in 
all the parallel universes. ) At the critical 
place in Everett's article where this diffi
culty arises he calmly inserts the follow-
ing footnote: 

. 

"At this point we encounter a lan
guage difficulty. Whereas before the ob
servation we had a single observer state, 
afterward there were a number of differ
ent states for the observer, all occurring 
in a superposition. Each of these sepa
rate states is a state for an observer, so 
that we can speak of the different ob
servers described by different states. On 
the other hand, the same physical sys
tem is involved, and from this viewpoint 
it is the same observer, which is in differ
ent stares for different elements of the 
superposition (i.e. ,  has had different ex
periences in the separate elements of the 
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superposition). In th is situation we shall 
use the singular when we wish to empha
size that a single physical system is in
volved [Everett is referring to the multi
ply branching universe], and the plural 
when we wish to emphasize the different 
experiences for the separate elements of 
the superposition. (E.g. ,  The observer 
performs an observation of tile quanti: 
ty A, after which each of the observers 
of the resulting superposition has per
ceived an eigenvalue.')" 

All of this is said with a poker face. 
The problem of how it feels su bjectively 
is not dealt with; it is not even swept 
under the rug. It is probably considered 
meaningless. 

And yet one simply has to wonder: 
Why, then, do I feel myself to be in just 
one world? Well, according to Everett's 
view, you do not: you feel all the alter
natives simultaneously. It is just this you 
going down this branch who does not 
experience all the alternatives. This is 
completely shocking. In his story "The 
Garden of Forking Paths" Jorge Luis 
Borges describes a fantastic vision of the 
universe in the following way: 

" The Garden of Forking Paths' is a 
picture, incomplete yet not false, of the 
universe as Ts'ui Pen conceived it to be. 
Differing from N ewton and Schopen
hauer, [he] did not think of time as abso
lute and uniform. He believed in an infi
nite series of times, in a dizzily growing, 
ever spreading network of diverging, 
converging and parallel times. This web 
of time-the strands of which approach 
one another, bifurcate, intersect, or ig
nore each other through the centuries
embraces every possibility. We do not 
exist in most of them. In some you exist 
and not I, while in others I do, and you 
do not, and in yet others both of us ex
ist. In this one, in which chance has fa
vored me, you have come to my gate. 
In another, you, crossing the garden, 
have found me dead. In yet another, I 
say these very same words, but am an 
error, a phantom. " 

That quotation is featured at the be
ginning of The Many- Worlds Interpreta
tion o/Quantum Mechanics: A Fundamen
tal Exposition, edited by Bryce S. De Witt 
and Neill Graham (Princeton Universi
ty Press, 1973 ). It is rather eerie to find 
its bizarre theme reproduced at the core 
of what is supposedly our stablest and 
least erratic science. 

And yet in a way it is not so surprising. 
There is a clear connection between the 
imaginary worlds of our minds and al
ternate worlds evolving in parallel with 
the one we experience. The proverbial 
young man picking apart a daisy and 
muttering "She loves me, she loves me 
not, she loves me, she loves me not . . .  " 
is clearly maintaining in his mind (at 
least) two different worlds based on two 
different models for his beloved. Or 
would it be more accurate to say that 
there is one mental model of his beloved 
that is Ih a mental analogue of a quan-

tum-mechanical superposition of states? 
And when a novelist simultaneously 

enterta ins a number of possible ways of 
extending a story, are the characters not, 
to speak metaphorically, in a mental su
perposition of states? If the novel never 
gets set on paper, perhaps the split char
acters can continue to evolve their mul
tiple stories in their author's brain. Fur
thermore, it would even seem strange to 
ask which one is the genuine version. All 
the worlds are equally genuine. 

Perhaps one way to think of the ·uni
versal wave function is as the mind-or 
brain, if you prefer-of God, in which 
all posSible branches are being simulta
neously entertained. We would be mere 
subsystems of God's brain, and these 
versions of us are no more privileged or 
authentic than our galaxy is the only 
genuine galaxy. God's brain, conceived 
in this way, evolves smoothly and deter
ministically, as Einstein always main
tained. The physicist Paul Davies, writ
ing on just this subject in his recent 
book Other Worlds (Simon and Schus
ter, 1980), says: "Our consciousness 
weaves a route at random along the 
ever-branching evolutionary pathways 
of the cosmos, so it is we, rather than 
God, who are playing dice. " 

Yet this leaves unanswered the most 
fundamental riddle that each of us must 
ask: Why is my unitary feeling of myself 
propagating down this random branch 
rather than down some other? What law 
underlies the random choices that make 
me go down this branch? Why doesn't 
my feeling of myself go along with the 
other me's as they split off, following 
other routes? In a way this is almost like 
asking: Why do I feel my feelings and not 
someone else's? What attaches me to the 
viewpoint of this body evolving down 
this branch of the universe at this mo
ment in time? The question is so basic 
that it almost seems to defy clear formu
lation in words. And the answer does not 
seem to be forthcoming from quantum 
mechanics. In fact, this is exactly the 
collapse of the wave function reappear
ing at the far end of the rug under which 
it was shoved by Everett. It turns into a 
problem of personal identity, no less 
perplexing than the problem it replaces. 

One can fall even more deeply into 
the pit of paradox when one realizes that 
there are branches of this one gigantical
ly branching universal wave function on 
which there is no Werner Heisenberg, 
no Max Planck, no Albert Einstein, 
branches on which there is no evidence 
for quantum mechanics whatsoever, 
branches on which there is no uncertain
ty principle or many-worlds interpreta
tion of quantum mechanics. There are 
branches on which the Borges story did 
not get written, branches in which this 
column did not get written. There is 
even a branch in which this entire col
umn got written exactly as you see it 
here, except that it ended with a differ
ent word. 
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Arms andJapan, regular patterns, Lucy 
of Hadar and the psychology of psychics 

by Philip Morrison 

G
VING UP THE GUN: JAPAN'S RE

VERSION TO THE SWORD, 1543-
1879, by Noel Perrin. Shambha

la Publications, Inc., 1920 Thirteenth 
Street, Boulder, Colo. 80302 ($4.95). In 
1543 a Chinese trading vessel anchored 
in the small harbor of Tanegashima 
Island, 20 miles south of Kyushu, the 
southernmost big island of Japan. Three 
of the tough crew, rovers and adventur
ers, were Portuguese seamen, the first 
Europeans known to reach Japan. Two 
of them had harquebuses; the moment 
the feudal master of the island saw one 
of these foreigners bring down a duck, 
"the gun enters Japanese history." Lord 
Tokitaka began lessons in shooting, and 
within the month he had bought the two 
guns at a princely price in gold, 30 years' 
fair wages for a workingman. The day 
of the purchase Tokitaka set his chief 
swordsmith to copying the weapons. 

Japan was in the midst of her bloody 
century of feudal wars. Her craftsmen in 
iron and steel, her armorers, were per
haps the most skilled in the world; Japan 
was a leading exporter to all Asia of 
swords, pikes and armor. The country 
was populous, having six times the head 
count of contemporaneous England. 
The island was fertile soil, and the gun 
took root. True, the imported match
locks did not catch on at once; the har
vest was slow. Within a generation, 
however, the matchlock had been nat
uralized, refined, enlarged in caliber 
and muzzle energy and even fitted with 
rainproofing devices of Japanese de
sign (shown here in one of the many 
delightful prints). The gunsmiths had 
been both inventive and busy; their im
proved product was no longer rare. 

The great Lord Oda, who was to begin 
the unification of the nation, had as a 
young commander praised the spear as 
"the weapon on which to rely in battle." 
In 1575, however, he appeared at the 
terrible Battle of Nagashino, at the head 
of his army of 38,000 men, 10,000 
of whom bore matchlocks. The men 
were unchivalrously concealed behind 
breastworks across a river; they held 
their fire until the time came to shoot "in 
volleys of a thousand." Bullets ended 
the noble samurai charge. Oda's gun-

powder infantry tactics had been a bril
liant success; within a few months af
ter N agashino two cannon, the first 
Japanese-made artillery, were test-fired 
for him, bronze two-pounders. Oda's 
matchlock corps at Nagashino had en
listed many young farmers, even though 
specially trained samurai knights stiff
ened it. "It was a shock to everyone to 
find out that a farmer with a gun could 
kill the toughest samurai so readily." 
Skill had been transferred back to the 
gunsmith from the soldier and up to his 
commander. 

But in 185 3 when Commodore Perry 
anchored his black ships in Tokyo Bay, 
the gunports of his flagship showed 64-
pounder cannon and some even a little 
bigger. The shogun's samurai harbor de
fense manned cannon cast before 1620, 
six- and eight-pounders. One order of 
magnitude and more separated the arms 
of the barbarians from those of the men 
of honor. Firearms R&D had come to a 
full stop in Japan before its craftsmen 
had ever gone to flintlocks, say by 1650. 
Japan had plenty of flint, plenty of 
skilled artisans and a number of late 
Dutch prototypes. By then, however, 
they had simply lost interest in guns, ex
cept for the maintenance of an archaic 
coast defense. The lesson of Nagashino 
had been well absorbed. Once the feudal 
lords were brought securely under the 
unifying rule of the Tokugawas the new
ly centralized state began slowly and 
cleverly to undo the nation'S firearms 
industry. Senior gunsmiths were pro
moted to samurai and converted to 
swordmakers. The scattered provincial 
gunmakers were required to move to ei
ther of two cel)ters of the ind ustry, and 
by 1607 they had all been assembled. 
They found only a dribble of orders 
from the central government and a sala
ry paid them even if no guns were made. 
The land was at peace, the gun trade was 
reduced to a symbol: a few hundred 
matchlocks a year for almost a centu
ry (with some exceptions) in a country 
counting half a million sword-bearing 
warriors. Politics was in command; the 
technology of war had to obey. 

The author, a Dartmouth English 
professor, has drawn much material 
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THE FAMILY LIB RARY 
OF THE WORLD'S G REAT BOOKS 

• Fifty of the greatest, most enjoyable 
books ever written, selected by 
a distinguished board of advisers. 

• In elegant, enduring bindings of 
fine leather and fabric, leather 
accented with 22 karat gold. 

• With exciting illustrations in 
every volume. 

• For only $19.50 per volume-
a superb family library to be 
enjoyed now and treasured as an 
heirloom in years to come. 

"Books are the treasured wealth of the 
world:' wrote Thoreau-"the fit inheri
tance of generations:' For great books 
have the power to enrich the mind and 
spirit. To expand our horizons. To make 
our lives more interesting. To make us 
more interesting. 

Now, The Franklin Library brings you 
the fifty greatest, most enjoyable, most 
readable, most memorable classics of 
world literature in an edition of great and 
enduring beauty ... at an affordable price. 

These are the universal classics-the 
very core of the cultural heritage of all 
mankind-specially printed and bound 

to enhance the joy of reading, and to 
grace the finest homes. 

The traditional English Quarter 
Leather binding of every volume in this 
edition will be a beautifully coordinated 
combination of leather and fine fabric. 
The leather will be ornamented with 
22 karat gold. The fabric will be embel
lished with original designs. And each 
volume will be enriched by elegant end
leaves ... exciting illustrations ... and fine 
book papers. 

As a subscriber, the first volume you 
will receive will be Dickens' David 
Copperfield, one of the greatest novels 
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itself, specially milled to last for many 
generations. 
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tive illustrations. 
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Control pests. Cope with arthritis. Get a patent. 

Insulate your home. Control your blood pressure. 
Rent a home. Get rid of a headache. Spot a con job. 

Keep records. Invest. Make toys out of junk. 
Budget your money. Repair a leaky faucet. 
Prevent drug abuse. Choose a new carpet. 
Garden organically. Restore an old house. 

Start a small business. 
Learn the metric system. 

Jog successfully. Backpack. 
Read labels. Avoid sunburn. 

Relieve the common cold. 
Buy a car. Save money. 

Administer first aid. 
Donate your body. 
Find a job. Retire. 
Tune up your car. 
Grow tomatoes. 

No matter what kinds of questions you 
have, there's a good chance the Consumer 
Information Catalog can help you find the 
answers. 

information. Really helpful information. 
The catalog was put together for you by the 
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Government. It's free. And so are more than half 
the publications in it. Inside, it lists more than two hundred 

federal publications you can send for on all 
kinds of subjects. 

All of which contain a wealth of 

Now the only question left is how to get 
a copy. 

Simple. Just write to: 

Consumer Infonnation Center, Dep artment C, Pueblo, Colorado 81009. 

General Services Administration · Consumer Information Center 
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from scholarly Japanese sources avail
able to him in special translation. He has 
collected a striking set of illustrations, 
and his brief, readable text is full of 
helpful and often surprising compari
sons with the history of Europe most 
readers know much better. The reasons 
behind this parable are many; certainly 
the most important one is the geopoliti
cal status of the Empire of Japan, so 
long isolated from foreign entry by the 
sea and the Divine Wind. Two rebel
lions serve to accent the account. In 
1637 the last effort of outlawed Chris
tian Japan to reclaim freedom was the 
rising at Shimabara. Both sides then 
were armed with guns; the outnumbered 
rebels were killed to the last man. Long 
afterward, once the black ships had 
come ahd gone, a strong faction of 
the samurai, nearly one in 10 of them, 
joined in counterrevolution against the 
modernizing Meiji Emperor. In 1877 it 
was patrician swordsmen against peas
ant soldiers in Frenchified uniforms, 
with rebuilt matchlocks and some new 
rifles. After the decisive battle the scat
tered rebels yielded a few small fire
arms, mainly antique matchlocks, and 
a mound of captured swords rising 
"at least 10 feet from the ground." The 
march of military Japan was once again 
in melancholy step with the warlike 
West. Today's Japan, however, has at 
'least proscribed war by nuclear fire. 

HANDBOOK OF REGULAR PATTERNS: 

AN INTRODUCTION TO SYMMETRY 

IN Two DIMENSIONS, by Peter S. Stevens. 
The MIT Press ($37.50). That we need 
to mind our p's and q's is a profound 
consequence of the nature of the near
Euclidean space in which we dwell, par
ticularly important when we address pa
per, wall, pot or cloth. The surfaces we 
make and study, two-dimensional re
gions whereon we mark maps of worlds 
real or fanciful, are often given over 
to repetitive order. That repetition, as 
common in organic form as in decora
tive art, implies subtle constraints, un
breakable law. "There is something in 
such laws that takes the breath away. 
They are not discoveries or inventions 
of the human mind but exist indepen
dently of us." So wrote M. C. Escher, 
whose lifetime of artistic exploration of 
symmetry in two dimensions bridged 
decades of pioneer solitude to a briefer 
time of all-but-ubiquitous publication. 

This handsome and substantial vol
ume carefully presents an attractive 
path to understanding of a branch of 
applied mathematics. The arguments 
and notation of the crystallographers 
are central, under the explicit influence 
of such scholars as Hermann Weyl and 
Martin Buerger. Peter S. Stevens is well 
known for his fine book of some years 
back on form in nature. He has direct
ed this volume "to the practicing artist 

and designer," not only as another help
ful introduction to group theory in the 
plane but also as a well-ordered refer
ence handbook of repetitive designs. 

Around a framework of definition 
and example, keyed by a prototype pat
tern of the obliging asymmetric motif of 
the paisleylike comma, the author (and 
his drafting partner) has ordered some 
300 pages of patterns. Almost all are 
redrawn from the widest tradition of 
decorative art and architecture. A num
ber of Escher's prints are included, and a 
few significant photographs of the real 
world as well. The exposition begins 
with the fundamental operations in the 
plane, including the rotations and reflec
tions about a point. A 24-fold interlaced 
Russian star and a mosaic from Roman 
Ostia exemplify the highest-order sym
metries shown; the circle, of course, is 
the infinitely rotatable form of the Py
thagoreans. 

The interaction of the symmetry oper
ations, however, is the deepest point 
made. It is this interaction that merges 
the mirror-related p's and q's, b's and 
d's by the strictest of rules, to give rise 
to exactly seven line groups, the only 
classes that allow infinite repetition of a 
line of motifs. About halfway through 
the text there is a recapitulatory page 
that musters all seven groups as con
structed from the four lowercase letters; 
there are plainly no more. The rest of 
the text is devoted to filling the entire 
plane; here the catalogue is longer and 
rather more difficult to establish. Seven
teen plane groups emerge, illustrated in 
their turn by hundreds of examples, 
together with careful pedagogical dia
grams that make quite clear such knotty 
matters as the arbitrariness of the unit 
cell. On that fact rest the ingenious dis
tortions of Escher's interlocking figure
and-ground play, which the student is 
invited to imitate. 

It is easy to print a border of six-point
ed asterisks, .implicitly of any length. 
Their rotational symmetry, however, 
does not affect the symmetry of the 
whole; the line cannot be rotated into 
itself except through one or more com
plete half-turns. The six-foldedness re
mains sterile, a local phenomenon. In 
the same way it is attractive to see the 
fivefold symmetry of the starry insignia 
of a full General of the Army, of the 
apparent orbit of Venus viewed from 
the earth (perhaps the most unexpected 
example drawn here), of a cut apple and 
of a mortuary planned by Frank Lloyd 
Wright. But over the entire plane five
fold axes cannot inform any pattern. 
The proof is here, in the elegant manner 
of W. Barlow, and we are shown the 
efforts of Albrecht Durer, Johannes 
Kepler and the great Moorish designers 
of the 14th century to evade the law, 
which rests on the nature of the first few 
integers themselves. It is this richness of 

example that makes the volume of inter
est to the student of mathematics, even 
though many other tighter treatments 
exist. Amateurs in particular stand to 
gain much. 

The apparatus provided for this book 
is excellent. The index is a full one, al
lowing the location of a pattern by its 
culture of origin, its motif or its mathe
matical nature. The great majority of 
the ornaments are redrawn in the pu
rity of a hard-edge black-and-white dia
grammatic style; the work loses a little 
of the delicious textural noisiness that 
ought to separate a Mimbres pot from 
an American applique quilt, but perhaps 
this is in the nature of a clear mathemat
ical approach. One can complain, how
ever, that the precise sources of the il
lustrations are rarely cited, a slip of ed
itorial judgment in a volume otherwise 
meticulous, beautiful and instructive, 
both in the short run and the long. " See 
how various the forms and how unvary
ing the principles," wrote Owen Jones 
in one of the wreaths of aphorisms that 
ornament the writing as the heap of pat
terns entrances the eye. 

T ucy: THE BEGINNINGS OF HUMANKIND, 

L by Donald C. Johanson and Mait
land A. Edey. Simon and Schuster 
($16.95). It is about 20 years since we 
encountered Honest Jim Watson, whose 
brash and artful story of the finding of 
the double helix opened for so many 
readers the sense of the humanity within 
scientific investigation. In this excellent 
book, which shares the form of the ear
Iier one to a remarkable degree, we 
encounter another youthful and bril
liant success, Lucky Don Johanson. He 
agrees with the epithet: "I know I am 
lucky, and I don't try to hide it." You 
have to be lucky to succeed so soon 
in paleoanthropology. Like Watson, 
Lucky Don has an intellectual counter
poise, acute, skeptical, rigorously bound 
to the facts. "When I met Don, I was 
suspicious of him," recalls Tim White, 
now of Berkeley. "I'm suspicious of any 
anthropologist who wears Gucci loafers 
and Yves Saint Laurent pants. He had to 
prove to me that he had the same atti
tude toward careful fieldwork that I had. 
Well, he did prove it." 

The correspondence with the double 
helix goes still deeper. Offstage, like Li
nus Pauling, half heroes, half rivals, are 
the Leakeys, an entire family of them. 
Just as Pauling first read the helix out of 
the protein X rays, so did Louis Leakey 
first open up the new fossil sites of an
cient humankind north along the Rift. It 
was F. Clark Howell-Don's Ph. D. su
pervisor-who first followed Leakey's 
tip north to Omo in Ethiopia. It was 
hard to enter that country across a lone
ly, nervous border. The sites became re
ally accessible only by the good fortune 
that in 1965 the Emperor Haile Selassie 
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came on a state visit to Kenya. His host, 
President Kenyatta, summoned Leakey, 
an old friend, to outline the "fossil 
wealth of Kenya and Tanzania." '' 'How 
is it,' asked Selassie, 'that there are no 
fossils in my country?' 'There are,' said 
Leakey.'" The emperor is gone now, his 
regime swept away, but tact, energy, 
good fortune and the common interest 
of human beings in our descent has kept 
open the Ethiopian door. In early 1980 
Lucy herself and the entire collection of 
hominid fossils from Hadar ("more 
than 350 priceless bones") were re
turned after five years of study in Cleve
land to their permanent home in the Na
tional Museum at Addis Ababa. 

This tale too demonstrates unexpect
ed prerequisites for scientific work. 
Watson needed an adaptation to his 
Cambridge milieu rather different from 
Johanson's, out in the badlands of Ha
dar. Where Jim felt it necessary to take 
subjective account of the au pair girls 
and the other "Cambridge popsies," 
Don faced quite different problems:' 
dealing with broken Land-Rover differ
entials, getting a reliable supply of goat 
meat for camp meals, mustering im
promptu diplomacy to negotiate with "a 
file of eight sullen men carrying s4bma
chine guns" who walked into camp one 

morning. The ukases of granting agen
cies, publication snarls and the sharp ri
valry of competitors unite the two ac
counts neatly. If Watson and Crick were 
not exactly generous competitors in the 
race for the helix, the strife among pa
leoanthropologists startles an innocent 
reader. Johanson tells us of an unnamed 
American professor, disappointed in his 
effort to get a per diem allowance from 
Johanson's grant for more days than his 
actual time in the field, who then wrote 
the Ethiopian authorities a letter calling 
Johanson incompetent and falsely ac
cusing him of giving over his Ethio
pian fossil take to the Kenyans! Cam
bridge and London crystallographers 
never played that rough. 

There is more to this lively volume 
than the human process: there is a genu
ine introduction to content. The Double 
Helix offered little of that; X-ray analy
sis and molecular model building are 
easy to allude to but difficult to elucidate 
at the level of the unprepared reader. 
Lucy includes a few gossipy, informative 
chapters on the pioneers of the study of 
fossil man, from the Piltdown fraud to 
Leakey's luck, and a clear first-person 
account of C. Owen Lovejoy's conjec
ture that changing sexual behavior (the 
human female, alone among primates, 

is sexually receptive more or less at all 
times) was the earliest step toward hom
inization. Tim White remains uncon
vinced: " Sexual behavior leaves no fos
sils." The argument is interesting but 
serves to point up how little is secure in a 
field where all the bones from the best 
site yet examined occupy one corner of 
a tabletop. 

The best part of the exposition in this 
book-we may thank the experienced 
science writer who is Johanson's coau
thor-is the fresh account of radioiso
tope dating. It is not that the mass spec
trometer, say, is made very clear; there 
is not even a diagram of particle orbits. 
The argon-dating concept and the arith
metic are easy enough. What is convinc
ing is the view of the technique as the 
man who does the dating sees it. The 
chief task is to bring home a reliable 
sample. ("The condition of his samples 
is as important as the samples them
selves.") Volcanic ash is easily contami
nated for the dater by even a tiny inclu
sion of blown-in dust. Scrupulous care, 
much detailed knowledge and attention 
to the minute geologic circumstances of 
the individual deposit are necessities for 
reliable dates. They never come easy. 
James Aronson had to change by nearly 
a million years his date for the key ba-
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salt layer that fixed Lucy's age. Newer 
microtechniques are on the way that will 
assign every mineral grain to the partic
ular volcanic eruption that flung it out; 
such deeper analysis will one day sup
port the evolutionary conjectures with 
irrefutable evidence. 

The result so far is striking. Lucy, 
about 3.5 million years old, is only the 
first and most complete find of an entire 
collection of kindred creatures from 
Hadar, where the well-stratified dry 
gulches seemed "to ooze fossils." Those 
walkers were less than four feet tall, ful
ly bipedal, small-brained, without any 
tools that we can find. The first stone 
tools appear at Hadar a million years 
later, the oldest in the world, made not 
by Lucy's kind but by her descendants. 
Those mean Homo habilis to the present 
team, as they were named by Louis Lea
key at Olduvai more than a decade ago. 
A second line of descent, however, leads 
from Lucy to the robust australopithe
cines. For a million years these bigger 
creatures walked side by side with habi
lis. but they left no direct posterity. We 
stem from habilis by way of .erectus to 
sapiens. our own species only one or two 
tenths of a million years old. 

The graphic evidence here is worth 
special mention. We see, for example, a 

set of hominid skeleton drawings with 
the bones actually known distinguished 
from those merely extrapolated. The 
anatomical illustrator Jay Matternes 
draws reconstructions of Australopithe
cus a/arensis (Lucy's species) as in life 
and provides an interesting five-page 
justification of his decision, based on 
analogy as well as on the skeletal re
mains he works with. An air of openness 
blows through these pages, as much in 
the findings as in the deliberately inti
mate biography; the result is both ab
sorbing and informing, a first-rate book. 

THE PSYCHOLOGY OF THE PSYCHIC, by 
David Marks and Richard Kam

mann. Foreword by Martin Gardner. 
Prometheus Books, Buffalo, N.Y. 14215 
($15.95). " Skeptical books," writes Mar
tin Gardner, "rarely sell." This straight
forward study by two psychologists at 
the University of Otago in New Zea
land should attract at least "a small but 
wiser minority." 

In the mid-1970's the occult wonders 
of the media world, the Amazing Kres
kin and the superpsychic Uri Geller, 
carried their powerful claims to New 
Zealand. About half of this brief and 
direct volume is a careful account, in the 
requisite step-by-step detail, of what the 

activities of these sorcerers were like. 
We attend a performance by Kreskin, 14 
distinct events of mind reading, ending 
with Kreskin finding his own hidden 
paycheck for the performance. Here a 
reviewer needs a delicate touch. Kres
kin, although he "encourages the associ
ation of the language of parapsychology 
and the oc.cult with his name," has re
'mained an entertainer. He has never as
serted an alliance with galactic rulers or 
any other patent unworldliness. It has 
long been the practice of the profession 
of magicians to honor the ingenious 
methods of such a man by avoiding pub
lic explication. The authors, who came 
honestly by their conclusions through 
their own experience, do not withhold 
what they found. They give a plausible 
account of five distinct methods this en
gaging personage of the theater used for 
his effects. "A mix of tricks makes a 
bundle of sticks," stronger than any sin
gle method can be. This adage of magi
cal stagecraft applies well to a Kreskin 
performance, dazzling in its impact on 
an audience all too ready to believe. 
These paragraphs will disclose no more. 

Uri Geller is quite another story. He 
does not hesitate to invoke the wizards 
on the spaceship Spectra as the patrons 
of his transcendent powers. Once again 
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we read a detailed account of his visit 
and performances in New Zealand and 
an explication of the effects. Uri can be 
seen to peek at the blackboard past his 
shielding hand, and under or around a 
blindfold. "Yes, folks, it is really that 
simple." The authors saw it. The starting 
of defunct watches is now banal as a 
Geller phenomenon, particularly on tel
evision. It has astonished more than one 
national audience. The dry facts are 
here. Geller, jewelers, untrained stu
dents and people instructed over the tel
ephone by the authors all have a similar 
success rate: about half of their old 
watches will go. Any watch held for a 
few minutes is warmed by the hand; 
a little shaking is likely to start it tick
ing once its oil is thinned by the rise in 
temperature. Geller and student con
trols alike can often reproduce draw
ings sealed within an envelope, but if 
the paper has been folded, the form 
they reproduce is apt to exhibit the fold
ed pattern, far from the original inten
tion. Envelopes are simply not opaque. 

So it goes. The authors undertook re
mote-viewing experiments: the telepath
ic identification by someone who stays 
home of a random scene visited by 
someone else. This was the topic of a 
1977 volume by the Stanford Research 
Institute team of Russell Targ and Har
old Puthoff. The Otago results seem 
much the same, but they are plainly de
pendent on wishful thinking and vague 
measures. "The fact is that any descrip
tion can be made to match any target." 
Unwitting cues, biases, ambiguity and 
selection are heavy claimants on belief. 

Personality readings, the predictions 
of Nostradamus and the strange coinci
dences admired by Arthur Koestler are 
other topics treated in the cool, direct, 
almost ingenuous style of the authors. 
Not much credence is left. It is wonder
ful how much Nostradamus' prophetic 
vision improves once la dame is oppor
tunistically translated as "cathedral." 
A table gives some results of num
ber guessing, demonstrating population 
stereotypes employed by the magicians. 
Asked to choose a number from 1 to 10 
but not to choose 3, 63 people out of 197 
chose 7. It is as hard to be random as it is 
to cheat; real effort can achieve either. 
One Roman epigraph says it all quite 
clearly: Populus vult decipi. People want 
to be deceived. 

THE GEOGRAPHY OF FAMINE, by Wil
liam A. Dando. Halsted Press, a 

division of John Wiley & Sons, Inc. 
($27.95). North Dakota, at the center of 
the continent of North America, is a 
land devoted to the bounty of the wheat. 
It nonetheless seems appropriate that 
this modest book, an introductory over
view of famine seen in time and space, 
should originate with a professor of ge
ography at the state university there. 
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Men and women have been hungry in 
hard seasons ever since our species ap
peared on the earth, but famine is a 
characteristic of settled agriculture; the 
diverse dependence of the fewer, more 
mobile people of hunter-gatherer cul
tures on their land did not show the 
acute peaks of epidemic starvation we 
call famine. 

Professor Dando struggles hard for 
a definition of his topic. His method, 
which he uses throughout the book, is to 
cite and consider a wide range of earlier 
opinion, in this case two dozen authors 
all the way from Thomas Malthus to the 
Food and Agriculture Organization and 
a late Russian study. He then offers a 
version of his own: "A protracted to
tal shortage of food in a restricted 
geographical area, causing widespread 
disease and death from starvation." A 
drought is not a famine, pressure of 
population is not a famine, even a crop 
failure is not in itself a famine; if we 
take evidence from history, famine is "a 
social problem, a manmade unnatural 
phenomenon." 

The text proceeds in four parts. First 
there is an engaging and compact sum
mary of the history and geography of 
the human bond with the earth through 
our crops and our husbandry: the 10 sta
ple crops, the centers of domestication, 
the factors of yield. Then we read of 
famines of the past in general, the chap
ter rather too briefly proposing a fam
ine typology. Dando's data include 800 
famines over 6,000 years of history; the 
world map is marked with the regions 
and periods he finds characteristic. The 
largest of these is also the most recent: 
the Asian zone (chiefly Russia, the Indi
an subcontinent and China), with the 
19th century the time of worst tragedy. 

The third part is the richest in original 
information, mainly in carefully docu
mented lists of famines. It is a case study 
of three markedly differing regions. En
gland and the u.K. harbored famine 
from Roman times up until the disgrace
ful Great Hunger visited on the Irish in 
the years before 1850. It seems probable 
that this event and a parallel disaster or 
two in British India represent the most 
significant impact of economic theory 
on society so far, short perhaps of revo
lution. In both cases there is evidence to 
show that important officials held it un
wise and indeed immoral to fix prices, 
prohibit exports, import grain or distrib
ute food to the starving lest they be 
"pauperized." The arguments of Adam 
Smith had been too persuasive within 
the Civil Service. 

The second case study is that of the 
subcontinent of India, broadly defined. 
The tale is grim, with a change of nature 
in the 19th century. Before British rule 
there was famine somewhere in India 
every 40 years or so. The famines were 
crop failures in the face of the added 

burdens of war or beyond the reach of 
alleviating transport for one reason or 
another. All walks of life suffered save 
whoever could flee. Only about one 
famine in nine is. traceable to strictly 
physical causes; the bulk were social 
in origin. Once the British ruled India, 
famines were more widespread but were 
socially limited to those who lived in 
poverty. 

Famine in Russia was endemic. As 
that state expanded, region after region 
was visited by famine, again not gener
ally following local drought. The fam
ines seem to move southward over the 
centuries. "The suffering . .. was in large 
measure manmade, i.e., the failure of 
man to accord relief." The last ma
jor patrol of this horseman across the 
Ukraine took place somewhat obscurely 
in 1946-47, the aftermath of war and 
invasion. 

In Part IV, Dando addresses still larg
er issues: the balance of population and 
food, the policies and strategies of the 
future. Once again he marshals data, ar
guments and stances. The risk of famine 
from natural hazards alone is confined 
today mainly to isolated continental in
teriors far from transport and with low 
reserves. The world is no lifeboat: its 
countries are interdependent, of flexible 
carrying capacity and subject to a com
mon fate. Nor is the world a battlefield; 
the triage of the casualties can at best be 
a prod. 

There is a modicum of hope. In wide 
India "poverty and hunger exist, fam
ines have been contained. The peo
pIes ... have declared war on large-scale 
famine and won." Large imports by the 
states have forestalled hunger in the past 
decades in the U.S.S.R., in China and 
on the Indian subcontinent. The time 
of worldwide test, however, lies ahead; 
policy, not abstract estimates of carry
ing capacity, will fix who will eat and 
who will starve. The vast military in
vestment of our period is not a good 
augury. 

A valuable introduction to a central 
issue, this book should find many seri
ous students. The editors have nodded 
quite a few times. Professor Dando, like 
many another specialist, has made some 
errors by citing not very credible sour
ces in topics outside his main interest. 
There is no inscription along the Nile 
that dates to 4247 B.C., even if the maga
zines said so. Nor is one quite persuaded 
by reading, from an anonymous publici
ty brochure of the Bengal government in 
1933, that Shah Jahan, the ruler who 
caused to be built the elegant domes of 
the Taj Mahal in mourning tribute to his 
queen, reigned in 1629-30 over a famine 
land, where "the number of the dead 
exceeded all computation . ... Instead of 
seed men ate each other." Irony is cer
tainly the rhetorical device best suited to 
economic history. 
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Swimming's a barrel of fun. 
It can also be a barrel of danger, 

if you don't know the fundamentals
don't know how to take care of 

yourself in the water. 

country. 

That's why Red Cross 
swimming, lifesaving and 
water safety courses are 
offered all over the 

We want everybody-even little kids 
-to know The Facts of Life in the 
water. Since we began to teach swim
ming, we've issued a grand total of 
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Dodge Mirada CMX. 
Chrysler engineered it to such hi�h standards of 
performance, it was judged superior overall to the 

legendary Thunderbird-by 34 out of SO T-Bird owners. 

Great automobiles are not made 
of legends but of engineering. 

Mirada is the proud achieve
ment of Chrysler engineers start
ing with concepts geared to 
today's world. New designs . New 
technology. And a determination 
to give people a personal car that 
spares nothing to return genuine 
pleasure to driving. Yet still deli
vers responsible fuel economy. 

How well they succeeded 
shows in Mirada's rating of IWl EPA 
est. mpg. ,* unsurpassed by a 
comparable Thunderbird; and 
24 est. hwy. And in the results of 
an independently run test. 

Mirada preferred to T-Bird by 
more than 2 to 1. 

Fifty Thunderbird owners * * 
• judged a Mirada C MX  against a 

comparably equipped T-Bird. 
They judged them for such quali
ties as riding comfort, driving 
ease, power, convenience, styling 
and value. Result: these Thun
derbird owners preferred the 
Mirada overall by the overwhelm
ing margin of 34 to 16. 
Engineered to reward you with a 
superior ride and better control . 

It's no surprise that 
T-Bird owners made 

Mirada their clear 
choice for 

riding 
comfort. 

The 
suspen

sion system is unique. 
rransverse mounted torsion bar 
front springs-located ahead of 
the front wheels and rubber 
mounted - isolate the shock of 
bumps and pot holes from the car . 
You'll appreciate how little fatigue 
and tension you feel after a 
long day's drive. 

Concern with human physiol
ogy is as much a part of Chrysler 
engineering as is the geometry of 
a car's suspension. Mirada's 
driver oriented interior provides 
bucket seats contoured to hold 
you comfortably for hour after 
hour behind the wheel. 

Mirada's overall driving ease 
and cornering ability, as well, 
were rated over Thunderbird's . 
Power assisted recirculating ball 
steering gives you sensitive con
trol. You never lose the intimate 
"feel" of the road that epitomizes 
the well-mannered road car. 
Engine technology that delivers 

more torque-with economy. 
A majority of 

Thunder
bird 
owners 
chose 
Mirada for 
pickup and 
passing pow
er. Much of the 
credit must go to Chrysler'S stan
dard Slant-Six engine, a proven 
design with countless refine
ments in its lifetime. 

Some of the latest: Hydraulic 
valve lifters that need no periodic 
adjustment. A cool 
air induction 

J��' 

system that 
improves 
hot weather 
performance. And a 
landmark Chrysler 
innovation, Electronic 
Ignition, in which there are no 
points to wear or need replacing. 
And the consistently high voltage 
that results improves performance 
and reduces spark plug failures . 

Chrysler engineers designed 
Mirada to take you with undimin
ished power and unimpaired fuel 

efficiency for 30,000 miles between 
tuneups.  

Jury's choice: an instrument 
panel engineered for the driver. 

T-Bird owners were outspoken 
in their preference for the effi
ciency and appearance of 
Mirada's interior. Behind the 
sporty 3-spoke steering wheel is 
your information center, tuned to 
the convenience of the driver. 
Gauges, lights, switches set in 
brushed aluminum applique: trip 
odometer, brake system warning 
light, speedometer. 

Mirada's lowest price model 
$8,083t-comes with equipment 

most Americans want. 
Mirada's base sticker price 

includes as standard: Auto. trans. 
Power steering. Power brakes. 
Tinted glass. AM radio. WSW 
glass belted radials . Anti
corrosion protection. 

The Mirada C MX  shown, 
priced at $9,277, t also includes: 
Color-keyed cabriolet vinyl roof. 
IS" steel belted radials.  Forged 
aluminum road wheels .  Corner
ing lights. Sill moldings and wheel 
lip moldings . 

Other options:tt Air cond. ,  
$625. With auto. temp. control, 
$678. Auto. speed control, $149.  
Power bucket seat, $187. Choice of 
6 sound systems, and a full com
plement of power assists . 

Mirada, the personal car engi
neered without compromise. Buy 
or lease yours at a Dodge Dealer. 

.. 
Dodge 

-
The New Chrysler 

Corporation 

'Use EPA est. mpg. for comparison. Your mi leage may vary depending on speed , trip length and weather. Actual hwy. mi leage and CA. estimates probably lower. 
Comparison with Thunderbird based on both cars with standard 6-cylinder engines. "Randomly recruited in  Los Angeles area. 

tSticker price excluding taxes and destination charges. ttThese options niay require the purchase of additional optional equipment. 
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There has never been a terminal like 
Digital's new GIGFM terminal . 

It's an intelligent terminal with exciting 
text processing functions . A graphics ter
minal with impressive resolution. And it's 
also a conventional interactive terminal . 
With applications software that makes all 
these capabilities easy to use, all at the 
same time . 

So you no longer have to adapt your 
application to the limitations of your ter
minal . And you can run on our VAX, 
PDP-ll RSTS/E, and DECSYSTEM-20 
computers. 

Digital's new GIG I terminal . Originally 
designed for education, it's now available 
to anybody. 

Anybody who needs the world's most 
versatile terminal . 

For a demo, call your local Digital sales 
office, or send your business card to : 
Digital Equipment Corporation, Media 
Response Manager, Dept . X-7, 
129 Parker St . ,  PK3-2/M94, 
Maynard, MA 01754. 

We change the way 
the world thinks. 
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Values and Atti tudes 
of the Polish People 

Recent events in Poland, illuminated by 25 years of social research, 
, 

are shown to stem not from a change in values but from a demand 
for social institutions more in accord with values consistently held 

The prolonged social and political 
crisis in Poland has held world at
tention for almost a year. It began 

last July with a wave of strikes brought 
on by a sudden, unannounced increase 
in meat prices. Such str ikes had oc
curred before in Poland, notably in 1 970 
and 1 976, and for the same reason: 
a sudden increase in food prices. The 
strikes of last July and August, how
ever, took a different turn. There were 
no street demonstrations and no riots 
or confrontations with the police. The 
strikers occupied the factories and con
ducted their demonstrations almost en
tirely on the factory premises. They 
were better organized than before, and 
this time they formulated more general 
demands. The demands did begin with 
higher wages to compensate for the 
higher prices. By the latter part of Au
gust, however, when the wave of strikes 
reached the Baltic shipyards in Gdansk, 
Gdynia and Szczecin, the strikers were 
demanding social equality and social 
j ustice, the relaxation of constraints on 
speech and on the press, and freedom 
of organization for working people, ex
pressed most forcefully by their demand 
for government recognition of indepen
dent trade unions. 

The further course of events is well 
known. The government signed agree
ments with the workers recognizing the 
Independent Free Trade Unions, now 
called collectively Solidarity. In this 
confederation some 10 million people 
were 'organized within a few months. 
This was a genuine social avalanche. 

Needless to say, such developments 
constitute a challenge for the sociolo
gist. Even if one is not able to predict 
them in advance, one must try to under-

by Stefan Nowak 

stand them after they have happened.  
Here I propose to consider these events 
in light of a question: To what degree 
did the demands formulated by the 
str iking workers (which were supported 
by the great majority of Poles organized 
in Solidarity or declaring their approval 
in public-opinion polls) express values 
existing in Polish society before the 
strikes began? If evidence for the earlier 
existence of such values can be found, 
further questions can be asked about the 
sources of the values and about the so
cial mechanisms that shaped them. 

It happens that there are ample socio
logical data bearing on such questions. 
Sociology has a long tradition in Poland, 
going back to the end of the 1 9th centu
ry, and Polish sociologists conducted 
many empirical studies before World 
War II and immediately after it. From 
1 95 1  to 1 95 6, a time that we in Poland 
call our "Stalinist" period, the work was 
interrupted in the turmoil and repres
sion attending the establishment of the 
new political and social order. When we 
were able to resume our studies, we con
centrated on several problem areas, in
cluding the transformation of attitudes 
and values in Polish society. 

The conclusions and generalizations 
of this article are based on more than 
1 50 surveys conducted by Polish sociol
ogists since 1 95 6, among them six large 
studies by my colleagues and me. M any 
of the surveys put the same questions to 
similar samples of respondents over pe
riods of as long as 20 years, allowing one 
to say something about the stability or 
the mutability of the values under study. 
If work of this kind can throw light on 
historical processes, there are plenty of 
data available. 

Because the term "value" is used in 
the social sciences with various mean
ings, I shall first explain how I am going 
to use it here. By the val ues of a person I 
mean the standards that define for him 
how people should behave, what actions 
or events merit approval or condem
nation and what pattern of relations 
should prevail among people, groups 
and institutions. By comparison with 
such standards the person makes evalu
ations and holds things, events or cour
ses of action to be good or bad, just 
or unj ust, proper or improper, desirable 
or undesirable. By his values, in other 
words, an individ ual defines what kind 
of person he wants to be and what kind 
of world he wants to live in, and he sets 
standards by which to j udge or evaluate 
both himself and the world. 

The person or thing or event subject 
to such an evaluative j udgment can 

be called the object of a value. Values 
may be understood to prescribe the 
"shape" or nature of an object in quali
tative terms. Values also sometimes 
specify in a quasi-quantitative way the 
"amount" or the intensity of a property 
an object should possess. Some values 
may be perceived or felt as normative, 
and so any deviation from them evokes 
g uilt or condemnation. Values of this 
kind are often associated with a per
son's religion, moral philosophy or so
cial ideology. Other values have the 
character of private wishes and prefer
ences; objects that fail to measure up to 
such standards induce frustration or dis
like rather than guilt or condemnation. 

When an object is compared with its 
standard, the sign and the strength of the 
resulting evaluation depend on the dis-
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Which of the following features should a good 
"GENERATION GAP" STUDY 

social system have (+) or not have (-)? Choose 
no more than five positive features and five WARSAW (1973) KIELCE (1972) WARSAW 
negative ones. STUDENTS 

PARENTS YOUTH PARENTS YOUTH (1978) 

+ r:l M M GJ GJ a. Equality of life opportunities regardless 0 
of social origin - 1 2 1 1 1 

+ r:l Gl W W r-s:l b. Assurance of a proper standard of living for 
0 

all citizens 1 2 1 2 1 -

+ r;I [;l �. [;] r;] c. Freedom of speech; conditions under which 0 
differing views can be freely expressed - 2 3 3 3 2 

+ � � � L£::J r;] d. Influence of all citizens on the way the 0 
society is governed - 7 6 5 � 7 

+ fUl c;:J � � � e. Economic efficiency 0 
1 0 1 1 1 -

+ 20 25 32 22 

� 12 
f. Approximately equal incomes 0 � � � � 

for all citizens � � � � � -

22 32 
14 + 

r--=l 11 
c:::::;;:] 8 g. Obedience of citizens to the decisions of 0 � = 

authorities 5 � 4 "----;2' '13"' -

29 33 28 J3 37 
+ 

� - �  .r:::=::J I>.· .1-h. Nationalized industry 0 
- 5 7 2 4 3 

+ � 22 24 15 14 
i. A large measure of independence for various 0 � � .= � 

experts and specialists - 4 � 6 � "-'---12' 

+ 15 12 19 18 8 j. Strong apparatus of central power deciding 0 � = � � 
all important issues - L---.J Yo � � y 28 

25 35 
19 27 n + 

� .r=:::J. k. Equality of life opportunities regardless 0 r--=l ..c:::=:::::::J. 
of the views or opinions held by an individual - 5 4 4 7 3 

23 23 18 
32 

+ 11 r-l I. Conditions allowing the exercise of 0 r--=l � ..r::=:::==:l -= 
influence and initiative by al l citizens - 3 � 5 � 7 

+ 21 13 17 10 17 
m. Fairly strongly differentiated incomes, 0 � -= -=- � 

depending on an individual's qualifications - � - � y � 40 

Broad development of various forms of 
+ 9 8 10 5 15 

n. -= 
self·government 

0 � � � � � - 9 

Limitation of freedom of action for adversaries 
+ 5 8 6 9 3 o. -= 

of the political system 0 � � � � � -

Absence of greater differentiation of views 
+ 3 6 4 6 5 

p. 
and opinions among citizens 

0 � � � � Lf-J - 16 
38 40 
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tance between the standard and the per
ce ived property of the object. Toward 
most of the objects around them people 
address an entire set of eval uation stan
dards; these constitute a multid imen
sional eval uation space in which the 
standard addressed to each aspect of the 
object places it at a certain distance on 
one of the several evaluative dimen
sions. In the total eval uation of the ob
ject, however, people accord more im
portance to some standards than to oth
ers, with relative importance acting as a 
psychological multiplier of the distance 
of the object from a given standard. A 
set of standards addressed to a single 
object or to a class of objects therefore 
tends to be a more or less consistent hi
erarchical subsystem in the entire value 
system of the individual. 

The hierarchical clusters of val ues ad
dressed to different classes of objects are 
themselves us ually hierarchically or
dered. The ir order is determined pri
marily by the perceived relative impor
tance of the objects to which they are 
addressed.  For example, I may agree 
that democratic str ucture of political in
stitutions is important for any country, 
but the psychological multiplier applied 
to this standard is much larger when I 
am thinking about my own country than 
it is when I am thinking about, say, Im
perial Rome. Health is an important 
standard in evaluating the condition of 
any human be ing, but it has compelling 
force when the object in question is my 
own child. The stratification of objects 
by their relative importance is the basic 
dimension of our value systems. 

Values may motivate action if evalua
tion of an object leads to the conclu

sion that action is needed to sustain the 
proper shape of the object, to improve it 
or to eliminate it from the field of our 
experience. Action, however, calls for 
considerations of another kind. In order 
to decide to act, we must believe there 
is some probability of success, some 
chance of moving the object closer in 
its evaluation space to the state corre
spond ing to our likings or normative 
standards. To a large extent the per
ceived probability necessarily depends 
on external constraints imposed on our 
freedom of action by the social system 
in which we live and by our place in it. 

When the society or the condition we 
live in makes improbable the success of 
an action indicated by our values, the 
values may become analogous to reces
sive genes, which exist but do not act. 

The values are embraced, but the y fail 
to motivate corresponding behavior. It 
may well be asked whether s uch "behav
ioral recessive" values, describing mere
ly what people might like to have or 
what they are inclined to dream about, 
are a legitimate topic of sociological in
vestigation. I would venture the opinion 
that they present significant questions 
for research. They do exist in people's  
minds, are important to them and quali
fy their satisfaction with their own lives 
and with the world around them. M'ore
over, they are worthy of study because, 
as with latent genes under suitable con
ditions, latent values can become pow
erful factors in human behavior, acting 
on the scale of the individual or of the 
society. Contemporary Poland seems to 
present itself as a case in point. 

When my colleagues and I undertook 
our first surveys of attitudes and values, 
in 1 95 7  and 1 95 8, we produced an as
tonishing finding with respect to the in
ternal structure of the observed system 
of val ues. What we found can be called 
an "almost random statistical aggregate 
of values and attitudes." 

In the first place, when we measured 
on a quantitative or ranking scale the 
degree to which people held a value, we 
quite often found that the distr ibution of 
the scores in the population tended to 
approach what is called in statistics the 
normal distribution. If a bimodal distri
bution can be taken as indicating polari
zation of views and values in a society, 
the normal distribution indicates that 
the more extreme a given view is, the 
less common it is. 

Our data showed, further, only weak 
correlation between values and the de
mographic characteristics of the respon
dents. (Distinction by education and its 
correlates provides the most visible ex
ception to this generalization.) For the 
most part the set of values found in a 
given group, even if the group d iffers on 
a given issue from other groups, must be 
taken as a modification of the general
ly prevailing pattern rather than a spe
cial feature characterizing the group. 
It is possible, in sum, to speak about 
a system of values in Poland rather 
than about systems. 

Finally, we often found weak or zero 
correlation among the various aspects 
and dimensions in the value system even 
of an individual respondent. Thus the 
respondents hold sets of values with lit
tle internal consistency; there is no ideo
logical syndrome of views. This has an 
important social consequence: if two 

SYSTEM OF VALUES prevalent in Polish society has been documented over the past 25 years 
by means of questionnaires and interviews. Here attributes of a social system are rated as desir
able (+ ) or undesirable ( -) by high school students and their parents in the cities of Kielce and 
Warsaw and by students at the institutions of higher edncation in Warsaw. One notable conclu
sion drawn from the data is that there are not deep or systematic divisions in Polish society 
over issues of this kind; for example, there is little evidence of a "generation gap." Hence it 
is reasonable to speak of a single system of values in Poland rather than a multiple system. 

Poles, on find ing that their views differ 
strongly on one issue, continue their 
conversation long enough, they will dis
cover they have similar views on many 
other issues. Rarely wo uld their encoun
ter array them in confrontation over dif
fering Weltanschauungen. 

The finding of such unstr uctured ag
gregates gives one the sense that the 

respondents had somehow absorbed 
each value and attitude separately and 
at random. The impression that we were 
dealing with the almost random absorp
tion of freely circulating values was 
strengthened by studies of the values of 
parents and children that we did in the 
early 1 970's.  We could not find a genera
tion gap, nor could we find significant 
correlation between the values of par
ents and those of their children (with the 
clear exception of religion, where intra
family correlations were strong). In peo
ple's absorption of values their personal 
and group identity seemed to play at 
most the role of weak filters, not of in
dependent factors shaping the values.  

This does not seem to be the usual 
state of affairs. Although we do not have 
survey results and comparable sys
tematic data for Polish society before 
World War II ,  we can make inferences 
from the programs of political parties 
and from electoral statistics. From such 
information we can infer that the social 
and political views in the society cov
ered the entire spectrum from the ex
treme left to the extreme right. We can 
also s uppose the views held by people 
corresponded in a syndromatic way, al
tho ugh very likely with less internal con
sistency, to the programs put forward by 
their political parties. Furthermore, we 
may accept what is a rather banal as
s umption of political sociology, namely 
that various social classes and groups 
were distinguished by different sets of 
social and political ideas. This was prob
ably true also for the period immediate
ly after the war . 

To explain the transformation from 
such a hypothetical value system to the 
one we found in the late 1 950's  it is nec
essary to bear in mind the salient fea
tures of the country's social and political 
transformation in the intervening years. 
Aiming at the construction of a socialist 
society, the new political leadership na
tionalized almost the entire economy 
and eliminated the classes of owners of 
large and small factories and, later on, 
even those of small shops. Land reform 
eliminated large private estates, and 
the first steps toward collectivization 
went forward until in 1 956 they were 
halted and reversed. As a result social 
mobility, both horizontal and vertical, 
increased to an unprecedented degree. It 
was horizontal because changes in na
tional borders relocated millions of peo
ple from east to west. It was vertical be
cause of heavy losses of intelligentsia 
during the war and, after the war, be-
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ALMOST RANDOM STATISTICAL AGGREGATE of values is 
suggested by tbe weakness of associations between responses in the 
generation-gap study. A consistent pattern of positive associations 
(gray squares) or negative associations (colored squares) would indi
cate that many respondents subscribe to a comprehensive ideology 
in which several values are closely correlated. For example, consider 
the case of a respondent who is known to have chosen item c (free
dom of speech); the matrix of correlations indicates there is an en-

hanced probability that he will also choose item k (equality of oppor
tunity regardless of opinions) and a reduced probability that he will 
choose item e (economic efficiency). Correlations that extend to all 
groups in the study are infrequent, however, and more than half of 
the possible pairs of reponses show no significant correlation (open 
squares). The study was done by the author in cooperation with A. 
Banaszkiewicz, M. Gadomska, 1. Karpinski, K. Kosefa, E. Kolbow
ska, M. Marody, A. SuI"ek, T. Szawiel, M. Styczeri and E. Tkaczyk. 
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cause of ind ustrialization, urbanization 
and the growth of bureaucracy. 

All these developments created larger 
numbers of places in the higher layers of 
the new social structure, and so upward 
mobility had clear dominance over 
downward mobility, particularly in the 
early years. People's perceptions strong
ly reflected this historical process. The 
majority were convinced that differ
ences between social strata were smaller 
than they were before the war, and most 
people felt their social position was 
higher than the position of their father 
in prewar Poland. The feeling of social 
promotion was reported not only by 
those whose occupational status was 
higher than that of their parents but also 
by those who had not moved up the so
cial ladder. This testified to the upward 
movement of entire social strata. 

The new authorities steered the up
ward movement, taking into account the 
social origins of candidates for promo
tion and preferentially advancing peo
ple from lower classes. The authorities 
also gave weight to poli lcal loyalty as a 
criterion for promotion in the new pow
er structure. By these processes the soci
ety was stirred from bottom to top. 

To all of this, in explanation of the 
homogenization of values and attitudes 
in Poland, must be added the politi
cal transformation of the society. First 
came the elimination of all parties and 
organizations that did not identify them
selves with the "Democratic Bloc" 
headed by the Polish Workers Party. 
Then, after 1948 and the merger of 
the socialist and communist parties to 
form the Polish United Workers Party, 
came the tightening of the system of po
litical control over the behavior and 
minds of citizens. Nonconforming ide
ologies or philosophies (with the excep
tion of Catholicism, which remained 
confined to the churches) were eliminat
ed from p ublic life. The new regime, 
with its monopoly on mass communica
tions, undertook the indoctrination of 
the people with Marxist ideology. 

Americans employ the metaphor of the 
.l1.. melting pot to characterize the mix
ing and exchange of values from various 
ethnic sources into one homogeneous 
pattern. For the Stalinist period of Pol
ish history a more appropriate meta
phor is that of the grinding mill. From 
that mill, I think, came the "almost ran
dom statistical aggregate of values and 
attitudes" we found after 1956. 

With respect to the content of people's  
values, as distinguished from the for
mal, statistical structure of the value 
system, our surveys in the late 1950's  
and early 1960's showed that "the ex
periment in social learning on a national 
scale" conducted by the new regime had 
succeeded to a certain degree. The great 
changes in the social and economic or
ganization of the society-the national
ization of industry, land reform, eco-

Is your present social status higher or lower than that of your father at the same age? 

RESPONDENTS 
OCCUPATION LOWER HIGHER 

UNSKILLED WORKER 125.7 23.51 
SKILLED WORKER 1·22.0 38.41 
NONMANUAL WORKER 121.4 55.6! 
INTELLIGENTSIA 120,1 56.2) 

TOTAL SAMPLE 122.2 43.9j 

OCCUPATION 
OF RESPONDENT 
AND FATHER LOWER HIGHER 

UNSKILLED WORKER 1·12.5 31.21 
SKILLED WORKER 119.7 36.9 

NON MANUAL WORKER l.31.2 . 33.71 
INTELLIGENTSIA 1 3�.3 21.51 

TOTAL SAMPLE l2s.0 32.3 

Are social distinctions between people of different groups in Poland generally greater 
or smaller today than they were before the war? 

RESPONDENTS 
OCCUPATION GREATER SMALLER 

UNSKILLED WORKER )14.9 51.51 
SKILLED WORKER 113.0 57.8J 
NONMANUAL WORKER 1 9,5 69.14 
INTELLIGENTSIA 15.8 66.9.1 

TOTAL SAMPLE 110.8 " 59.5) 

SOCIAL MOBILITY in postwar Poland is perceived by most respondents as having improved 
their status. A plurality of the respondents in four occupational categories consider their social 
standing to be higher than that of their fathers (top chart). Even among respondents who hold 
jobs in the same category as their fathers, most report an improvement in status (middle chart); 
the only group that disagrees with this evalnation is the intelligentsia, defined for purposes of 
the survey as professionals and others with higher education. Complementing the widespread 
sense of upward mobility is an even stronger impression that the social distance between groups 
has become smaller (bottom chart). The survey was first done by the author in 1961 with a 
sample of about 2,000 urban m en. In 1975 the survey was repeated by Elizbieta Otawoka. 

nomic planning, the abolition of the pre
war class structure-were accepted by 
the people. In reflection of the strong 
propagation of egalitarian ideology in 
those formative years the people also 
embraced the idea of equality of life 
opportunity for all citizens and even 
the idea of preferential opportunity for 
the underdog. Their egalitarianism was 
more moderate when it came to the d is
tribution of income; the majority ac
cepted some inequality. What the peo
ple held to be a morally acceptable 
spread between the top and the bottom, 
however, would seem fairly radical by 
the standards of Western Europe. In
deed, the majority held that there was 
not enough equality in the social stratifi
cation of socialist Poland. Most people 
also shared in the fairly strong convic
tion that society as a whole and the state 
in particular are responsible for the 
equalization of l ife opportunities and 
for the development of the potential of 
all citizens as well as for the satisfaction 
of people's basic needs. 

These were the ideas people associat
ed with "socialism" in the first years 
after 1956, when Wladyslaw Gomulka 
came to power. Along with the new par
ty leadership, people would stress that 
they were in favor of "the Polish road to 
socialism." This meant democratizing 
the political system, removing the most 
drastic limitations on citizens' rights and 
the major sources of their fear, promot
ing freedom of speech and expression, 
increasing the influence of people on the 
government and, after the Yugoslavian 
model, encouraging the participation of 
workers' councils in the management of 
factories. "The Polish road to social
ism" was also suffused with the patriotic 
feelings people attach to nation as dis

tinguished from state. 
In supporting this kind of socialism 

the majority of the people did not iden
tify their ideas with Marxism; only 2 
percent of the university students we 
surveyed in Warsaw in 1958 declared 
themselves "definite M arxists" and only 
11 percent called themselves "moderate 
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Marxists. "  At the same time our studies 
showed the persistence of religious sen
timents. Gomulka was confronted with 
evidence of this a few days after he came 
to power. Thousands of people assem
bled before the building of the Central 
Committee of the Party to demand the 
immediate release of Cardinal Wyszyn
ski, who had been held in secl usion since 
1953. On the other hand, the traditional 
rel igiosity of the Poles, in which the 
stress is on ritual rather than on spiritu
al experience or moral issues, coexists 

quite comfortably in the prevailing ran
dom pattern of association with most 
other values. Being religious scarcely 
changes people's acceptance of a nation
alized economy, of social eq ual ity or of 
"some form of socialism. " 

I n general one can say that the val ue 
system we found in the late 1950's 

had formed in the interaction of val ues 
propagated by the new system and val
ues that persisted somewhere deep in 
people 's minds. The synthesis began to 

exert pressure on the co urse of events 
on the national level in about 1956. 

Over the next 25 years Poland had 
an eventful history. The austerity im
posed by Gomulka and the lavish in
vestment program of the administration 
of Edward Gierek terminated, in 1970 
and 1980 respectively, in economic cri
ses that brought workers out on strike. 
Poland had student protests and demon
strations in 1968 and a wave of political 
protest by students and intellectuals in 
the 1970's.  There were periods of rela-

PERCENT ANSWERING "VERY STRONGLY" IN t961 
PERCENT ANSWERING 

���� 
"VERY STRONGLY" OR "RATHER STRONGLY" �'V& �<5't �'t< q, O���:

<)
O��{? O���:��;

, 
Which of the listed differences in your 
opinion divide people in our society? 

Differences in earnings 
or wealth 

Differences in education 

Differences between managerial 
and nonmanagerial positions 

Division into manual and 
nonmanual workers 

Differences in manner of 
behaving in company 

Differences in religious outlook 

I 
48 1 
481 

Differences of political views 
: .•. 471 

Division between city 
and countryside 

Differences of social origin 231 
28 1 

In the future would you want to see the social differences in Poland . 

entirely disappear? 

UNSKILLED WORKERS 

SKILLED WORKERS 

NON MANUAL WORKERS 

INTELLIGENTSIA 

TOTAL SAMPLE 

diminish? 

UNSKILLED WORKERS 

SKILLED WORKERS 

NON MANUAL WORKERS 

INTELLIGENTSIA 

TOTAL SAMPLE 

remain unchanged? 

UNSKILLED WORKERS 

SKILLED WORKERS 

NON MANUAL WORKERS 

INTELLIGENTSIA 

TOTAL SAMPLE 

increase? 

UNSKILLED WORKERS 

SKILLED WORKERS 

NON MANUAL WORKERS 

INTELLIGENTSIA 

TOTAL SAMPLE 

44 1 

381 
46 1  

RANKING OF DIVISIVE INFLUENCES in Polish society pro
vides evidence that certain egalitarian ideals have long been com
mon but have not been satisfied. In 1961 differences in earnings or 
wealth were cited by more than 80 percent of the respondents as a di
visive influence; by 1975 the proportion had increased to more than 
90 percent. Other factors that bear directly on social standing, such 
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54 46 36 47 

76 1 
34 27 19 24 

32 25 20 20 691 
77 1 

661 
23 19 11 7 

561 17 15 17 24 

18 20 20 28 

581 
1961 B 1975 

as education and kind of work, were also selected more frequently 
in the later survey. Meanwhile differences in personal behavior, in 
religious outlook and in political views diminished in importance. 
Responses to another question in the 1961 survey indicate that most 
people think social distinctions are too great, and a sizable num
ber express the view that such distinctions should disappear entirely. 
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tive political freedom when new leader
ship was coming into power, and later 
there was a tightening of political con
trol. After 1976 came a new phenome
non: political-opposition groups acting 
openly and a periodical and book press 
operating outside of censorship. 

The social str ucture meanwhile went 
through a marked change toward polar
ization of the economic conditions in 
which people lived.  There came an in
crease in the number of those who, in an 
egalitarian socialist society, were "more 
eq ual than others ." Particularly in the 
last years of the Gierek regime, a newly 
developing style of conspicuous con
sumption advertised the presence in the 
society of people who could afford it. 

In view of all this history, what chang
es did our later studies find in the value 
system of our co untrymen? The answer 
is simple: Almost none at all! In survey· 
ing comparable samples of the popula
tion a few years or many years later, 
whenever we repeated a set of ques
tions dealing with social val ues, we ob
tained substantially the same distribu
tion of responses. Because the relation 
between values and group characteris
tics remained weak, even the character 
of the compared samples did not matter 
much; the distribution of responses to 
questions about values was almost iden
tical in most studies. 

In 1978 we repeated the study we had 
made in 1958 of the social and political 
val ues and attitudes of a random sample 
of students at the university level in 
Warsaw. Comparison of the responses 
to the same questions 20 years apart 
shows almost no significant changes. 
Ideologically the 1978 students were al
most identical with their 1958 counter
parts, some of whom by then held posi
tions in the government, the economy, 
the culture and the science of Poland. 

I mpressed by the stability of the val
ue system of our countrymen over 

those two decades, we were moved to 
look at the basic dimension of all value 
systems: the hierarchical order in which 
people r<lnk the objects of their values. 
Given that Poles are like other peo
ple, it may be assumed that the self 
stands first in this order. Our studies 
showed that the family ranks next high
est with practically everyone. In all so
cial groups and eenerations this institu
tion can be regarded as a kind of exten
sion of the self. Next after the family in 
our surveys came friends, from close 
friends to the extended circle of class
mates at school and colleagues at the 
work place. S urprisingly, we found that 
the next most important group to a Pole 
is the Polish nation as a whole. This· is 
in line with the stereotype of Polish pa
triotism, which proves to,be more near
ly valid than might have been expected.  

The social str ucture of Polish society 
in the subjective vision of its members 
wo uld therefore appear to be a "feder-

Would you like the world to move toward some form of socialism? 

DEFINITELY 
YES 

RATHER 
YES 

Do you consider yourself to be a Marxist? 

DEFINITELY 
YES 

11 15 

r:z:::CJ 
RATHER 

YES 

NO 
OPINION 

NO 
OPINION 

Do you hold religious beliefs? Do you practice a religion? 

10 

BELIEVE 
STRONGLY 

BELIEVE 

26 21 

PRACTICE 
REGULARLY 

9 

RATHER 
NO 

RATHER 
NO 

I �J 31 
PRACTICE 

IRREGULARLY 

Do you think the highest incomes and salaries in Poland should be limited? 

YES NO 

11 16 

c:::=e=J 
NO OPINION 

DEFINITELY 
NO 

DEFINITELY 
NO 

Are you in favor of unlimited free enterprise in any of the following areas of the national economy? 

YES 

NO 

YES 

o 

NO 

.. 97 

HANDCRAFTS 

MEDIUM 
INDUSTRIAL 

ENTERPRISES 

69 

20 23 

SMALL-SCALE 
TRADE 

18 

89 

FOREIGN 
TRADE 

SMALL 
INDUSTRIAL 

ENTERPRISES 

16 
24 

76 

LARGE 
LANDHOLDINGS 

12 

71 

WHOLESALE 
TRADE 

5 

90 95 

HEAVY 
INDUSTRY 

ENSEMBLE OF VALUES held by the Polish people cannot be understood as having stemmed 
from a single ideological source. These data are for students in Warsaw in 1958 (gray) and 
1978 (color). Most students favor "some form of socialism" and support policies associated 
with socialism, such as limitation of the highest incomes. On the other hand, few identify them
selves as Marxists and many are religious. Private enterprise is considered appropriate in some 
areas of the national economy but not in the more essential ones. Opinions on most such mat
ters have remained stable. The set of questions has been presented to Warsaw students three 
times: in 1958 by Zijfia J6zefowicz, the author and Anna Pawetczyiiska; in 1961 by the author, 
and in 1978 by the author with Grzegorz Lindenberg, Pawet Karpowicz and Krzysztof Nowak. 

ation" of primary groups united in a 
national comm unity. In actuality, of 
course, the objective social structure of 
Poland is as complex as that of other 
industrial societies .  It has a multilevel 
system of national administration, qua
si-corporate industrial enterprises, polit
ical organizations, professional associa
tions, official state trade unions and so 
on. None of these institutions, however, 
seems to evoke on a mass scale the kind 

of identification that comes out most 
plainly in interviews when the respon
dent says "we . "  Instead many of the 
institutions set up feelings expressed 
by the word "they, " even among people 
who work in them or belong to them. 
OUf studies thus revealed a kind of so
cial vacuum between the level of pri
mary groups and that of the nation. 

Further, our studies showed quite 
strong changes in people's evaluation of 
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With which of the following 
c at gories of people do you feel e 
particularly strong bonds? 

Family 

Friends, close colleagues and 
close acquaintances 

Colleagues from your school 
or workplace 

The Polish nation 

Acquaintances from your 
neighborhood 

People who are interested in the 
same things you are ( Youth) 
People who have the same 
occupation (Parents) 

People who think as you do 

Mankind in general 

People of your age group 

People of the same religion 

Members of the same political 
organization 

People of the same economic 
position 

WARSAW 

97 9a 

!� 

PARENTS �. t"YotJn.t 

70 

48 

43 40 

36 

c::=a=J 0 

KIELCE 

94 

PARENTS 

60 

46 

40 

34 

ts 

YOUTK 

� 

L,,���.�,� 

6 
c;;;:;:;;::;::; 

HIERARCHY OF SOCIAL TIES represents a basic dim'ension of any value system. Family 
comes first iu Poland, as it does elsewhere. Apart from family, respondents in the generation
gap study of 1972-74 reported strong bonds to friends and colleagues and to the Polish nation 
as a whole. There was a notable lack of cohesive social institutions at a scale between that of 
the circle of friends and that of the nation. This gap seems to have been filled in the past year 
by the spontaneous development of the Independent Free Trade Unions, called Solidarity. 
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objects to which their otherwise stable 
value systems were "addressed," partic
ularly changes in their satisfaction with 
the conditions of their own lives and 
with the performance of the co untry's 
leadership. Their dissatisfaction has 
been aggravated by shortages of con
sumer goods in the past few years. Com
bined with a housing shortage that has 
kept many from having a fiat of their 
own, these circumstances have brought 
people to an emotionally charged, nega
tive eval uation of their life situation. 
The contrasting example of conspicu
ous consumption by those who can af
ford such consumption has given poig
nance to the frustration of the others, 
inviting their condemnation of the situa
tion as being contrary to socialist stan
dards of social equality. Studies we did 
in 196 1 and 1978 showed that dispar
ities in income and wealth were per
ceived by a great majority as the main 
factor dividing people and as a primary 
source of social tension. 

In this connection, however, we found 
that people's attitudes toward economic 
equality were strongly related to their 
own economic position. Those who had 
a high income and privileges had a 
much greater understanding of the ne
cessity for differentiation in income and 
privileges than those who did not. This 
explains our finding, mentioned earlier, 
that ed ucated people are less egalitarian 
in their views, because income in Polish 
society is increasingly related to ed uca
tion. Educated and well-off people are 
able to reconcile this attitude with their 
"prosocialistic" views by saying that the 
realization of a more egalitarian society 
is the business of future generations. 
Some rejected this ideal even for the fu
ture, but they did not see any contra
diction between that attitude and their 
acceptance of socialism. On the other 
hand, the same people showed a strong 
attachment to various democratic val
ues. Thus the higher up the social ladder 
the respondents were, the more demo
cratic and the less egalitarian they were. 

One important democratic value, 
freedom of speech, proved to be 

more highly prized among workers, and 
partic ularly among highly skilled work
ers, than it was even among people with 
a university ed ucation. At the same time 
the highly skilled workers showed more 
egalitarian attitudes with respect to dif
ferentiation in income and privileges. I 
think this explains to some extent why 
skilled workers are now the main social 
force in Poland, demand ing social and 
economic j ustice and freedom of speech 
at the same time . 

Some other aspects of sociopsycho
logical reality also changed between the 
1950's and the 1970's .  A mood of in
creasing irritation that one could almost 
feel in the air became widespread in the 
population, particularly in the last few 
years of the Gierek regime. The classic 
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coupling of frustration and aggression 
could be seen in people's punitiveness 
and intolerance of social deviance. Our 
studies also revealed diminished interest 
in social issues in general and increased 
interest in private and personal affairs, a 
"reprivatization" of the people's ideolo
gy attended by apathy and open cyni
cism. Cars and summer houses became 
the engrossing topics of conversation 
among intellectuals. 

A striking expression of this drift in 
people's attitudes emerged from our 
surveys of university students in War
saw. In 1 95 8  one question elicited from 
them the opinion that an individual 
should be willing to risk his life for var
ious causes: for human life, family, 
friends, truth, human dignity, mother
land, religion and, to a lesser degree, so
cial ideology. The willingness ranged 
from 94 percent (human life) to 32 per
cent (social ideology) and averaged 67 
percent. After 20 years the 

'
percentages 

had gone down sharply, and the decline 
was most marked for values such as 
truth, human dignity, religion and so
cial ideology. The percentage willing to 
risk all for human life and for family 
had also declined, but one value held 
its ground : the motherland, at 82 per
cent in both surveys. 

Apart from this affirmation of patriot
ism, the apathy otherwise observed in 
Polish society was evident in this survey, 
and indeed it affected a large area of the 
value system of the students. With re
spect to the subjective importance of 
most extrapersonal values, the students 
of 1 978 were a completely different 
population from those of 1 95 8 .  Yet with 
respect to the kind of society they would 
like to have they were almost identical 
with their compatriots of 20 years earli
er. It  was simply that their aspirations 
and desires in that realm had become 
less intense and less important to them. 
Here, in the late 1 970's, the Polish peo
ple were evincing political irritation and 
social apathy at the same time. The 
combination turned out a few years lat
er to be explosive. 

The speed with which 10 million 
Poles assembled in the Solidarity 

movement testifies to the strength of the 
needs the movement serves. People per
ceive the new free trade unions as nec
essary instruments for the implementa
tion of important social and individual 
goals. To regard these unions as in
strumental associations only, however, 
would greatly disparage their true na
ture; they are, at least now, communi
ties with their own self-fulfilling emo
tional value. The speed of their devel
opment testifies also to the degree of 
frustration, in the social vacuum of the 
preceding period, of the need felt by so 
many people to belong and to feel the 
support of others. 

The process of the reintegration of so
ciety can also be observed in other social 

Do you believe one should risk one's life in the defense of . .. 

human life? r ' , .  89 I 

family? : 

"j 82 country? 
5 1  Ri _ .FeN_ :;;; 

human dignity? 

friends? 

truth? 

religion? 

r;" '11 
.:

: R;;-�:r::=' :::,;; :::�m: ::.= :�!J:� 

r' '-: . :1t:3' �r:::r� 1 
a social idea? 

1958 D 
1978 0 

FRUSTRATION OF SOCIAL IDEALS could account for the changing patteru of responses 
to a question included in the 1958 and 1978 surveys of the values of university students in War
saw. The proportion of the students who approved of the notion that one should risk one's life 
for various causes declined sharply over the 20-year period in all instances but one: defense of 
country. Since other survey results indicate little change in the values held by the students, the 
diminished willingness to risk all can be interpreted as a result of the students' frustration at 
the failure of the society to measure up to their values. Such frustration appears to have been 
an important driving force in the recent restructuring, or "reintegratiou," of Polish society. 

groups, such as among peasants and stu
dents. Many of the preexisting formal 
organizations are undergoing democrat
ic rebirth. M any associations, for exam
ple, are electing their own boards and 
defining policies and tasks by democrat
ic procedures without external control; 
in this way the members of such organi
zations are filling their own social vacu
um with new social meanings. 

By uniting and organizing, the people 
also lose what might be called the com
plex of Lilliputian v.  giant. They can 
see that the newly organized unions 
and democratically run organizations 
give them the possibility of influencing 
things even at the national level. They 
lose the feeling of powerlessness and re
place it with a feeling of dignity. There 
are important concepts that are not easi
ly measured by batteries of indicators 
but that nonetheless are necessary for 
the proper understanding of some social 
situations. One cannot understand the 
events in Poland without reference to 
restored human dignity. 

Observation of everyday l ife in Po
land in the past few months indicates 
that much of the interpersonal irritation 
and aggressiveness has disappeared.  
People are being nice to one another 
even on the crowde d  tram at six o'clock 
in the morning or in the long lines in 
front of shops. If the elimination of the 
symptoms of frustration and aggression 
is confirmed by systematic surveys, it 
will be shown that essential needs of 
the people are being satisfied .  Since the 
needs cannot be economic ones (in this 
respect the people are now more frus
trated than ever), we must look for an-

other explanation. In the end it may be 
found in the reintegration of our atom
ized society, in the elimination of the 
feeling of powerlessness and in the res
toration of people's dignity. 

It  is possible now for people to artic
ulate in public and work for the entire 
agenda of values they would like to see 
realized in a "good" and "just" social 
system. Consider the hierarchical order 
of values we found in our "generation 
gap" studies of 1 972-74, an agenda sim
ilar to that found in many other studies. 
At the top of the list come "Equality of 
life opportunities," "Satisfaction of peo
ple's basic needs," "Freedom of speech" 
and "Influence of citizens on the way the 
society is being governed."  Anyone who 
has followed events in Poland is aware 
that all these values also stood at the top 
of the list of the demands of the workers 
d uring the strikes of last summer and 
fall. They are now written into the 
agreements that the members of Soli
darity signed with the government to 
end the strikes. A national opinion sur
vey conducted in the fall of 1 980 
showed the same list of values in sub
stantially the same order. From a meth
odological point of view it can be said 
that history has provided strong behav
ioral validation of our survey data. 

Those who have been studying values 
and attitudes in Polish society have ac
tually been studying social forces of 
great importance. These forces were at 
least partly shaped under the influence 
of the social system, but they have now 
imprinted themselves on the shape of 
the system itself and, at least to a certain 
degree, have caused its transformation. 
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The Salinity of Rivers 

Rivers normally wash into the ocean the salts dissolved out of rock. 

When the flow is held up by irrigation, however, evapotranspiration 

concentrates the salt in the soil, creating problems for agriculture 

M
any ancient civil izations rose by 

diverting rivers and irrigat
ing arid lands to grow crops. 

For such projects to succeed human be
ings had to learn to work cooperatively 
toward a common objective. The most 
fruitful of the ancient systems was creat
ed at the southeastern end of the Fertile 
Crescent, the broad valley formed by 
the Tigris and the Euphrates in what is 
now Iraq. From there civil ization spread 
eastward through present-day Iran, Af
ghanistan, Pakistan, India and thence 
into China, wherever rivers disgorged 
through valleys of recently deposited al
luvial soil. At its peak of productivity 
each irrigated region probably support
ed well over a million people. All these 
civilizations ultimately collapsed, and 
for the same reason: the land became 
so salty that crops could no longer be 
grown on it. The salts that were washed 
out of the soil at higher elevations be
came concentrated in the irrigated fields 
as the water evaporated from the sur
face and transpired through the leaves 
of the growing crops. Although floods, 
plagues and wars took their toll, in the 
end the civil izations based on irrigation 
faded away because of salination. 

There was a notable exception to this 
common fate: the valley of the Nile, at 
the western end of the Fertile Crescent. 
The explanation is that until very recent 
times the Nile valley was not really irri
gated. Instead the annual flood of the 
Nile inundated a broad stretch of land 
extending the length of the valley, de-

by Arthur F. Pillsbury 

positing a new layer of fertile soil year 
after year. The flooding prevented the 
salts from accumulating because as the 
water drained into the soil it leached 
the salts out of it and carried them 
downward into the ground water, which 
eventually drained into the bed of the 
river itself. As a result salt balance 
was achieved more or less automatical
ly; the salts were borne into the Medi
terranean century after century as they 
had been for millenniums before the 
dawn of agriculture. With the construc
tion of the Aswan Dam at the headwa
ters of the Nile and the introduction of 
conventional irrigation Egypt is now 
faced with the universal ptoblem of 
keeping salts from accumulating in the 
irrigated fields. 

I rrigated agriculture has many ad
vantages over humid-region agri

culture in spite of the substantial costs of 
water and its application. Farmers can 
grow two or more crops per year of 
certain quicker-growing plants, such as 
grains and vegetables. Moreover, an arid 
climate can be expected to decrease the 
costs of cultivation, planting, harvest
ing and disease control and to increase 
yields and quality. Water can be sup
plied whenever it is needed to ensure 
optimum growth. Above all, the tech
nology now exists to solve the salination 

. 

problem and to make irrigated agricul-
,ture truly permanent. Here I shall de

scribe that technology in terms of its 
application in the western U.S., where 

FORTUITOUS JUXTAPOSITION of tbe Imperial Valley and tbe Salton Sea in soutbern 
California near tbe border between tbe U.S. and Mexico makes it possible to export the brackish 
drainage waters from irrigated fields to a natural sink 370 square miles in area that is roughly 
as salty as the ocean. This photograph, taken from a U-2 aircraft operated by the National 
Aeronautics and Space Administration from a height of 65,000 feet, shows only the extreme 
northeastern tip of the nearly 500,000 acres that make the Imperial Valley the largest single 
expanse of irrigated agriculture in the Western Hemisphere. Growing vegetation, a strong re-
8ector of infrared radiation, appears bright red in the Aerochrome infrared film used for the 
pbotograph. Tbe water for irrigation is carried 80 miles from the Colorado River by the AII
American Canal (see map at top of I/ext page). The All-American Canal feeds the East High
line Canal, visible immediately adjacent to the fields along the Salton Sea, and the Coachella 
Canal, slightly to the east, which crosses the picture from upper left to lower right. The Coachel
la Canal carries Colorado River water another 123 miles to irrigated area nortb of Salton Sea. 

intensive Irrigation has been practiced 
since the turn of the century. 

All natural waters, including those de
scribed as fresh, contain salts. A vir
gin stream emerging from a mountain 
watershed may contain as little as 50 
parts per million (p.p.m.) of "salt," or 
total dissolved solids. Ocean water aver
ages about 35,000 p.p.m., or about 3.5 
percent, of dissolved solids. I am speak
ing, of course, not simply of salt such as 
one finds on the dinner table : sodium 
chloride. Table salt does happen to be 
the most soluble of all the common 
salts, making up nearly a third of all the 
salt found in seawater, but in natural 
waters there are many other salts as 
well. The salts dissolved in such waters 
are usually dominated by the carbon
ates, chlorides and sulfates of calcium, 
magnesium and sodium. 

Accepting the commonly quoted esti
mate that the ocean basins contain 317 
million cubic miles of salt water at an 
average concentration of 35,000 p.p.m. 
of dissolved solids, there are about 
3.2 X 1018 tons of salt in the world's 
oceans. Additional large amounts of 
salt, largely in crystalline form, are se
questered in inland sinks and buried 
ancient sinks. Such salt deposits are 
one result of the geological processes 
summed up in the word weathering. 

Weathering takes place under condi
tions where there is ample opportunity 
for the mineral crystals that constitute 
rock to oxidize. Although weathering 
embraces physical, chemical and bio
logical processes, the physical proces
ses are pervasive and central. Mechan
ical action fractures rock, exposing a 
far greater surface area to weathering 
agents. For example, the alternate freez
ing and thawing of water in the crevices 
of the rock exerts forces of compression 
and expansion that can break down the 
strongest material. Flowing water, wind 
and the grinding action of rocks in the 
bed of streams and the bottom of gla
ciers all contribute to physical weath
ering. Weathering manufactures both 
salts and the particles of rock that are 
borne from the uplands to the lowlands. 

ss 
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ALL-AMERICAN 
- -- --

- -- -

ALL-AMERICAN CANAL originates at a reservoir behind Imperi
al Dam on the Colorado River. The 80-mile canal carries two-thirds 
of the 5.3 million acre-feet per year of water that California has re
cently been drawing from tbe Colorado. Ultimately the state will be 
limited to 4.4 million acre-feet per year_ Some three million acre-feet 
per year is now applied to farmland in tbe Imperial Valley. The rec
tangle outlines the area sbown in tbe U-2 pbotograpb on page 54. 
The water as it is drawn from tbe Colorado carries about 800 parts 
per million (p.p.m.) of dissolved solids ("salts"). After about three
fourths of tbe water applied to crops has evaporated or transpired 
through the leaves of plants, the water drained from the fields con-

DRAINAGE OF IRRIGATED FIELDS is often required to main
tain salt balance in tbe root zone of plants. The irrigation water tbat 
percolates downward tbrougb tbe soil is enricbed in salts because of 
evapotranspiration, tbe combination of direct evaporation and plant 
transpiration. To collect tbis brackisb water tbe farmer installs pipes 
in parallel lines, usually about eigbt feet deep and 250 to 300 feet 

56 

MEXICO 

tains about 3,200 p.p.m. of salts. Most of the drainage water is car
ried to the Salton Sea by the New River and the Alamo River. In past 
millenniums the Colorado emptied about half the time into the Gulf 
of California and balf the time into the Salton Sea, forming the an
cient Lake Cahuilla. When the Colorado was first seen by European 
explorers, it was flowing into the Gulf of California. It continued to 
do so until 1905, when it was again diverted into the Salton Sink (as it 
was tben known) by a flood. It ponred into the sink for two years bc
fore it could be rediverted to its former channel. Surface of the Salton 
Sea is now 230 feet below sea level, giving the water a maximum depth 
of 40 feet. The Salton Sea is the largest body of water in California. 

apart. Tbe pipes, wbicb are eitber loosely fitted or perforated, were 
once commonly made of tile or concrete but now are usually made 
of plastic. Tbe drains form open cbannels tbrougb wbicb ground wa
ter will flow when it reacbes a level bigb enougb to barm tbe roots. 
Tbe brackisb water usually flows to a drain but sometimes empties 
into sumps and is pumped into larger cbannels called collector drains. 
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where they are the principal constitu
ents of soil. 

The physical forces act most strongly 
at the highest elevations, where their ex
tremes are greatest. As a result weather
ing and the consequent salt production 
are greatest at the highest elevations. 
An essential component of the weather
ing process is the water of precipitation, 
which serves to dissolve the salts. In ar
eas of high precipitation, of course, the 
salts tend to be dilute. 

When rain or snow falls, most of 
the water generally percolates into and 
through the ground; the excess beyond 
the capacity of the ground to retain wa
ter usually forms a water table at some 
depth below the surface. The ground 
water ultimately seeps into streams or 
reappears at the surface in the form of 
springs. It is this flow that makes streams 
and springs far more persistent than one 
would expect from the intermittent na
ture of the precipitation. 

M uch of the water retained in the soil 
and in the capillary fringe above the wa
ter table (the zone in which water can be 
drawn upward from the water table by 
capillary action) is available for the 
roots of plants to take up through the 
process of osmosis. Most of the water 
entering the roots is transpired through 
the leaves of the plant and passes as a 
vapor into the atmosphere. Water also 
evaporates directly from the surface of 
the soil. When the barometric pressure 
changes or when transient changes in 
pressure are induced by wind shear, the 
soil "breathes." Since the air in the soil is 
almost always essentially saturated with 
moisture, breathing represents addition
al evaporation. It is therefore not practi
cal to determine how much of the mois
ture in the soil is lost by evaporation and 
how much is lost by transpiration, and 
so the total loss from land surfaces with 
vegetation is called evapotranspiration. 

Water also evaporates directly from 
inland water surfaces such as those of 
creeks, rivers, lakes, marshes, canals and 
reservoirs. The result of all such evap
orative processes is to distill pure wa
ter from the liq uid phase, leaving all 
the salts behind in the water that re
mains. Since most of the watersheds in 
the western U.S. are quite thickly cov
ered with vegetation, the natural con
centration of salts in fresh waters is a 
widespread and significant process. 

One of the principal natural resources 
of the western U.S. is its rivers, 

whose waters can be stored behind dams 
or in natural underground aquifers un
til they are needed. Another major re
source is the alluvial soil of arid and 
semiarid valleys suitable for irrigated 
agriculture in a variety of excellent 
climates for growing crops. These re
sources and climatic conditions have 
been exploited to provide the nation and 
foreign markets with a diversified selec-

tion of foods and fibers that are large
ly complementary to the agricultural 
products of the humid regions. 

Irrigated agriculture is expensive. 
Dams must be built to trap water and
canals must be excavated to carry the 
water to where it is needed. If the water 
is in underground aquifers, energy must 
be expended to pump it to the surface. In 
California alone untold billions of pub
lic and private dollars have been invest
ed in water development, chiefly for ag
riculture. The state is crisscrossed with 
thousands of miles of major irrigation 
canals and concrete pipelines that sup
ply water to nearly nine million acres, 
a fifth of all the irrigated farmland in 
the nation. In 1980 the value of Califor
nia's crops was $9.2 billion, represent
ing more than 13 percent of the total 
value of all U.S. c[,ops. California's 
farms provide some 40 percent of the 
nation's fresh food and vegetables. 

The amount of water that m ust be ap
plied annually to irrigated land is equiv
alent to between one foot and five feet of 
water covering the area cultivated, de
pending on the crop and the climate. 
Generally about three-fourths of the ap
plied water is lost to evapotranspiration. 
The rest, which contains all the orig
inally dissolved salts (except for the 
tiny amounts incorporated in the crop it
self), percolates downward and later
ally through the soil. It may enter an un
derground aquifer or it may reappear 
somewhere downstream as seepage into 
a river or into a natural sink, e ither di
rectly or by way of a drainage ditch. 

If, as seems reasonable, the average 
annual amount of water applied in irri
gation in the western U.S. is equivalent 
to three feet covering the area cultivat
ed, about 120 million acre-feet of water 
is applied annually to some 40 million 
acres of land. Roughly 90 million acre
feet of the total volume is lost by evapo
transpiration. The remaining 30 million 
acre-feet holds essentially all the origi
nal salts: a fourfold concentration. (Wa
ter of good quality can be used at least 
twice, directly or indirectly, before it be
comes too brackish for further use.) As 
a consequence of intensive irrigation the 
western states, particularly California, 
which applies more than 40 million 
acre-feet of water to its crops, face a 
major problem in isolating and dispos
ing of brackish water. 

In addition to the concentration of 
salts by evapotranspiration another kind 
of concentration takes place in the stor
age and transport of water before it ever 
arrives at the point of use. Evaporation 
occ urs at the large storage reservoirs be
hind dams, along the extensive transmis
sion channels and at the numerous regu
lating reservoirs. If the new water sur
faces created are in mountainous areas 
where precipitation is high and where 
the land was formerly covered by for
ests and meadows, the increase in evap-

oration is probably of little significance; 
the reason is that the former evapotran
spiration of natural vegetation is merely 
replaced by a roughly equal degree of 
simple evaporation. Most existing large 
reservoirs, however, are in desert areas 
or in environments formerly covered 
only sparsely by brush, grass-woodland 
or scrub timber, with the result that 
evaporation greatly exceeds the former 
evapotranspiration. Typical examples 
are the reservoirs formed by Hoover 
Dam on the Colorado River, Elephant 
Butte Dam on the Rio Grande and 
Grand Coulee Dam on the Columbia 
River. 

The great rivers of the western U.S. 
originate in mountains where there 

is generally high annual precipitation. 
Characteristically in or near the moun
tains the concentration of total dis
solved solids is low, commonly in the 
range of 50 p.p.m. for most rivers. Since 
a number of the western rivers flow 
through arid or semiarid regions for 
great distances, particularly in their low
er reaches, the concentration of salts 
through evaporation rises steadily with 
distance downstream. If part of the flow 
is diverted for irrigation, the salt con
centration is amplified'by evapotran
spiration. Increasingly water serves for 
cooling purposes, as in the cooling sys
tems of fossil-fuel and nuclear power 
plants, which therefore also "consume" 
water through evaporation and thereby 
concentrate salts. 

Some years ago I thought it would be 
interesting to analyze several major riv
er systems to see how the quantity of 
salts carried by a river at a given point 
was related to the quantity of water that 
had entered the river above that point. 
To this end I ca1eulated the annual salt 
production in tons per square mile of 
watershed above a given point on the 
river and the annual water production in 
acre-feet per square mile of the same 
watershed. The salt content and the flow 
of major rivers at various points are re
corded by a network of stations run by 
the U.S. Geological Survey. I selected 
10 years as the period over which to av
erage the records because that was gen
erally the maximum length of record 
available. For the survey I selected the 
following rivers: the Missouri, the Ar
kansas, the Rio Grande, the Pecos, the 
Colorado, the Gila, the Salt, the Agua 
Fria, the Sevier, the Humboldt, the San 
Joaquin, the tvlokelumne, the Ameri
can, the Columbia and the Willamette. 
These 15 rivers carry the bulk of the 
precipitation that falls on the 11 west
ernmost states of the U.S. 

When salt production is plotted 
against water production on a logarith
mic scale, the relation not only proves to 
be remarkably linear but also refutes the 
common assumption that rivers flowing 
through the more arid regions carry the 
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most salt [see bottom illustration on oppo
site page]. Actually the higher the water 
production per square mile, the higher 
the production of salts. The relation is 
all the more remarkable when one con
siders the great variation in the type and 
age of the rocks in the several river 
basins, the relative shortness of the 10 
years of records available and the effects 
of diversions across watersheds, which 
transport substantial volumes of water 
of low salt content from one river basin 
to another. 

The most productive river in both 
salts and water is the Willamette in Ore
gon, which flows through a region of 
very high precipitation. The least pro
ductive in both salts and water is the 
Gila below Gillespie Dam in southwest
ern Arizona, a desert region. Even today 
it is asserted that rivers such as the Ar
kansas, the Pecos and the Colorado are 
unusually salty because they are slowly 
leaching away ancient buried salt beds. 
The evidence does not support such an 
assertion. The saltiness of rivers is sim
ply a matter of the relative amount of 
water that is turned into water vapor 
through consumption, whether it is nat
ural or the result of human activity. 

The key to maintaining a salt balance 
in irrigated fields is adequate drainage. 
Whether it is natural or artificial, drain
age refers to the removal of water from 
a place where it is not wanted to some 
other place, through a pipe or channel 
that can be on, above or below the land 

120 MILLION 
ACRE-FEET OF 

IRRIGATION WATER 

surface. The term agricultural drainage 
refers specifically to measures intended 
to lower the depth of a water table that is 
too close to the surface to allow the suc

'cessful growing of crops. In humid re
gions the water table may have to be 
lowered in order to provide aerated soil 
around plant roots and "to increase the 
firmness of the soil for tillage and other 
farm operations. For this purpose in 
such regions a network of ditches or tile 
drains is normally laid out at a depth of 
three to five feet below the surface. 

I n arid regions drainage must serve the 
additional function of maintaining a 

satisfactory salt balance in the vicinity 
of plant roots. When the weather is rainy 
or when irrigation water is being ap
plied, water and salts both percolate 
downward. In dry weather and between 
irrigations the water and salts percolate 
upward through capillary action. In a 
humid area the amount of salt entering 
the soil is low to begin with, and so there 
is far less to travel upward through cap
illary action in dry periods. Moreover, 
the dry periods are usually short. In arid 
climates the drainage ditches or tile 
drains must be deeper than they are in 
humid regions in order to prevent a net 
upward movement of salts. To be effec
tive the drainage channels must usually 
be at least six feet below the surface. 
The effluent from the drainage network 
must be discharged in such a way that 
the salt imported with the irrigation wa-

r-------

APPLIED TO 
40 MILLION 

ACRES OF LAND 

ter is exported without harming the in
terests of water users downstream. 

A remarkable and fortuitous facility 
for the disposal of brackish drainage 
water exists in southern California adja
cent to the Imperial Valley, the largest 
single expanse of irrigated agricultur
al land in the Western Hemisphere. 
The water needed to irrigate the val
ley's more than 500,000 acres is carried 
a distance of 80 miles from the Colo
rado River by the All-American Canal. 
The All-American Canal also supplies 
the Coachella Canal, which carries Col
orado River water an additional 123 
miles to another rich agricultural area 
of some 65,000 acres. (The Colorado 
supplies a little more than half of all 
the water used in southern California, 
including the municipal water of the 
state's two largest cities, Los Ahgeles 
and San Diego.) Brackish irrigation wa
ter that drains from the Imperial Val
ley and Coachella agricultural districts 
is channeled into the Salton Sea, which 
at present is a little saltier than the ocean. 
Some 90 percent of the surface inflow 
to the Salton Sea is waste water from the 
Imperial Valley, Coachella and Mexi
cali districts. 

Since 1955 the Imperial Valley irri
gation district has been a net exporter 
of salts, draining out about 15 percent 
more salt than the All-American Canal 
carries into the district from the Colo
rado. The water drained into the Salton 
Sea contains about 3,500 p.p.m. of salts 

EVAPOTRANSPIRATION: 
90 MILLION A CRE-FEET 

YIELDS 30 MILLION 
ACRE-FEET OF 

BRACKISH WATER 

IRRIGATION OF AGRICULTURAL LANDS represents the big
gest consumptive use of water in the U.S. Water applied to crops is 
termed consumptive because three-fourths of it is dissipated into the 
atmosphere tbrough evapotranspiration. It is estimated that about 
120 million acre-feet per year of water is applied to some 40 million 
acres of land in the western states, or about three feet of water to every 

irrigated acre over the growing season. Assuming that three-fourths 
of the water, or 90 million acre-feet, is lost to evapotranspiration, the 
salts in the original volume, represented here by shades of color, are 
concentrated in the remaining 30 million acre-feet of water. This wa
ter, often containing more than 2,000 p.p.m. of salts, must be drained 
from the fields and then disposed of to prevent a buildup of salts. 
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and serves to retard the rate of increase 
in the Salton Sea's overall sal inity level. 
The Salton Sea itself, which lies 230 feet 
below sea level, was a dry, salt-encrust
ed depression until 1905, when a flood 
on the Colorado broke through natu
ral levees. The water of the Colorado 
poured into the sink for two years be
fore it was rediverted into its former 
channel. With an area of 370 sq uare 
miles, the Salton Sea is California's larg
est lake and a major recreational area. 

Where no Salton Sea or its equiva
lent exists to accept the drainage 

from irrigated fields the problem of 
achieving salt balance is more complex. 
People cherish the notion that the wa
ter of a river not only is fresh but also 
should be kept fresh right down to the 
river's mouth or to its entry into an estu
ary. In the humid regions of the world 
the departure from this ideal is seldom 
great, but the ideal is unrealistic in the 
more arid regions, where many of the 
rivers have been developed for irrigated 
agriculture. Before man began harness
ing the rivers the seasonal floods were 
highly effective in carrying salts to the 
ocean and keeping the river basin in 
reasonably good salt balance. Today, 
with river flows being regulated by stor
age systems, and with high consumptive 
use of the released water, there is not 
enough waste flow left to achieve any
thing approaching balance. The salt is 
being stored, in one way or another, 
within the river basins. 

Not only are salts getting bogged 
down somewhere in the system but also 
various measures are being taken that 
deliberately impede the flow of salts to 
the sea. In the U.S. it is the law of the 
land, reflecting the demands of both en
vironmentalists and water users, that 
rivers remain, if not forever "wild and 
scenic," at least fresh for their entire 
length. The measures being planned and 
effectuated to accomplish this ideal are 
dangerous for the future. The general 
concept is to divert saline flows, where 
they can be found, into evaporation ba
sins. There water will evaporate from 
the surface, leaving behind layer on lay
er of crystalline salts. It is proposed that 
the evaporation basins be situated either 
where the underlying ground is already 
saline or where the soil is relatively non
porous. Where neither is the case the 
ponds are to be l ined with a presuma
bly impervious material. Such schemes, 
designed to store the salts in the river 
basins themselves, may work for a few 
years or decades but are bound to be 
disastrous in the long run. 

Why? The schemes will fail for any of 
several reasons. Although the ground 
waters under the evaporation basin may 
well be brackish or saline, every ground
water basin with a flow gradient must 
have an outlet somewhere near its lower 

TOTAL DISSOLVED ELECTRICAL SODIUM-

RIVER AND L OCATION 
SOLIDS CONDUCTIVITY ABSORPTION 

(PARTS PER (MILLlMHOS PER RATIO 
MILLION) CENTIMETER) 

COLUMBIA AT WENATCHEE, WASH. 78 .15 .2 
SACRAMENTO AT TISDALE, CALIF. 180 .16 .6 
MISSOURI AT WILLISTON, N.D. 574 .84 2.0 
COLORADO AT YUMA, ARIZ. 740 1.06 2.2 
RIO GRANDE AT EL PASO, TEX. 754 1.16 3.6 
ARKANSAS AT LA JUNTA, COLO. 981 1.21 1 .5 

QUALITY OF IRRIGATION WATERS in the western U.S. varies greatly. The wide diversity 
is reflected in these samples taken from six rivers. The Columbia in the extreme northwest, 
1,240 miles long and with a total discharge of 455 million acre-feet per year, is second in total 
flow only to the Mississippi. The Arkansas, which is even longer than the Columbia (1,460 
miles), discharges only a sixth as much water and ranks 13th among U.S. rivers. The discharges 
of the other four rivers are considerably smaller. The term "total dissolved solids" is still widely 
used as a measure of salinity, but for the farmer the other two characteristics in the table are 
even more significant. Electrical conductivity has a greater influence on plant growth than 
salinity alone. Low values are preferable. Sodium-absorption ratio is calculated from the abun
dances of sodium, calcium and magnesium ions, expressed in milliequivalents of each ion per 
liter. Broadly speaking, the ratio expresses the excess of sodium, or the deficiency of calcium, 
that adversely affects the permeability of water in the soil. Values below 10 are satisfactory. 
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LEACHING OF SALTS FROM THE GROUND increases directly with the amount of pre
cipitation. The higher the runoff of water per unit of watershed area is, the more salt is carried 
into the river that drains the watershed. To quantify the relation the author analyzed U.S. Geo
logical Survey records for a 10-year period showing the salt content and river-flow volume at 
selected sampling points for 15 rivers in the western U.S. The salt content and flow rates were 
then related to the areas of the watersheds above the sampling points in order to derive values 

for salt production in tons and water production in acre-feet per square mile per year. A loga

rithmic plot of the two values falls remarkably close to a straight line. The Willamette River, 

which drains a watershed with the highest precipitation per square mile, also yields the most 

salt per square mile of watershed. The least productive river in both water and salts is the Gila 

River in extremely arid Arizona. The four sampling points (colored dots) on the Colorado River 

and the watersheds to which they correspond are shown in the map on page 62. Colored crosses 

are values for the Rio Grande, the only other river for which four sampling points are included. 
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end. The sal ine water in the evaporation 
basin will  serve to increase the "head," 
or hydraulic pressure, on the saline wa
ters below and will thereby increase the 
rate of discharge at the natural outlet, 
wreaking havoc in downstream ground 
waters and downstream lands. If the 
evaporation basin is situated above soil 
shown to be impermeable to fresh wa
ter, it will be found that the soil will 
gradually become more permeable 
when the waters are saline. This fact is 
well established. Many types of materi
als have been proposed for making 
evaporation basins impervious: rubber 
and plastic sheeting, asphaltic mixtures 
and special types of concrete. Conceiv
ably some linings will be effective for 
as long as 50 years, but ultimately one 
must expect them to fail. In all probabil
ity their lifetime when they are exposed 

to saline water will be much shorter than 
their l ifetime is when they are exposed 
to fresh water, for which they are nor
mally intended. 

Another prime effort today, designed 
to keep waters fresh in the lower reaches 
of river-basin systems, is the construc
tion of "brine lines." These are lined ca
nals or pipelines through which brackish 
waters are conveyed to the ocean or 
some other sink. The lines must be ele
vated above nearby rivers or the adja
cent systems for distrib uting irrigation 
water to ensure that the saline drain wa
ter does not recontaminate the fresh wa
ter. This means that the effluent from 
field-drainage systems, along with any 
brackish or saline water from wells, 
must be pumped into the brine lines at a 
considerable cost in energy. Even if the 
energy cost is accepted, brine lines alone 

DESALTING TEST FACILITY is one of two installations at Yuma, Ariz., recently built for 
the U.S. Water and Power Resources Service as the first stage in a program to treat brackish 
water from the Wellton-Mohawk Irrigation and Drainage District that is now too salty to be re
turned to the Colorado River. At present the brackish water is carried by a 51-mile bypass drain 
to the Gulf of California. This test facility, built by the Fluid Systems Division of UOP, is de
signed to extract some 325,000 gallons per day of low-salinity water (about 250 p.p.m. of sol
ids) from a brackish input stream of 470,000 gallons per day with a salinity of about 2,800 
p.p.m. Desalting is accomplished by a process of reverse osmosis. Saline water is forced against 
a plastic membrane at a pressure of 300 to 400 pounds per square inch. Water passes through 
and salt is left behind. The full-scale plant, using two different but similar processes, will have 
a design capacity of some 72 million gallons of desalted water per day. The product stream will 
be blended with untreated drain water to yield about 92,000 acre-feet per year of water (with a 
�uality high

.
er than that required by treaty) that can be added to the Colorado for export to Mex

ICO. An eqUIvalent volume of water will be made available for irrigation upstream in the U.S. 
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cannot establish a salt balance because 
there will still be ground-water flow be
low the drainage lines or above the sa
line aquifers that might be pumped. 

The U.S. Water and Power Resources 
Service (formerly the U.S. Bureau of 
Reclamation) has recently completed 82 
miles of an open-channel brine line, 
roughly parallel to the San Joaquin Riv
er in California, that is designed to drain 
up to 30,000 acres of prime agricultur
al land in the state's San Joaquin Val
ley. Probably the longest brine line yet 
built, it now discharges into the Kester
son Reservoir south of Modesto. From 
there the saline waters grad ually seep 
into the San Joaquin River as it ap
proaches "the Delta," the estuarial area 
at the head of San Francisco Bay 
formed by the confluence of the San 
Joaquin and Sacramento rivers. The 
section of the drain that will carry the 
brine directly into the Delta has yet to 
be built. The existing canal is the first 
segment of a proposed " Master Drain," 
290 miles long, to be financed with 
Federal and state funds. The estimated 
cost is more than $ 1.2 billion. By the 
year 2005 the proposed drain will serve 
500,000 acres and will have the capacity 
to remove more than three million tons 
of salt per year. 

The difficulty of achieving salt bal
ance in river basins where there is 

high consumptive use of water can be 
better appreciated if one reflects on the 
basins' complex hydrological history. 
Valley and basin lands consist primar
ily of soils that have been deposited 
by floods. The river channel that winds 
through the valley and basin today has a 
look of permanence that is deceptive. In 
a flood heavy debris is tumbled along 
the deepest part of the channel and the 
river overflows its banks. As the water 
moves laterally there is a marked de
crease in the velocity and depth of its 
flow. As a result sand and other small 
particles settle out, creating natural lev
ees. The finest soil particles settle out at 
a considerable distance from the central 
channel and at a much lower rate. The 
soil that settles in the valley lands is th us 
of medium texture, chiefly loams. 

Where the velocity of flow falls al
most to zero in the broad basin lands 
farther downstream the fine-textured 
clays settle out. The channel itself, in
cluding the natural levees, tends gradu
ally to rise above the surrounding land. 
Later, in some exceptional flood, the riv
er will overflow its banks again and cre
ate a new channel where the slope be
low it is steeper. The new channel will 
capture the old channel as it erodes 
upstream. In time, as deposition from 
flood after flood raises the land, an in
terlacing network of Quried channels 
is covered over. Both shallow and deep 
ground water tend to follow such inter-
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TO CONSERVE WATER formerly lost through seepage 49 miles 
of the 123-mile Coachella Canal have recently been rebuilt and lined 
with concrete. The new section, a part of which is shown near com ple-

tion here, is expected to save 132,000 acre-feet of water per year, re
ducing the amount drawn from the Colorado River via the All-Amer
ican Canal from 498,000 acre-feet per year to 366,000 acre-feet. 
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COLORADO RIVER BASIN drains an area of 242,000 square miles 
in seven states. Nine major reservoirs on the river have a total s.torage 
capacity of about 65 million acre-feet, or roughly 4.5 times the an
nual flow of 14 million acre-feet measured at Lee Ferry. The larg
est reservoir, with a capacity of 26 million acre-feet, is Lake Mead, 
made by Hoover Dam. Under the terms of the Colorado River Com
pact of 1922 the four states in the upper basin above Lee Ferry are 
allotted 6.5 million acre-feet annually and the three states in the low
er basin (Arizona, Nevada and California) are allotted 7.5 million 
acre-feet. When the Central Arizona Project, designed to carry 1.2 
million acre-feet per year, is completed in 1985, California will be 
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• EL PASO 

TEXAS 

MEXICO 

limited to 4.4 million acre-feet, leaving 1.5 million acre-feet for Mex
ico. In the drought year of 1977 California drew on the Colorado 
River for 5.6 million acre-feet of water. The four sampling points se
lected by the author in his study of salt and water production in the 
Colorado basin, shown in the bottom illustration on page 59, are Glen
wood Springs (1), Lee Ferry (2), Grand Canyon (3) and a point below 
Hoover Dam (4). The watersheds corresponding to these areas are 
identified by the light-colored broken outline. Whereas the Glenwood 
Springs watershed produces 350 acre-feet of water and 135 tons .of 
salt per square mile per year, the Hoover Dam watershed yields only 
60 acre-feet of water and 50 tons of salt per square mile per year. 
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lacing channels, with the deeper water 
appearing in what are called finger aqui
fers. Partic ularly in the basin lands the 
shallow ground water commonly seeps 
into the present river channel. Such dif
fused flow is deeper than the ditches or 
tile drains constructed for agricultural 
drainage. 

Tile drains are most effective, as a 
rule, in the basin and basin-rim lands 
and in certain stratified soils where the 
"semiperched" water table rises closer 
to the surface than six or seven feet. The 
water table is said to be semiperched 
when the variable layering of the river
deposited soil tends to isolate the water 
near the surface from the main body of 
ground water lying at deeper levels. Un
der those conditions there is little oppor
tunity for the irrigation water, enriched 
in salts, to percolate downward and de
grade the deep ground water, which re
mains available for irrigation or other 
uses. Farther upriver in the valley lands 
the subterranean structure is such that 
near-surface water cannot be isolated 
from deeper water, with the result that 
ditch or tile-drain systems are powerless 
to preserve the quality of the ground 
water. 

Before the advent of intensive irriga
tion the ground waters of the western 
valleys and basins were almost uniform
ly of high quality. The underground 
aq uifers were largely recharged at the 
upper end of the valleys where the rivers 
disgorged onto the valley lands. The 
ground waters subsequently discharged 
into the basin lands and for the most 
part into the rivers themselves in the 
form of diffused flow. When farmers 
began pumping irrigation waters from 
the aq uifers, the net effect was to low
er the water table downstream from 
the pumping, thereby reducing the dis
charge flow back into the rivers. Eventu
ally the water table would fall so low 
that there was no discharge at all and 
the aquifers became closed basins. Salts 
could then no longer be passed along 
downstream and simply accumulated. 

In most regions the water pumped 
from aquifers supplies both irrigation 
and urban needs. The urban wastes col
lected as sewage generally show an in
crease in total dissolved solids of 300 to 
350 p.p.m. Where such wastes are not 
discharged directly into the ocean all 
the salts coming into the basin remain 
trapped and build up within it. 

When the aquifers being pumped for 
agricultural and urban needs are near 
the coast, the water table has often been 
pumped below sea level, with a conse
quent intrusion of seawater into the 
ground-water basin. The usual way to 
stop the intrusion has been to drill a se
ries of injection wells parallel to the 
coast. The water pumped into the injec
tion wel1s can be somewhat brackish 
and in some cases is treated urban sew-

age. The technique has been successful 
in creating "mounds" of water that re
pel the seawater. The objection to such 
schemes is that they totally block the 
export of salts that would otherwise be 
carried to the sea by ground waters. Ob
viously corrective measures must even
tually be taken. 

The only effective way to keep 
ground-water basins fresh is to pump 
from wells near the lower end of each 
basin, where the salinity is highest, and 
to hurry the effluent on its way to the 
ocean or some other sink. At the same 
time it will probably be essential to aug
ment the recharge near the upper end of 
each basin. Unless these steps are taken 
one can foresee the day when the aqui
fers will be destroyed by salinity. 

·The custom traditionally followed in 
the U.S. in developing water re

sources has been to expect the river it
self to carry supplies of fresh water to 
points of diversion almost down to the 
river's mouth. Such a design is general
ly the cheapest and has the advantage 
of capturing floodwaters that upstream 
storage would miss. This ignores the ba
sic principle, essential for the long term, 
of going upstream for supply and allow
ing the lower rivers to become brackish. 
Let me illustrate with three examples: 
the Rio Grande system, the Colorado 
River system and the Delta east of San 
Francisco Bay. 

The Rio Grande, which rises in south
western Colorado and empties into the 
Gulf of Mexico, is nearly 1,900 miles 
long. It is the third-longest river in the 
U.S., yet like the Colorado it does not 
qualify for inclusion in the Geological 
Survey list of 33 rivers with the highest 
discharge. Over the final 800 miles of its 
length it is the principal boundary be
tween the U.S. and Mexico, and the allo
cation of its water has long been a mat
ter of contention between the two coun
tries. Essentially the entire flow of the 
upper Rio Grande, except during floods, 
is stored and utilized upstream from El 
Paso, at the extreme western end of the 
U.S.- Mexico border. There is almost no 
waste that would make it possible even 
to approach salt balance. Severe salt 
problems are grad ually developing in 
southern New Mexico and western Tex
as. Along the lower river, between El 
Paso and the mouth in the Gulf of Mex
ico, there are three major internation
al dams: Amestad, for storage; Falcon, 
for more storage and hydropower gen
eration, and Anzalduas, for diversion, 
chiefly irrigation. ( Mexico calls the low
er river from El Paso to the Gulf the 
Rio Bravo del Norte; most of the water 
entering it is runoff from mountains 
in Mexico.) The present plan of devel
opment eliminates any chance of achiev
ing salt balance either above El Paso or 
below it. 

The Colorado River, 1 ,450 miles 
long, supplies more water for consump
tive use than any other river in the na
tion. Its well-known Hoover Dam creat
ed Lake Mead, a storage reservoir and 
recreational area of some 2 50 square 
miles. Below Hoover Dam and its 
1,345-megawatt hydroelectric power 
plant are seven more dams, two of 
which also serve to generate power. The 
dam farthest downstream is Morelos 
Dam, which stores water for irrigating 
the Mexicali Valley in Mexico. Irrigated 
regions near the river send back their 
drainage water enriched fourfold in salt. 
About 70 percent of the total flow be
low Hoover Dam, containing about 700 
p.p.m. of salt, is exported to California, 
chiefly through the Colorado River Aq
ueduct, which supplies Los Angeles and 
San Diego, and the All-American Ca
nal, which supplies the Imperial Valley 
and Coachella agricultural regions. 

Primarily because so much water 
(and salt) is exported, the lower reaches 
of the Colorado are in reasonable salt 
balance. The problem is that the salt 
content of the lower river is high: more 
than 800 p.p.m. In 1 974, at the behest of 
the Environmental Protection Agency, 
the seven states of the Colorado River 
basin agreed o'n a program to maintain 
the salinity in the lower basin at or be
low the level measured in 1 972: 723 
p.p.m. below Hoover Dam, 747 p.p.m. 
below Parker Dam and 879 p.p.m. at 
Imperial Dam. 

The same year, in partial satisfaction 
of the 1944 Mexican Water Treaty, the 
U.S. agreed that the salinity of the Colo
rado River water delivered to Mexico at 
Morelos Dam should not be allowed to 
exceed the average salinity of water ar
riving at Imperial Dam by more than 
1 15 (± 30) p.p.m. The treaty with Mexi
co provides that the U.S. shall deliver to 
Mexico 1 .36 mill ion acre-feet of Colo
rado River water and another 1 40,000 
acre-feet from well fields adjacent to the 
Colorado at the U.S. -Mexico border, 
for a total of 1 .5  million acre-feet. In 
order to ensure the required river flow at 
the agreed salinity, the Water and Pow
er Resources Service has undertaken to 
build a desalting plant at Yuma, Ariz., 
that will process a large volume of 
brackish drain water from the Wellton
Mohawk Irrigation and Drainage Dis
trict in Arizona. The brackish water was 
formerly discharged into the Colorado 
below Morelos Dam; it is now exported 
to the Gulf of California through a by
pass drain 5 1  miles long, mostly in Mex
ico, that was completed in 1 977 at a cost 
of $27 million, paid by the U.S. 

The desalting plant, when it is com
pleted in the mid- 1 980's at an estimated 
cost of $2 1 6  million, will be the largest 
of its kind. It wil1 take in about 1 07,000 
acre-feet per year of water with an av
erage salinity of 2,800 p.p.m. and wil1 

63 

© 1981 SCIENTIFIC AMERICAN, INC



64 

yield a cleansed stream of 73,000 acre
feet (65 million gallons a day) with a 
salinity of only 255 p.p.m. and a brine 
stream of 34,000 acre-feet with a salini
ty of 8,200 p.p.m. The brine stream will 
continue to be sent on to the Gulf of 
California. If low-salinity makeup water 
is needed to meet treaty obligations, the 
cleansed stream can be returned undi
luted to the Colorado at Yuma. Nor
mally, however, the cleansed stream 
will be blended with untreated drainage 
water to yield up to 92,000 acre-feet of 
water with a salinity of less than 800 
p.p.m. The reclaimed water will cost 
about $250 per acre-foot, more than 30 
times the cost of irrigation water in the 
Imperial Valley. The desalination will 
be accomplished by plastic membranes 
that remove salts by means of reverse 
osmosis. 

To further ensure the flow to Mexico 
and to reduce the volume of water taken 
by California, 49 miles of the Coachella 
Canal have recently been rebuilt and 
lined with concrete at a total cost of $45 
million in an effort to save 132,000 acre
feet per year of water previously lost by 
seepage into the surrounding desert. It is 
expected that the amount drawn from 
the Colorado River via the All-Ameri
can Canal can be reduced from 498,000 
acre-feet per year to 366,000 acre-feet. 
The lining of the canal will also help 
California to live within its ultimate al-

ELABORATE SCHEME for diverting water 
from abundant sources in Alaska and Canada 
to regions that are already growing short of 
water was originally proposed by the Ralph 
M. Parsons Company of Pasadena, Calif., in 
1964. Only the western section of the total 
plan, known as the North American Water 
and Power Alliance (NAWAPA), is depicted 
schematically here. An eastward extension of 
the plan wonld divert water from British Co
Inmbia to the upper Mississippi River, the 
Great Lakes and eastern Canada. It is esti
mated that the entire project would cost at 
least $200 billion and take 30 years to com
plete. NAWAPA would yield about 160 million 
acre-feet of water per year for industrial, mu
nicipal and agricultural uses. Roughly half 
would be allocated to the U.S. and the balance 
to Canada and Mexico. A series of hydroelec
tric plants would generate all the power need
ed for pumping and provide a surplus capacity 
of at least 70,000 megawatts. Water collection 
would begin at the headwaters of the Yukon 
and Tanana rivers in Alaska (1) and would be 
supplemented by ntilizing a series of streams 
extending down to the Peace River (2). The 
collected water would flow into a 500-mile 
reservoir, the Rocky Mountain Trench, made 
by damming the upper reaches of the Colum
bia, Fraser and Kootenay rivers. More water 
would enter the system from the Clark, Snake 
and other rivers in the northwestern U.S. (3). 
Water for irrigation and other purposes would 
be sent to southwestern states and northwest
ern Mexico (4). A branch would supply New 
Mexico, Texas, Colorado, Kansas, Nebras
ka, Oklahoma and other parts of Mexico (5). 
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location of 4.4 million acre-feet of Colo
rado water. (It has recently been draw
ing 5.3 million acre-feet per year, and it 
drew 5 .6  mill ion acre-feet in the drought 
year of 1977 . )  Although these various 
costly measures should enable the U.S. 
to meet its treaty obligations to Mexico, 
it is clear that the Colorado can yield no 
additional water for the expansion of 
agric ulture. 

The Delta is an estuarial area of some 
1 ,200 square miles formed by the 

confluence of the Sacramento, the San 
Joaquin and several smaller rivers near 
the middle of the rich Central Valley 
agricultural region. This large area was 
originally bulrush-covered marshland 
at or near mean sea level. Beginning in a 
small way sometime after the passage of 
the California Swamp and Overflow Act 
of 1850 but not before the rare great 
flood of 186 1 -62, the land was gradual
ly reclaimed by the building of levees 
around numerous small islands outlined 
by the rivers and sloughs. When better 
pumps became available around the 
turn of the century, the process was 
greatly accelerated. The reclamation 
continued into the 1920's. The material 
for the levees came from dredging the 
rivers and sloughs. As with the polders 
of the Netherlands, the reclamation re
quires that drainage water and rain
water be continually pumped out into 
an adjacent waterway. Irrigation water 
is obtained simply by siphoning water 
over the levees. There are some 550,000 
acres of cropped land in the Delta com
plex, and the labyrinth of waterways is 
heavily exploited for recreation. 

The land was originally all peat, of
ten to depths of 35 feet or more. As hap
pens whenever peat soil is drained, there 
has been widespread subsidence of the 
ground level, amounting to about three 
inches per year. Some land is now as 
much as 2 1  feet below mean sea level. 
Not surprisingly there have been many 
levee failures. Over the past two years 
four large islands were inundated when 
their levees broke. State and Federal 
agencies are now working hard at public 
expense to repair and strengthen the lev
ees involved. It is reasonable to question 
whether the expense is j ustified, given 
the fact that the subsidence problem is 
clearly a long-term one. 

An alternative approach to the Del
ta problem, proposed some years ago, 
would be to provide the stablest farm
lands in the Delta with an overland sup
ply of fresh water from the projected 
Peripheral Canal. The canal would also 
serve to carry water from the Feather 
River, north of the Delta, around the 
eastern end of the Delta to the San Joa
quin Valley on the south. Although the 
California legislature authorized con
struction of the Peripheral Canal last 
year, the project has run into heavy op
position from environmentalists, among 

others, who are demanding that the is
sue be submitted to a statewide refer
endum. In addition to the construction 
of the Peripheral Canal, at a currently 
estimated cost ranging from $ 700 mil
lion to $ 1.3 billion, the legislature au
thorized the expenditure of $4. 1 billion 
for construction over the next quarter 
century of dams and other water-devel
opment facilities in the northern part 
of the state. 

At present the water exported south 
and west must move through the Delta 
sloughs before it reaches the pumps that 
send it to the ultimate users. Periodical
ly fresh waters that normally flow down
stream through the Delta reverse their 
direction and allow salt waters from 
San Francisco Bay to travel upstream 
toward the export pumps. As a result 
the Delta waters and the water destined 
for irrigation are both seriously degrad
ed in quality. 

The Peripheral Canal has been op
posed by many in northern California 
who evidently do not recognize that the 
water contractors of the State Water 
Project have long been paying in full 
on the Oroville Dam complex on the 
Feather River that is designed to create 
the "new" regulated water destined for 
the canal. The export pumps on the Del
ta cannot possibly provide the amounts 
of water the state has contracted to de
liver unless the Peripheral Canal is built. 
Opposition now comes from those who 
advance the concept that the water be
longs in the "area of origin" and that 
those who are paying for it must now 
surrender their right to it. 

I t should be obvious that in order to 
maintain and ensure the long-term 

viability of irrigated agriculture and to 
provide enough water to carry the salts 
to the ocean or some other natural sink, 
the development of water resources 
should be intensified. First there must 
be much more development on the lo
cal scale and much more attention paid 
to local practices. Eventually, however, 
some grand-scale water-diversion con
cept will be needed, simply because 
much of the West, including the High 
Plains of Texas and New Mexico and 
from there northward through Nebras
ka, is short of water . All parts of north
ern Mexico, the U.S. and Canada with 
an irrigation potential should have an 
adequate supply of water, and that 
means a supply sufficient to flush all the 
salts to the ocean or some other natural 
sink. It should also be recognized that 
there are important economies of scale:  
doubling the amount of water to be sup
plied by a project does not double the 
cost. The cost increases by a factor not 
of 2 but of something less than 1.5. 

Over the years a number of visionary 
schemes have been proposed for divert
ing water from rivers in the humid 
northwestern U.S .  to more arid regions 

to the south. One plan, conceived by a 
private engineer, Will iam G. Dunn, pro
poses to transfer 2.4 mill ion acre-feet 
per year from the Snake River in Idaho 
to a point below Hoover Dam on the 
Colorado River, a distance of some 600 
miles. The Snake, which discharges 
about 30 million acre-feet per year into 
the Columbia River, is the nation's 12th
largest river. The present flow of the 
Colorado below Hoover Dam is about 
1 4  million acre-feet per year, of which 
California will be entitled to take 4.4 
million after completion of the Central 
Arizona Project, beginning in about 
1985. A more ambitious plan, put  for
ward by Frank Z. Pirkey, another expe
rienced consulting engineer, proposes 
the transfer of 15 million acre-feet per 
year from the Columbia River to Lake 
Mead, behind Hoover Dam. In Pirkey's 
plan the water would first be pumped 
4,900 feet over the mountains to Goose 
Lake on the Oregon-California border 
and then to Shasta Lake behind Shas
ta Dam in northern California before 
its final transfer to Lake Mead. Along 
the way substantial amounts would be 
available for irrigation. 

By far the most audacious scheme yet 
advanced is the one proposed in 1 964 by 
the Ralph M.  Parsons Company of Pas
adena, Calif., one of the engineering 
firms that built Hoover Dam in the early 
1 930's. Known as the North American 
Water and Power Alliance (NAWAPA), 
the scheme would divert waters from 
Alaska and northern Canada to many 
parts of Canada, the U.S. and Mexi
co. Hydroelectric plants along the way 
would generate substantially more pow
er than what would be needed for pump
ing. The total drainage area envisioned 
by the plan covers about 1 .3 million 
square miles where precipitation is plen
tiful. Of a total runoff of more than 
800 million acre-feet per year NA WAPA 
would divert some 160 million acre-feet 
southward for consumption and water
way control. The completed system, es
timated to take 30 years to build and to 
cost more than $200 billion, would pro
vide a surplus hydroelectr ic capacity of 
about 70,000 megawatts, equal to near
ly 25 percent of present U .S. average 
production. 

Although the magnitude of the NA WA
PA plan is staggering and the plan would 
have to surmount formidable political 
hurdles before it could be implemented, 
it is in my opinion the only concept ad
vanced so far that will enable the low
er reaches of western rivers to achieve 
the salt balance necessary for the long
term health of western agriculture, on 
which the entire U.S., and indeed the 
world, has much dependence. Unless 
the lower rivers are allowed to reassert 
their natural function as exporters of 
salt to the ocean, today's prod uctive 
lands will eventually become salt-en
crusted and barren. 
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The Atmosphere of Venus 
A decade of exploration by spacecraft now shows that it consists 

almost entirely of carbon dioxide. Its clouds of sulfuric acid are 

driven by winds that attain a speed of 360 kiloflleters per hour 

U
ntil a few decades ago the atmo

sphere of Venus was unknown. 
Three centuries of observations 

with telescopes had revealed only that 
the planet is covered by an unbroken 
deck of seemingly uniform, featureless 
clouds. Today observations made from 
the earth have been extended to ultra
violet wavelengths. In this part of the 
electromagnetic spectrum markings are 
seen in the clouds. Moreover, since' 196 7 
a series of interplanetary spacecraft 
have made observations at closer range, 
and a total of 13 probes have penetrated 
deep into the atmosphere of Venus be
fore the heat of the atmosphere disabled 
them. Remarkably, two of the space
craft in the Venera series launched by 
the U. S. S. R. survived long enough to re
turn data from the surface, where the 
year-round temperature of 460 degrees 
Celsius is high enough to melt metals 
such as zinc. A U.S. spacecraft, the Pio
neer Venus orbiter, which arrived at Ve
nus in December, 1978, continues to cir
cle the planet and transmit information 
back to the earth. 

Today the atmosphere of Venus is 
known to be predominantly (96 percent) 
carbon dioxide. The rest is nitrogen with 
trace amounts of other substances, in
cluding water vapor. The atmosphere of 
Venus is more than 90 times as massive 
as the atmosphere of the earth, so that 
the pressure at the surface of Venus is 
more than 90 times the pressure at the 
surface of the earth. It is a pressure en
countered at a depth of one kilometer 
in the oceans of the earth. The clouds 
in the atmosphere of Venus are now 
known to form continuous layers at an 
altitude roughly between 45 and 60 kilo
meters. (On the average the earth is half 
covered by clouds that lie at an altitude 
of less than 10 kilometers.) Investigators 
distinguish three layers of clouds on the 
basis of the concentration and the size of 
suspended particles. It is hypothesized 
that the particles may differ from one 
layer to another, but the only particles 
identified so far are liquid droplets com
posed of sulfuric acid with an admixture 
of water. 

66 
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The winds of Venus are now known to 
be dominated by a planetwide east-to
west circulation that attains a velocity of 
100 meters per second (360 kilometers 
per hour) at the altitude of the cloud 
tops. At that speed a parcel of the atmo
sphere would circle Venus in four earth
days. The planet itself also turns east to 
west, but it takes 243 earth-days to com
plete a single rotation. In a word, the 
atmosphere of Venus superrotates: at 
the cloud tops it moves more than 60 
times as fast as the planet does. In con
trast the earth turns west to east, and the 
atmosphere of the earth (considered on 
a global scale) rotates synchronously 
with the solid planet below it. 

The focus of research on the atmo
sphere of Venus is now changing. The 
challenge is no longer to discover what 
the atmosphere is like. The challenge is 
to explain why the atmosphere of Venus 
should be so different from that of the 
earth in spite of the fact that Venus and 
the earth are nearly the same in size and 
mass. 

The atmosphere of a planet is well 
characterized by the way its temper

ature varies with altitude. On Venus the 
pattern of variation divides the atmo
sphere into two regions. In the lower 
one, which extends from the surface to 
an altitude of about 100 kilometers, the 
temperature decreases with height. This 
region is called the troposphere by anal
ogy with the lower part of the atmo
sphere of the earth (the part below 10 
kilometers), in which the temperature 

also decreases. Throughout most of the 
height of the troposphere of Venus the 
temperature falls at a rate of about 10 
degrees C. for each kilometer of alti
tude. At the surface the temperature of 
460 degrees changes little from day to 
night. Indeed, one must make measure
ments at the height of the clouds to find 
diurnal changes. The reason for this lack 
of variation is clear. The lower atmo
sphere is so dense that it has great ther
mal inertia: it can store a large amount 
of heat. For the same reason one would 
not expect to find a significant difference 
between the daytime and the nighttime 
temperature in the oceans of the earth. 

The high temperatures below the 
clouds, culminating in the surface tem
perature of 460 degrees, cannot be at
tributed simply to the fact that Venus is 
closer to the sun than the earth is; in
deed, the ubiquitous cloud cover on Ve
nus is so reflective that the planet ab
sorbs less solar radiation than the earth. 
Furthermore, as has been shown by Pio
neer Venus probes and by the Venera 
series of probes, only a small fraction of 
the radiation absorbed by Venus pen
etrates the clouds and the massive low
er atmosphere and reaches the surface. 
The planet remains hot in spite of all this 
because the surface reradiates the solar 
energy in the infrared part of the elec
tromagnetic spectrum; constituents of 
the atmosphere such as carbon dioxide, 
sulfur dioxide, water vapor and cloud 
particles are efficient absorbers of infra
red radiation, and so the heat is trapped 
in the troposphere. In short, the tropo-

DOMINANT WIND ON VENUS is revealed in the series of photographs on the opposite 
page, which record the image of the planet in ultraviolet radiation. The photographs were made 
on consecutive days by the Pioneer Venus orbiter, a U.S. spacecraft that took up its trajectory 
around the planet in December, 1978. In the first photograph, made on February 15, 1979, a 
Y-shaped marking in the clouds of Venus opens toward the west of the planet. The stern of the 
Y is a broad, dark band along the equator. In the second photograph the vertex of the Y is near 
the west limb of the planet; in the third photograph the vertex is out of view; in the fourth the 
arms are returning; in the fifth, made on February 19, the complete Y is again exposed. The 
dominant'wind is thus a rotation of the atmosphere from east to west that drives cloud mark
ings around the planet in only four earth-days. Venus itself also rotates westward, but the ro
tation of the solid planet is more than 60 times slower than that of the atmospheric mark
ings. The final photograph shows Venus on February 20, 1979. The photographs were provid
ed by Larry D. Travis and Anthony Del Genio of the Goddard Institute for Space Studies. 
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sphere of Venus is heated by the green
house effect, as has been proposed by 
Carl Sagan of Cornell University and 
James B. Pollack of the Ames Research 
Center of the National Aeronautics and 
Space Administration. 

Above the troposphere lies a thinner 

upper atmosphere. In daylight the upper 
atmosphere is heated directly by ultra
violet radiation from the sun and the 
temperature therefore increases with 
height. Such an increase is also observed 
in the upper atmosphere of the earth, 
which is accordingly called the thermo-

sphere. On the earth the thermosphere is 
present day and night; the large-scale ro
tation of the' atmosphere with the planet 
carries the heated day-side upper atmo
sphere to the night side of the planet. On 
the night side of Venus, however, the 
thermosphere disappears; the upper at-
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TEMPERATURE PROFILES of the atmosphere of Venus, earth 
and Mars are compared. The atmosphere of Venus (left graph) has 
two subdivisions. In the lower one, called the troposphere, the atmo
sphere is heated mostly by the greenhouse effect (the trapping of the 
heat the surface radiates). Hence the temperature decreases with al
titude. In the upper subdivision, called the thermosphere, the atmo-

120 �------------------------�r-------� 

VENUS 

100 TROPOSPHERE 

fi) 
a:: 80 w 

UPPER HAZE 

I-
W 
::2 
9 
g 60 
w 
Cl 
::> 
I-
5 LOWER HAZE 
< 

o 5 10 

STABILITY INDEX (DEGREES PER KILOMETER) 

STABILITY PROFILES of the atmosphere of Venus, the earth and 
Mars indicate the degree to which the atmosphere at a given altitude 
resists convection. Basically a parcel of the atmosphere at any given 
altitude must support the weight of the atmosphere above it. Thus 
atmospheric pressure decreases with altitude. A parcel displaced up
ward will therefore expand, and as a result it will cool. If the gradi
ent of adiabatic cooling (the cooling caused solely by the reduction 
in pressure) exceeds the atmosphere's temperature gradient, the dis
placed parcel will be cooler than its new surroundings and will sink 
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sphere is heated directly by the absorption of solar radiation; the tem
perature increases with altitude. The profile for Venus is an aver
age of daytime and nighttime measurements; actually the Venusian 
thermosphere could be said to disappear at night because the temper
ature of the atmosphere then decreases monotonically with altitude. 
The atmosphere of Mars (right graph) has the same two subdivisions 
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back toward its original level. In that circumstance the atmosphere is 
stable against convection. If the adiabatic gradient is less than the 
temperature gradient, the displaced parcel will still be warmer than 
its surroundings. It will be buoyant and will continue to rise. The at
mosphere is therefore unstable. The illustration plots the difference 
between the adiabatic gradient and the temperature gradient. Positive 
numbers indicate stability; zero suggests instability. (A negative value 
would not persist because convection would set in and tend to restore 
the balance.) On the earth the stability of the stratosphere confines 
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mosphere cools quickly after sunset to 
temperatures far below those of the tro
posphere. The nightly disappearance of 
the thermosphere of Venus was discov
ered on the Pioneer Venus mission. It 
has not yet been explained. The upper at
mosphere of Venus rotates fast enough 
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as the atmosphere of Venus. The atmosphere 
of the earth (middle graph) is more complex 
than the others; it has a middle subdivision, in 
which the temperature profile attains a local 
maximum as a result of the absorption of ultra
violet radiation by the layer of ozone there. 
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convective mixing (and therefore clouds) to 
the troposphere. On Venus the pattern is.sim
i1ar, although a moderately stable layer lies 
subjacent to the clouds. On Mars the atmo
sphere is too thin for convective instability to 
develop. The data for the atmosphere of Ve
IIUS and Mars were recorded by spacecraft. 
Data for the earth were provided by Richard 
Walterscheid of the Aerospace Corporation. 

to carry a large amount of heat to the 
night side of the planet, but the heat is 
somehow lost. In any event we have sug
gested that the night-side upper atmo
sphere, which is the coldest part of Ve
nus, be called the cryosphere. 

The basic difference between the at
mosphere of Ven us and that of the earth 
is that the atmosphere of Venus is hot at 
the bottom and cold at the top, whereas 
on the earth the reverse is true. The low
er atmosphere of the earth is not mas
sive enough to sustain a large green
house effect. A second difference is that 
the earth's atmosphere has a middle re
gion in which the temperature rises to a 
local maximum. The heating there re
sults from the absorption of ultraviolet 
radiation by a layer rich in ozone. 

In the troposphere of Ven us horizontal 
variations in temperature are much 

smaller than the vertical variations. The 
greatest latitudinal differences the Pio
neer probes detected were at the level of 
the upper clouds. Here the north probe, 
which entered the atmosphere at a lati
tude of 60 degrees, measured tempera
tures some 10 to 20 degrees lower than 
those measured by three other Pioneer 
Venus probes. The highest temperatures 
were measured by a probe that entered 
the atmosphere near the equator. The 
explanation of this pattern on Venus is 
the same as it is on the earth. In the 
eq uatorial region of each planet the 
sun's radiation enters the atmosphere at 
angles most nearly perpendicular to the 
surface. Hence the deposition of solar 
energy per unit area is greatest near the 
equator. On Venus the incident solar en
ergy is absorbed mostly in the upper re
gions of the clouds. 

Between an altitude of 70 kilometers 
and the beginning of the upper atmo
sphere at 100 kilometers the tempera
ture gradient from the equator to the 
pole reverses: at these heights the polar 
regions are generally warmer than the 
equator. The reversal, discovered dur
ing the Pioneer Venus mission, has not 
been explained. A similar reversal of the 
temperature gradient is known to exist 
on the earth, where the winter pole is the 
warmest part of the middle atmosphere. 
There too the cause is not understood. 

The variations of temperature with 
respect to longitude in the troposphere 
of Venus are much smaller than the var
iations with respect to latitude. This was 
shown by the measurements made by 
two other probes of the Pioneer Venus 
mission, the day and night probes, which 
entered the atmosphere at the same lati
tude (30 degrees south) but were sepa
rated by more than 110 degrees of lon
gitude. The temperatures measured by 
these probes at any given altitude never 
differed by more than five degrees C. In 
the lowest 10 to 20 kilometers of the 
atmosphere the smallness of this differ
ence results from thermal inertia; the 
lower atmosphere is so massive that it 

retains most of its heat even during the 
long period it spends in darkness. At 
higher altitudes in the troposphere the 
rapid east-to-west circulation carries 
heat around the planet and reduces the 
temperature gradient. 

Although the horizontal temperature 
differences are small, they must none
theless be the source of the forces that 
drive atmospheric motions. In this re
spect the latitudinal gradient is particu
larly important. The solar energy enter
ing the atmosphere of Venus warms the 
equator more than it warms the poles. 
On the other hand, the energy the planet 
emits in the infrared has virtually the 
same intensity at all latitudes because of 
the relatively small variation of temper
ature with respect to latitude. The im
balance between the incoming solar en
ergy and the outgoing infrared energy 
would rapidly cool the poles and heat 
the equator were it not for large-scale 
motions of the atmosphere that carry 
heat from the equator toward the poles. 
Such motions are found on the earth, 
although the imbalance between the in
coming and the outgoing radiation at 
the poles is less than it is on Venus. 

How does heat move on Venus from 
the equator toward the poles? One 

would expect that a given parcel of the 
lower atmosphere in the equatorial lati
tudes of Venus would rise. Its place 
would be taken by adjacent parcels 
flowing in from the north and the south. 
In this way a steady current would ulti
mately become established, in which the 
atmosphere flows poleward at high alti
tude, bearing excess heat. After warm
ing the polar regions the current would 
sink and then flow back toward the 
equator at a lower level. 

North-south circulation of this kind is 
known as a Hadley cell. The evidence 
suggests that Hadley cells have formed 
on Venus at the level of the cloud deck. 
In particular, ultraviolet photographs 
made by the U.S. Mariner 10 spacecraft 
when it flew by Venus in 1974 showed 
poleward motion at the tops of the 
clouds, whereas measurements made by 
all the Pioneer Venus probes showed 
winds toward the equator near the base 
of the clouds. A Hadley cell would lie at 
cloud heights on Venus because most of 
the incident solar energy is absorbed 
there. The cell would extend all the way 
from the equator to the pole because the 
slow rotation of the planet does little to 
deflect the circulation from its north
south trajectory. On the earth a Hadley 
cell lies just above the surface, the place 
where most of the solar energy is ab
sorbed. Because the earth rotates rapid
ly the terrestrial Hadley cell extends no 
farther than the mid-latitudes, where the 
poleward transport of heat is taken over 
by complicated wavelike motions called 
baroclinic eddies. 

A small fraction of the solar energy 
reaching Venus is absorbed at the sur-
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face, and since this energy is deposit
ed predominantly at the equator, it too 
must be transported toward the poles. It 
is unlikely, however, that the cloud-level 
Hadley cell participates in this trans
port. The most important factor in ana
lyzing the Hadley-cell circulation is the 
adiabatic gradient, which represents the 
cooling or heating a parcel of the atmo
sphere undergoes as a result of expan
sion or contraction when it is displaced 
upward or downward. If a parcel is dis
placed upward, for example, it enters a 
region where the pressure is lower, and 
it therefore expands and cools. In es
sence the heat in the parcel is distributed 
throughout a larger volume. The parcel 
may now be colder than the atmosphere 
around it. In that case it will be heavier 
than its surroundings and will tend to 
sink back to its original level. Under this 
condition the atmosphere is stable. On 
the other hand, the parcel may still be 
hotter (in spite of the adiabatic cooling) 
than the atmosphere around it. In that 
case it will continue to rise. The atmo
sphere is then unstable and is susceptible 
to overturning and the transport of heat 
by convection. 

In evaluating the stability of an at-
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mosphere one therefore compares two 
quantities: the rate at which tempera
ture changes with altitude and the rate 
of adiabatic cooling. Wherever the lat
ter is the smaller the atmosphere is un
stable. When the atmosphere of Venus 
is analyzed in this way, a stable layer 
some 20 kilometers thick is found to 
lie immediately below the clouds. Since 
vertical motions would be suppressed 
in this layer, it is doubtful that a single 
Hadley cell could extend from the sur
face to the clouds. 

A separate Hadley cell might operate 
near the surface, but the presence of 
such a cell is still a matter for specula
tion. The north-south winds measured 
deep in the atmosphere by the Pioneer 
Venus probes are small; they have mag
nitudes of only a few meters per second 
and their directions reveal no large-scale 
pattern. If a Hadley cell does lie deep in 
the atmosphere, the mean north-south 
circulation in the atmosphere of Venus 
would have to consist of at least three 
Hadley cells stacked one on top of the 
other because the cloud-level cell and 
the deep cell would drive at least one 
countelTotating cell between them. If 
there is no deep Hadley cell, the solar 

30 40 50 60 708090 
LATITUDE (DEGREES) 

RADIATION BALANCE between incoming and outgoing solar energy is attained on Venus, 
the earth and Mars because the atmospbere of each planet transports beat from its equator to 
its poles. At tbe equator tbe amount of radiation eacb planet receives from the sun (black lilies) 
exceeds the amount it emits in the form of infrared radiation (colored lilies). Tbe excess is car
ried toward the poles. At the poles the amount of radiation tbe planet emits would exceed tbe 
amount it receives if it were not for tbe poleward flow. Because tbe radiation balance bas not 
been measured extensively on Mars tbe curves for tbat planet are bypotbetical. Tbe difference 
between tbe curve representing incoming radiation and tbe curve representing outgoing ra
diation on Mars is small because the atmosphere of Mars is too tenuous to bold much beat. 
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energy that Penetrates to the surface 
must be carried poleward by the net ef
fect of eddy motions. 

S
ince Venus rotates slowly, one might 

expect north-south circulation to 
constitute the totality of the atmospher
ic circulation. For one thing, seasonal 
differences on the planet should be insig
nificant. Venus' elliptical orbit deviates 
only slightly from a circle, so that the 
planet maintains an almost constant dis
tance from the sun. Moreover, the plan
et's axis of spin is almost perpendicular 
to the plane of the orbit. At any latitude, 
therefore, the deposition of sunlight 
changes only slightly through the year. 

Surprisingly, the expectation of a sim
ple pattern of circulation in the atmo
sphere has been contradicted by the evi
dence. The mean north-south circula
tion is overshadowed by the far stronger 
east-to-west wind, which begins some 10 
kilometers above the surface and ex
tends to heights of 90 kilometers or 
more. Up to the height of the clouds the 
wind speed increases with altitude. It 
reaches a velocity of 30 meters per sec
ond at an altitude of 30 kilometers and 
100 meters per second at cloud heights 
of 60 kilometers. At the latter speed the 
wind gives rise to a four-day superro
tation of the ultraviolet markings in the 
clouds. At cloud heights, moreover, the 
superposition of the westward circula
tion and the weaker Hadley circulation 
gives rise to a vortex that converges at 
each pole. The vortex was first recog
nized in a composite photograph of the 
south pole that Verner E. Suomi and 
Sanjay S. Limaye of the University of 
Wisconsin at Madison constr"ucted in 
19 78 from ultraviolet photographs of 
Venus made by Mariner 10 at latitudes 
nearer the equator. 

The superrotation had first become 
apparent when observations from the 
earth showed that large-scale features in 
the atmosphere of Venus circle the plan
et about once every four days. The fea
tures could be seen in ultraviolet photo
graphs of the planet. Until the Venera 
and the Pioneer Venus probes measured 
the wind speed, however, one could not 
be certain whether the movement of the 
ultraviolet features represented bulk 
motion of the atmosphere or was in
stead the propagation of a wave-a 
sloshing, so to speak-in an otherwise 
placid atmosphere. It is now generally 
accepted that the large-scale features 
are caused by planetary waves but that 
the sloshings propagate slowly with re
spect to the rotation of the atmosphere. 
What propels the features around the 
planet is indeed the westward wind. 

The precise nature of the planetary 
waves remains hard to determine. The 
problem is that the substances responsi
ble for absorbing ultraviolet radiation 
and thereby making the large-scale fea-
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tures visible have not all been identified. 
Specifically, the absorption of radiation 
at short ultraviolet wavelengths can be 
attributed to sulfur dioxide gas, but the HYPOTHETICAL HADLEY CELLS 

absorption at longer wavelengths re-
mains to be explained. The absorber at 
longer wavelengths cannot be sulfuric 
acid, the main constituent of the clouds, 
because sulfuric acid is transparent to 
ultraviolet radiation. The absorbers of 
the radiation may turn out to be concen
trated below the cloud tops in areas of 
the planet that are bright in the ultravio
let. Vertical motions induced by the pas
sage of a planetary wave could then give 
rise to contrast in the ultraviolet image 
of the planet by lofting the absorbers to 
a higher altitude, where their absorption 
of ultraviolet radiation would darken 
parts of the image. 

The extent to which the four-day 
circulation persists with increasing 

height above the cloud tops is also not 
well known. The Pioneer Venus data 
suggest that the wind speed reaches a 
maximum of about 150 meters per sec
ond at an altitude of 70 kilometers and 
then decreases with height between 70 
and 90 kilometers. 

Above 150 kilometers the circulation 
of the atmosphere has been measured 
only by indirect methods. For example, 
a mass spectrometer on board the Pio
neer Venus orbiter measures the density 
of substances such as nitrogen, carbon 
dioxide and helium high in the atmo
sphere. In addition the orbiter is tracked 
as it revolves about the planet. The slow 
decay of its orbit is caused by drag, 
which in turn depends on the density of 

PATTERN OF WINDS in the lower atmo
sphere of Venus differs markedly from the 
'pattern on the earth. On Venus (upper draw
illg) the data recorded by probes suggest that 
at cloud heights of roughly 60 kilometers the 
atmosphere circulates in a current that rises at 
the equator, travels poleward, sinks near the 
pole and returns to the equator. The pattern, 
which is called a Hadley cell, represents the 
poleward flow of the heat the sun deposits in 
the clouds. Two more Hadley cells are shown, 
but their presence is hypothetical. The cell 
nearest the surface may be needed to carry 
heat in the lower atmosphere; the stable lay-
er just below the clouds seems to prevent the 
heat deposited near the surface from rising to 

WESlWARD 

cloud heights. If the bottom cell exists, there HADLEY CELLS 
must be a middle cell in counterrotation be-
tween the other two. The north.south flow in 
the Hadley cells has a speed of only a few me-
ters per second. Superimposed on this motion 
is the westward rotation of the atmosphere 
(white lilies), which attains a speed of approx-
imately 100 meters per second at the altitude 
of the clouds. On the earth (lower drawillg) a 
Hadley cell lies near the surface. It extends 
only to mid·latitudes, where the rotation of 
the earth disrupts its north-south path. From 
there the poleward transport of heat is the 
net effect of ever changing patterns of eddies. 

VENUS 
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the atmosphere. By both of these meth
ods it has been shown that the place of 
lowest density in the upper atmosphere 
lies well to the west of the point opposite 
the sun on the night side of the planet. 

This finding suggests that an earlier 
hypothesis should be amended. Before 
the Pioneer Venus mission many inves
tigators had expected that the main in-

fluence on the circulation of the upper 
atmosphere of Venus would turn out to 
be the heating of the part of the upper 
atmosphere facing the sun. On that hy
pothesis a parcel of the upper atmo
sphere would ascend in the region facing 
the sun, flow to the night side of the 
planet and descend. The overall pattern 
of circulation would thus be symmetri-

cal about a line connecting the center 
of the sun with the center of Venus. 
The Pioneer Venus measurements im
ply a more complex pattern, in which a 
westward superrotation may deflect the 
descending limb of the circulation. 

Why is the dominant circulation at 
all altitudes a westward superrotation? 
That remains the greatest mystery about 

< 
TO THE SUN 

WESTWARD SUPERROTATION 

WINDS IN THE UPPER ATMOSPHERE of Venus are hypothe
sized to result from the superposition of two basic flows: the west
ward rotation of the atmosphere (black lilies) and a symmetrical cir
culation (while arrows) in which the winds ascend on the day side 
of the planet and descend on the night side. Although the winds in 

EARTH 

the upper atmosphere have not been measured directly, the superpo
sition shown is supported by measurements indicating that the den
sity of the upper atmosphere is lowest at a point on the night side 
of the planet well to the west of the point opposite the sun. It is as 
if the sinking current were being deflected by the westward current. 

VENUS 

CORIOLIS FORCE CENTRIFUGAL 

FORCE 

/ 

'LANETARY RO� JET STREAM 

BALANCE OF FORCES that maintains atmospheric motions on a 
rapidly rotating planet (such as the earth, Mars, Jupiter or Saturn) 
differs from the balance on a slowly rotating planet such as Venus. 
In each case the greater deposition of heat at the equator of the planet 
establishes a pressure gradient that drives the atmosphere toward the 
pole. On the earth (Ie/I) the pressure is opposed primarily by the Cori
olis force: the deflection of a parcel of the atmosphere at a right an
gie to its trajectory because it is on a rotating sphere. The earth's 
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'RESS/ 
WESTWARD 
SUPERROTATION 

jet stream, for example, is supported by such a balance; the Coriolis 
force drives the jet stream toward the Equator and counteracts the 
pressure that drives it toward the pole. The condition is called geo
strophic balance. On Venus (righl) the Coriolis force is negligible. In
stead the motion of a parcel circling the planet as part of the west
ward rotation of the atmosphere subjects it to a centrifugal force, 
which balances the poleward pressure by pushing the parcel away 
from the planet's spin axis. The condition is cyclostrophic balance. 
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the atmosphere of Venus. The essential 
difficulty is that one expects an atmo
sphere to rotate more or less in step 
with the solid planet below it; if it rotates 
faster, one must imagine a mechanism 
by which angular momentum is trans
ported upward from the surface of the 
planet. In effect the surface of the planet 
must push the atmosphere. 

A mechanism that might account for 
the upward transfer of angular momen
tum is the moving-flame effect. Imagine 
a flame under a vessel holding a layer of 
fluid, and imagine initially that the flame 
stands still. Over a period of time a con
vection cell develops, in which the fluid 
directly over the flame rises and the fluid 
around this upwelling sinks. Since the 
flame is stationary, both the ascending 
and the descending limbs of the convec
tion cell are vertical. Now imagine that 
the flame is moved continuously from 
left to right under the layer. The bottom 
of the cell will come to lie to the right of 
the top. Hence the limbs of the cell will 
be tilted: the upwelling fluid will move 
to the left as it rises and the descending 
fluid will move to the right as it sinks. 
In laboratory experiments employing a 
ring of fluid it has emerged that these 
effects reinforce each other, and the 
entire fluid flows to the left. The fluid 
flows, then, in a direction opposite to the 
direction in which the flame is moved. 

On Venus, which rotates toward the 
west, the sun moves toward the east in 
the sky. A moving-flame effect caused 
by this eastward motion of the sun 
might therefore build up the westward 
superrotation. To be sure, the sun is 
above the atmosphere of Venus whereas 
the flame is under the fluid layer. On 
Venus, however, the situation is compli
cated by the stable layers of the atmo
sphere, which tend to resist the forma
tion of convection cells. An example is 
the layer below the clouds. In a calcula
tion one of us (Schubert) made with 
Richard E. Young of the Ames Re
search Center, the hypothetical convec
tion cells on Venus turn out to be not 
merely tilted: their vertical profile has 
the shape of a boomerang. According to 
the calculation, it is conceivable that 
such cells could impart to the atmo
sphere a net westward rotation. 

Another hypothesis, suggested by Pe
ter J. Gierasch of Cornell University, is 
that the Hadley circulation transports 
angular momentum high into the atmo
sphere. In this view a parcel of the atmo
sphere that rises at the equator takes 
with it an angular momentum corre
sponding to that of the surface at the 
equator, and as the parcel moves pole
ward in a Hadley cell it gives up some of 
its momentum to the surrounding atmo
sphere. When the parcel returns to the 
surface, it regains momentum, and so 
the cycle continues. Perhaps the cycle 
works in spite of a stacking of three or 

SMALL ATMOSPHERIC WAVES are visible in ultraviolet photographs made by the Pio
neer Venus orbiter. Here the waves are a file of dark diagonal lines at the center of the image. 
Each line is roughly 1,000 kilometers long and 200 kilometers from its neighbor 011 each side. 

more Hadley cells. An analysis of ultra
violet photographs made during the 
Mariner 10 flyby of Venus shows that 
at latitudes of from 40 to 45 degrees 
the cloud markings were moving west
ward in 1974 somewhat faster than they 
would move if the atmosphere were ro
tating rigidly, that is, like a solid body. It 
has been suggested by William B. Ros
sow and his colleagues at the Goddard 
Institute for Space Studies that angular 
momentum carried upward by the Had
ley circulation might have built up this 
jet and that the turbulence around the jet 
might disperse the angular momentum 
throughout the atmosphere. In the Pio
neer Venus data, however, no such jet 
has been found. 

One thing is certain: the atmosphere 
of Venus responds to a balance 

of forces fundamentally different from 
that of the atmosphere of the earth and 
Mars, or for that matter of Jupiter and 
Saturn. The reason is the slow rotation 
of Venus. On any planet the poleward 

transport of heat by winds corresponds 
to a gradient in atmospheric pressure: 
the pressure is greater at the eq uator 
than it is at the poles. On a rapidly rotat
ing planet such as the earth the resulting 
poleward drive on a given parcel of the 
atmosphere is balanced by the Coriolis 
force: the deflection of a parcel of the 
atmosphere at a right angle to its trajec
tory because it is on a rotating sphere. 
(To an observer some distance from the 
planet it would be apparent that the de
flection corresponds to the rotation of 
the planet's coordinate grid of latitude 
and longitude below the wind. To an 
observer in motion with the planet it is 
the wind that seems to be deflected.) The 
Coriolis force on a given parcel is pro
portional to the velocity of the parcel. 

Since Venus rotates slowly, the Co
riolis force is negligible. Instead, as was 
first noted by Conway B. Leovy of the 
University of Washington, the poleward 
drive on a parcel of wind that circles the 
planet from east to west as part of the 
global superrotation of the atmosphere 
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is balanced by the centrifugal force that 
tends to push the parcel away froin the 
spin axis of the planet, and therefore 
toward the equator. Because the centrif
ugal force depends on the square of the 
velocity of the parcel, it is fundamental
ly different from the Coriolis force. 

The ultraviolet photographs of the at
mosphere of Venus reveal a variety of 
atmospheric markings, which presum
ably will find explanation in accord with 
the unusual balance of forces there. The 
largest of the markings are the planet
wide features that first revealed the 
four-day westward circulation. We not
ed above the association of such fea
tures with planetary waves. Doubtless 
the waves propagate vertically as well as 
horizontally; they can therefore carry 
momentum upward in the atmosphere, 

and so they may have a role in fostering 
the four-day circulation. On a smaller 
scale some of the Pioneer Venus photo
graphs have shown trains of waves. In 
one case the waves consisted of dark 
bands about 1,000 kilometers long sepa
rated from one another by about 200 
kilometers. The waves were found in the 
southern mid-latitudes of Venus and 
were arrayed at a large angle to the plan
et's parallels of latitude. 

Polygonal features are apparent in 
some of the ultraviolet photographs. 
They are undoubtedly convection cells. 
Until it is possible to identify all the at
mospheric absorbers of ultraviolet radi
ation that modulate the ultraviolet im
ages, it cannot be said whether the dark 
core of each such cell is the place where 
the atmosphere is upwelling and the 
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BRIGHT-RIMMED CELLS on the day side of Venus are visible in an ultraviolet photograph 
made by the Mariner 10 spacecraft when it flew by the planet in 1974. Each cell is a few hun
dred kilometers across, am!. some cells are distinctly polygonal. They are thought to be convec
tion cells: places where the atmosphere overturns. The overturning is presumably driven by so
lar energy absorbed near the top of the clouds. Further knowledge awaits the identification of 
all the trace components of the atmosphere whose absorption of radiation gives rise to the ul
traviolet markings. The photograph was provided by Michael J. S. Belton of the Kitt Peak Na
tional Observatory. The accompanying map shows the positions of prominent convection cells. 
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bright rim of the cell is the place where 
the atmosphere sinks. The reverse might 
be the case. In any event the convection 
cells are seen mostly in the part of the 
atmosphere that directly faces the sun or 
else to the west (that is, downwind) of 
that region. The absorption of solar ra
diation there is apparently sufficient to 
ind uce convection near the tops of the 
clouds. An analysis of the stability of 
the atmosphere based on measurements 
made by the Pioneer Venus probes that 
entered the atmosphere in the early 
morning shows that a layer about 10 kil
ometers below the cloud tops is unstable 
and capable of convective overturning. 
This unstable layer must grow thicker 
throughout the morning, so that by af
ternoon the tops of the convective cells 
are visible from above the clouds. 

Waves and convection cells are two 
examples of eddy motions: short-term 
variations superimposed on the mean 
state of the atmosphere. Such motions 
are present at all spatial scales and 
at every altitude. Evidence of them is 
found not only in the ultraviolet photo
graphs but also in the records of temper
ature and wind velocity made by the Pi
oneer Venus probes. The atmosphere of 
Venus is also surprisingly variable on 
time scales as long as months or years. 
An example of the long-term variability 
is an apparent change in the dominant 
westward circulation. Ever since the Pi
oneer Venus mission entered the atmo
sphere of Venus in December, 1978, the 
atmosphere at cloud level has been ro
tating like a rigid body, but at the time of 
Mariner 10 some four years earlier the 
mid-latitudes were rotating faster than 
the rest. (This constituted the jet men
tioned above.) It is difficult to under
stand what might be responsible for 
such a change when one considers the 
steadiness of the influx of solar radiation 
on Venus and the gentle undulation that 
is now known to characterize the sur
face of the planet. 

The exploration of the atmosphere of 
Venus has already revealed its high 

temperature near the surface, its west
ward superrotation, its cloud-level Had
ley cell, its polar vortexes, its night-side 
cryosphere and its warm poles above the 
clouds. A collaboration of Russian and 
French groups is planning to place a bal
loon well below the clouds of Venus in 
1984. The balloon will be tracked as the 
east-to-west wind sweeps it across the 
daylight side of the planet. A mission 
planned by the U.S. for the mid-1980's 
may carry instruments to gather data on 
the upper atmosphere, which the Pio
neer Venus orbiter is also continuing to 
probe. The exploration of the atmo
sphere of Venus has already been re
warding beyond expectation, and the 
findings that remain unexplained surely 
warrant further effort. 
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"Don't underestimate the intellectual 
capacity of the reader" has been the 
winning strategy of Scientific American. 

Yet you can get just about every
thing out of every article-subtleties 
and all-without the need to read 
one word of text! It's all in the 
illustrations. 

Our message here to all whose 
progress depends on the understand
ing of others about complex matters: 
Good graphics are worth your time 
and effort. Words are often not 
enough. The. purpose of the slides is 
not just to get you to use the slide 
projector. They are not just a for
mality, like wearing shoes for making 
the presentation. Slides that make 
an audience squirm result from treat
ing the graphics as an afterthought. 

Your text, let us say, is all ready. 
Ah yes, slides. Here, in discussing 
age of ossification, let's have a slide 
of the pertinent table. 
So: 

@ Eastman Kodak Company. 1980 

The preceding pages 
of this magazine 
best illustrate 
what this ad is selling 
Only when you are in front of the 

audience does it hit you that this was 
not a good idea. A better idea would 
have been to select a part of the table 
that makes a memorable point and 
yet contains no more than can be 
read without optical aid from the 
slide held in the hand. This calls for 
retyping within a 2" x 3" (or at most 
a 3" x 4W') rectangle, which in itself 
sets the limit on how much to pack 
into a single slide. Photograph the 
typing with KODALITH Ortho Film, 
Type 3. 
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_ .. 93�("-._Qs_ sjf_i_cJl�ion Center ______ ._59th 

Pr'imary Center, mid sey \ toe 1.04 3.81 

Epiphysis, mid 50y 4 toe .40 1..:1 2.dl3 

Epiphysis, III;d seg J toe .41 1.40 4.27 

Epiphysis. mid seg , toe .89 2.04 4.05 

Epiphys is, prox sey 1 toe 1.4::, 2.35 3.31 

N OW those who need to know 
about the ossification of the human 
toe can see that males reach the 
50th percentile for the third toe at 
age 1.4 years. (The editors and artists 
of Scientific American would proba
bly have brought it out more vividly 
with a clever graph, but the rest of 
us work under sterner limitations.) 
It's in black-and-white, though. Since 
most photographs seen on a screen 

are in color, interposition of a black
and-white slide like this can act as a 
hidden cue to turn off the audience's 
attention. Watercolor dye applied to 
your black-and-white slide with a 
small brush or cotton swab will help. 

There are more directly functional 
uses for added color in diagrams and 
tables, as this magazine aptly demon
strates. This is beginning to be widely 
understood. A large number of the 
questions we get at meetings of pro
fessional societies concern nothing 
more profound than tips and tech
niques for preparing more eloquent 
slides. They are asked by folks whose 
operating budgets don't allow for 
calling in professionals who do such 
work. They find it wise to take time 
from their own professions to learn 
the details for doing it well. 

. 

Our Publication No. M3-106, 
"Making Lecture Slides," gets right 
down to such details as how to avoid 
those distressing bands on slides 
made from CRT monitors, how to 
use the exposure meter on an SLR 
camera in copying, how to combine 
several images for side-by-side com
parison on a single slide. Single copies 
free from Department 55-W, Kodak, 
Rochester, N.Y. 14650. 
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SCIENCE AND THE CITIZEN 
Demographic Disadvantage 

What price will the children of 
the baby boom pay for having 
been born into an exceptional

ly large cohort? Some cohorts, or groups 
of chronological peers, are favored by 
demographic and economic circum
stance; some suffer. The members of the 
relatively small group born in the 1 93 0's 
and the early 1 940's, for example, 
sought their first jobs in the expansive 
postwar economy. By the end of their 
careers the most favored among them, 
who entered the job market in 1 962, will 
have amassed the largest lifetime earn
ings of any group since the one that be
gan working in 1 940. The huge cohort 
born in the years after World War II has 
been less fortunate. When its members 
entered the labor market in the 1 970's, 
their numbers intensified the competi
tion for scarce jobs. Many remained un
employed for a time; some took jobs in a 
field other than the one for which they 
had been trained. The most demograph
ically disadvantaged, who were graduat
ed from high schools and colleges in 
1 977 ,  will have the lowest lifetime earn
ings of any group from 1 940 to 1 990. 

In a recent article in Population and 
Development Review James P. Smith of 
the Rand Corporation and Finis Welch 
of the University of California at Los 
Angeles argue that almost all the re
duction in earnings can be attributed to 
the extraordinary size of the baby-boom 
cohort. This group, flanked by much 
smaller cohorts, is a pivotal one demo
graphically; how its members fare is im
portant to society as a whole. Smith and 
Welch suggest that the prospects are not 
as bleak as they now seem. 

The differences in the size of succes
sive cohorts are a result of cyclical fluc
tuations in fertility. In 1 920 the crude 
birthrate, or number of births per 1 ,000 
population per year, stood at about 25. 
A steep decline that began soon after
ward reduced the rate to less than 20 by 
the late 1 93 0's. The sharp upsurge in 
fertility during the postwar baby boom 
peaked in 1 957 at a rate comparable to 
that of 1 920. The decline that followed 
was steep, and by the mid- 1970's it had 
brought the crude birthrate down to 
about 1 5 , the lowest level since 1 900. 

A change in fertility is felt in the labor 
market about 20 years later. The main 
impact of the change on recent grad
uates lies in its influence on the ratio 
of experienced workers to beginners, 
Smith and Welch write. The more appli
cants there are for entry-level positions, 
the more difficult it is to find such a job. 
An abundance of applicants also tempts 
employers to hire a large number of 
novice workers at low wages. Since 
much of a job is learned from older, 
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more experienced co-workers, increases 
in the proportion of younger employees 
work to their disadvantage by reducing 
the amount of time senior colleagues 
can spend with them. 

The ratio of older workers to nov
ices has fallen sharply in the U.S. since 
World War II. In 1 9 54, when the ratio 
was at its peak, there were nine experi
enced workers (3 5 or older) for each one 
under 25. By 1 97 7  there were fewer than 
four. The competitive situation has also 
been altered by an increase in the num
ber of college-educated people in the 
work force. In 1 95 2  there were fewer 
than half as many employees with col
lege degrees as there were workers with 
elementary schooling only. By 1 977 
workers with college degrees outnum
bered those with elementary schooling 
by more than three to one. 

These trends are reflected in the wages 
of young jobholders. In 1 967 the annual 
earnings of a senior employee who was a 
college graduate were 1 .6 times those of 
a new graduate. Ten years later older 
workers were making twice as much 
as young ones. The earnings of high 
school graduates have followed a simi
lar course. The effect is more one of un
employment, however, than it is one of 
reduced wages. The wages of workers 
with a high school education did not fall 
as much as those of the college-edu
cated, but the high school graduates 
worked fewer weeks and so the decrease 
in annual earnings was about the same. 

On the basis of wage rates and data 
from the Bureau of the Census on the 
size of age groups Smith and Welch 
have estimated the proportion of wage 
reductions that should be attributed to 
demographic changes. They find that in
creasing numbers of new job applicants 
accounted for more than 80 percent of 
wage decreases between 1 967 and 1 975 .  
The total reduction in  earnings for high 
school graduates was 12 percent, of 
which 10 percent was an effect of cohort 
size. For college graduates the overall 
reduction was 16 percent, and of that 
amount 1 3  percent was a result of num
bers alone, independent of other eco
nomic trends. (All the monetary calcu
lations have been adjusted to compen
sate for the effects of inflation.) 

Discouraging as this picture is, it is 
not hopeless, since the effects of being a 
member of a large cohort apparently do 
not persist past the beginning of a ca
reer. Relying on the correlation between 
age-group size and earnings, Smith and 
Welch carried out a simulation to pre
dict the' lifetime earnings of all groups 
who entered the job market between 
1 940 and 1 990. The least favored group, 
that of 1 977, will have lifetime earnings 
about 10 percent less than those of the 
best-situated cohort of 1 962. 

There are several reasons for the ef
fect of large numbers to be concentrated 
at the start of a career. Unemployment 
is highest in the first few years after 
graduation. In addition the wage reduc
tions caused by cohort size are largest 
during the period of professional ap
prenticeship, according to the analysis 
by Smith and Welch. Even in highly 
skilled professions the learning period is 
shorter than the period spent as an expe
rienced worker. The pool of novices is 
thus much smaller than that of older 
employees. The effect of a large cohort 
is felt quite sharply by the small group 
of young workers, but as the members 
of the outsize group reach higher posi
tions they compete with the larger field 
of senior workers and their numbers no 
longer hold wages down as drastically. 
This mechanism helps to explain why 
college graduates feel the effect of an 
increase in cohort size more strongly 
than high school graduates do: most 
jobs taken by college graduates require 
a relatively long time to learn, extending 
the period when cohort size is critical. 

As the members of the large postwar 
cohort leave their first jobs and begin to 
fill senior positions, their salaries will 
improve with respect to those of their 
older colleagues, with whom they will 
be in more direct competition. As a 
group, however, they will never quite 
catch up with the demographically well
born. By the time they end their careers 
the next small cohorts, those born dur
ing the period of lowered fertility in the 
1 970's, will be in the middle stage of 
their working lives. This group, accord
ing to the Smith and Welch simulation, 
will achieve lifetime earnings equal to 
those of the favored labor-market en
trants of 1 962 and about 10 percent 
higher than those of the baby-boom 
cohort. 

Resonant Explanations 
Among the alignments and periodici
Il.. ties in the solar system that seem 
too precise to have arisen by chance, the 
one most easily observed is the coupling 
of rotational period to orbital period 
that keeps the same face of the moon 
turned toward the earth. A different 
kind of resonance keeps the orbital peri
ods of certain satellites close to a ratio of 
small whole numbers. For example, Ti
tan and Hyperion orbit Saturn with peri
ods that form a ratio of 3 : 4, and Nep
tune and Pluto orbit the sun with peri
ods that form a ratio of 2 : 3. The most 
remarkable instance of such a relation is 
the resonance that keeps the orbital peri
ods of the three innermost satellites of 
Jupiter at a ratio of 1 : 2: 4. It is the only 
resonance known in which three bodies 
participate. Moreover, each term in the 
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The Albedo Effect 
Mathematical rrwdels of the atrrwsphere are the chief scientific tools for 
predicting long-term climate and identifying possible climatic changes that 
may result from man s activities. Recent advances at the General Motors 
Research Laboratories have revealed new information about the contribution of 
airborne particles to the delicate thermal balance of the earth s atrrwsphere. 
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DEVOID of its atmosphere, 
t h e  b a r e  e a r t h  w o u l d  

reach an average temperature of 
only -1°C. Atmospheric interac
tion with solar and terrestrial radi
ation raises the average surface 
temperature to fifteen degrees Cel
sius, making life as we know it 
possible. Small fluctuations in 
overall temperature can have large
scale effects. It is believed that a 
drop of a few degrees Celsius last
ing for a period as short as four 
years could trigger an ice age. Fun
damental studies conducted at the 
General Motors Research Labora
tories explore the effect of various 
atmospheric factors, natural and 
man-made, on the earth's thermal 
balance, 

Ne w k n o w l e d g e  o f  t h e  
influence of airborne particles on 
the earth's thermal balance has 

been revealed by investigations 
carried out by Dr. Ruth Reck, 
Dr. Reck's work at General Motors 
integrated for the first time the 
complex factor of particles into 
radiative-convective atmospheric 
models, Her findings help deter
mine under what conditions par
ticles have a cooling influence, and 
under what conditions they have a 
heating influence, 

Airborne particles have 
many sources: volcanic issue, 
wind-raised dust and sea salt, ash. 
soot. direct and indirect products of 
combustion and industrial process
ing, the products of the decay of 
plant and animal life, the liquid 
droplets and ice crystals that make 
up clouds, Particles alter the radia
tion flow in the atmosphere by the 
processes of scattering and absorp
tion. Particles differ by size and 
composition. factors which deter
mine optical properties. 

Prior to Dr. Reck's work, 
models for calculating the vertical 
temperature profile included layers 
of clouds and the s ignificant  
gases-O", 0:;, H�O and CO2-but 
neglected the particle factor. To 
establish the thermal effect of par
ticles. later models assumed a uni
form vertical temperature change. 

Dr. Reck's contribution was 
to add the particle factor to a one
dimensional model developed at 
the Geophysical Fluid Dynamics 
Laboratory at Princeton Univer
sity. This model divides the atmo
sphere into nine layers. An initial 
temperature dist ribution is as
sumed, and the model is used to 
compute the net radiative energy 

© 1981 SCIENTIFIC AMERICAN, INC



flow into or out of each layer. A 
particle population is input for each 
layer. Calculated radiation imbal
ances result in a temperat ure 
change for each layer within the 
model, subject to the condition that 
change in temperature with alti
tude not exceed the adiabatic lapse 
rate. The new temperatures are 
used to compute a new radiation 
balance. This process is repeated 
until there are no further changes 
in temperature. 

The particles of interest. 
known as Mie-scattering aerosols, 
are comparable in size to the wave
length of the incident radiation. Dr. 
Reck models the interaction of 
these particles with the radiation 
field in terms of two parameters: 
the single scattering albedo of the 
particle, which describes backscat
ter, and an anisotropic scattering 
factor, which measures the degree 
of forward scatter. From these two 
quantities and the size distribution 
and abundance of the particles, the 
transmission, absorption and back
scatter of each layer in the model 
can be calculated. 

D R. R ECK discovered that 
whether particles have a 

heating or cooling influence de
pends upon the surface albedo, or 
reflective power, of the earth di
rectly beneath them. Snow (0.6) is 
more reflective than sand (0.3): 
water is less reflective than either 
(0.07). Her results indicate that 
when surface albedo is small, the 
net effect of particles is to "shield" 
the earth from incoming solar radi-

ation, producing a cooling influ
ence. When surface albedo is large. 
a trapping effect prevails, in which 
the portion of solar radiation that 
reaches the ear th's surface is 
"trapped" between the surface and 
the particles, producing a net heat
ing influence. The competition be
tween these two effects, shielding 
and trapping, determines the over
all thermal influence of particles. 

Dr. Reck calculated that for 
the latitudes between the equator 
and 35°N, where average surface 
albedo is low, the current back
ground level of atmospheric par
ticles decreases solar radiation 
reaching the earth by � 1%. thus 
producing a net cooling effect. Her 
findings indicate that heating takes 
place at latitudes north of 55°N, 
where average surface albedo is 
high. Calculations with the model 
indicate a correlation between the 
increase in particle abundance due 
to volcanic activity in 1970 and a 
subsequent ice build-up in 1971. 

" Previous models did not ad
equately take into account the role 
played by particles in the earth's 
thermal balance," says Dr. Reck. 
"The geosystem is continually 
changing. It is important for us to 
understand the elements that affect 
this evolution, so that we may know 
how man's activities influence the 
atmosphere." 

THE 
WOMAN 
BEHIND 
THE 
WORK 
Dr. Ruth Reck is 
a Staff Research 
Scientist in the 
Physics Depart
m e n t  a t  t h e  
G e n e r a l  M o t o r s  R e s e a r c h  
Laboratories. 

Dr. Reck received her Ph.D 
in physical chemistry from the Uni
versity of Minnesota. Her thesis, on 
the statistical mechanics of hetero
geneous systems, concerned the 
theory of diffusion-controlled 
chemical reactions. Prior to joining 
General Motors in 1965, she was a 
Research Associate in the Applied 
Mathematics Department  of  
Brown University. 

In addition to global climate 
studies, Dr. Reck has done research 
at General Motors in solid state 
physics and magnetic materials. 
Over the last seven years, she has 
participated in several interna
tional exchange programs on cli
mate-related subjects. 
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ratio is precise to nine significant digits. 
The terms in the other resonances are 
precise to no more than three digits. The 
mechanisms that preserve such a reso
nance are complicated but are well un
derstood. What remains uncertain is how 
the Jovian resonance arose. Two hy
potheses have now emerged. 

The resonance of the three innermost 
satellites of Jupiter has been known 
since the time of Pierre Simon de La
place, the 1 8th-century mathematician 
whose refinements of Newtonian phys
ics owe much to his interest in celes
tial mechanics. Laplace's attention was 
drawn to the three innermost satellites 
because they periodically lie along a line 
that passes through the center of Jupiter. 
At the time of such an alignment two of 
. the satellites are on one side of the plan
et; the third satellite is on the other side. 
The arrangement is known as the great 
conj unction. 

By the early 20th century the motions 
of the satellites could be given with great 
accuracy. The l ine along which the sat
ellites periodically assemble is rotating 
at a rate of .73 9507 degree per earth
day. In the frame of reference that ro
tates with the line Ganymede, the outer
most of the three satellites, completes 
an orbit of Jupiter in 7.0509 days. (In 
a nonrotating frame of reference Gan
ymede moves 50.3 1 76083 3 0  degrees 
per day, for an orbital period of 7. 1 5 46 
days.) Europa, the middle satellite, com
pletes a revolution in half the time that 
Ganymede does, to an accuracy of nine 
significant digits, and·lo, the innermost 
satellite, completes a revolution in half 
the time that Europa does, again to nine 
significant digits. The great conjunctions 
signify not only that the orbital periods 
have such a ratio but that the phases of 
the orbits are likewise locked together. 

How did the resonance evolve? One 
hypothesis is offered by Charles F. Yo
der of the Jet Propulsion Laboratory of 
the California Institute of Technology. 
Yoder's reconstruction begins with the 
formation of the three satellites (and the 
rest of the solar system) some 4.6 billion 
years ago. The initial orbits of the satel
lites "are far from either the 2 : 1 com
mensurabilities or the three-body lock." 
The only initial constraint is one that 
requires 10 to lie "well inside the orbit of 
Europa." The interaction of 10 and Jupi
ter is therefore much like the interaction 
of the moon and the earth. In each case 
the gravitational attraction of the satel
lite raises tides on the primary body. On 
Jupiter the tidal forces raise a gaseous 
bulge, and the rotation of the planet car
ries the bulge forward from the point on 
the planet's surface that lies closest to 
the satellite. The gravitational attraction 
between the satellite and the bulge then 
accelerates the satellite. The accelera
tion pushes the satellite into an orbit 
farther from the planet. In response to 
the same forces the rotation of the plan
et slows. In effect the tidal interaction 
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transfers angular momentum from the 
planet to the satellite. 

As the moon slowly spirals away from 
the earth it approaches no other bodies. 
10, however, approaches Europa. The 
gravitational attraction between the two 
satellites transfers angular momentum 
(and thereby rearranges their orbits) un
til they have entered into a resonance in 
which the distance between 10 and Eu
ropa is maximal at conj unction. At con
junction, therefore, 10 is at pericenter 
(its closest approach to Jupiter) and Eu
ropa is at apocenter (its farthest excur
sion from Jupiter). The resonance forces 
10 to follow an orbit whose eccentricity 
(a measure of the deviation of the orbit 
from circularity) is greater than it other
wise woul(i have been. 

The tides raised on 10 by Jupiter now 
become important. The tide is in essence 
a force deforming 10. It arises because 
the gravitational attraction is strongest 
on the parts of two bodies that lie closest 
to each other . The forced eccentricity of 
lo's orbit makes the deformation great
er. The deformation of 10 in turn causes 
an orbital asymmetry in which the con
j unction of 10 and Europa is attained 
after 10 reaches pericenter. The result is 
a gravitational torque that 10 exerts on 
Europa. The satellites move outward 
from Jupiter, still locked in resonance. 

Then Europa approaches Ganymede. 
As the system continues to evolve angu
lar momentum is reshuffled by the gravi
tational interaction of Ganymede and 
Europa on the one hand and of 10 and 
Europa on the other. (This interaction 
was worked out by Laplace himself.) 
The result is a three-body resonance in 
which Europa attains its apocenter at 
the time of its conj unction with 10 and 
its pericenter at the time of its conjunc
tion with Ganymede. The three bodies 
never line up on one side of Jupiter. Yo
der proposes that lo's orbit is driven to 
a still greater eccentricity as the system 
coalesces into its three-body cycle. 

A different hypothesis is advanced by 
W. E. Wiesel of the Air Force Institute 
of Technology. Wiesel's computer sim
ulations of the evolution of the reso
nance begin with 10, Europa and Gany
mede in uncoupled orbits and with 10 
driven outward by its tidal interaction 
with Jupiter . The three satellites enter 
suddenly into a lock step in which the 
periods oscillate about the strict reso
nant values and then damp themselves 
down to those values. An earlier lock 
step between 10 and Europa need not 
have formed, and the tidal deformation 
of 10 need not be invoked. 

However the resonance of the three 
satellites arose, it turns out to be a cru
cial influence on the physical state of 10. 
Specifically, the forced eccentricity of 
lo's orbit has been calculated by Stanton 
J. Peale of the University of California 
at Santa Barbara and Patrick M. Cassen 
and Ray T. Reynolds of the Ames Re
search Center of the National Aeronau-

tics and Space Administration; the value 
they obtain is .0043 .  In the absence of 
the resonance the eccentricity would re
lax to a value of .0000 1 .  The value of the 
forced eccentricity leads Peale and his 
colleagues to a prediction of the heat
ing of 10 by friction as tidal forces de
form the satellite. If 10 is assumed to be 
homogeneous, "the current tidal heating 
rate . . .  is about three times the current 
radioactive heating rate estimated for 
the moon." 

From the calculation of tidal heating 
it seems plausible to assume that 10 has 
a liquid core and a solid mantle. Indeed, 
runaway melting is conceivable. As de
scribed by Peale and his colleagues, 
"heating in the solid mantle melts mate
rial near the liquid core, thereby dimin
ishing the mantle thickness. The thinner 
elastic shell undergoes greater deforma
tion and hence a greater heating rate ."  
As a result "10 might currently be  the 
most intensely heated terrestrial-type 
body in the solar system" and "one 
might speculate that widespread and 
recurrent surface volcanism would oc
cur ."  Three days after this prediction 
was published (in Science, on March 2, 
1 979) the Voyager 1 spacecraft began 
transmitting to the earth the images of 
10 that show eight active volcanoes. 

The Concise Mitochondrion 

The sequence of nucleotide bases that 
makes up the genome of an organ

ism constitutes a message in which are 
encoded all the instructions needed to 
assemble the organism. In many cases 
the genome includes much else as well. 
The genome of a mammalian cell, for 
example, is extravagantly verbose : func
tioning genes are interrupted by long 
stretches of DNA that have no apparent 
meaning. Now a genome has been found 
that wastes few words. It is the genome 
of the human mitochondrion, which 
turns out to consist of exactly 1 6,569 
nucleotide bases. It has recently been 
characterized in ultimate detail: every 
base has been identified. 

The mitochondrion is not an indepen
dent organism but an organelle of the 
eukaryotic, or nucleated, cell, responsi
ble for generating the cell's main ener
gy supply. Its origin and evolutionary 
status have long been subjects of specu
lation. On the one hand the mitochon
drion is closely associated with the eu
karyotes, and many proteins essential to 
its functioning are encoded by genes in 
the nucleus of the host cell. On the oth
er hand the mitochondrion resembles 
a prokaryote (a cell without a nucleus, 
such as a bacterium) in size and in m'any 
structural and biochemical details. One 
hypothesis is that the mitochondrion is 
descended from an ancient prokaryotic 
cell that was engulfed by another primi
tive cell to form the present eukaryotic 
association. The idea that the mitochon
drion was once a free-living organism is 

consistent with the fact that it has a ge
nome of its own. The genome is a loop 
of double-strand DNA; if it were fully 
untangled, it would have a circumfer
ence of about a millimeter. 

The recent analysis of the human mi
tochondrial genome has not resolved 
the mystery of the genesis of the mito
chondrion; on the contrary, the new 
findings may compound it. The se
quence of bases has yielded many sur
prises, not the least of which is that the 
genetic code of the human mitochon
drion is unlike that of any currently rec
ognized class of organisms, either eu
karyotic or prokaryotic. Indeed, the 
genome of the mitochondrion obtained 
from human cells appears to differ in 
significant ways from the genome of 
other mitochondria, specifically those 
derived from yeasts. 

The human mitochondrial sequence 
was solved by a gro up of workers at the 
Medical Research Council ( MRC) Lab
oratory of Molecular Biology in Cam
bridge, England. The group was led by 
Frederick Sanger and employed a nu
cleotide-seq uencing method developed 
by Sanger and his colleagues six years 
ago. (It was in recognition of Sanger's 
role in the development of this method 
that he was awarded a share of last 
year's Nobel prize in chemistry; it was 
his second Nobel award.) In the present 
instance the sequencing method was uti
lized for the first time to analyze an en
tire molecule of human DNA. 

According to the report of the MRC 
group's findings, published in Nature, 
the nucleotide sequence of human mito
chondrial DNA "shows extreme econo
my of organization." In the pattern of 
bases it proved possible to identify genes 
coding for two molecules of ribosomal 
RNA, 22 molecules of transfer RNA 
and 13 assorted proteins (five known 
and eight unknown). Unlike most oth
er DNA molecules, which have long 
stretches of noncoding nucleotide bases 
before and after each gene and in which 
the gene itself is often split into many 
pieces, human mitochondrial DNA has 
genes packed so tightly that there are 
few noncoding bases between them. 
Furthermore, the investigators found 
that the termination codon, or stop sig
nal, normally present at the end of a 
gene is sometimes not coded in human 
mitochondrial DNA but rather is creat
ed by a special biochemical mechanism 
that comes into play after the genetic 
code has been transcribed into messen
ger RNA and before the code is translat
ed into the amino acid seq uence of a 
protein. The compactness of human mi
tochondrial DNA is in marked contrast 
to yeast mitochondrial DNA, which is 
five times as long but is thought to 
carry no more genetic information. 

Sanger and his colleagues also note 
that in several instances the genetic code 
of the human mitochondrion, like that 
of the previously analyzed bovine mi-
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tochondrion, "is different from the so
called universal genetic code and is read 
in a unique fashion by a minimal set of 
mitochondrial [transfer] RNA's." On 
the basis of these findings and others 
they conclude that "the mammalian mi
tochondrial genetic system cannot gen
erally be classified as either prokaryote
like or eukaryote-like." 

Glueballs 

The denial of action at a distance is a 
tenet of modern physics with con

siderable intuitive appeal: it holds that 
physical causality can result only from 
contact by two bodies or from a distur
bance in the space between them. In de
scribing high-energy collisions of ele
mentary particles this principle is em
bodied in a mechanism. It is assumed 
that a particle can exert a force on 
another particle only through the ex
change of a third particle. What then are 
the properties of the third particle? Is it 
merely a go-between for the force or can 
it too "feel" forces and combine with 
other particles into more complex states 
of matter? In separate submissions to 
Physical Review Letters K. Ishikawa of 
the Deutsches Elektronen-Synchrotron 
(DESY) in Hamburg and Michael 
Chanowitz of the Lawrence Berkeley 
Laboratory argue that decay products 
observed in certain high-energy experi
ments may derive from bound states of 
the particles that are exchanged in the 
strong interaction. The exchanged parti
cles are called gl uons, after the role 
they play in binding other particles to
gether. The hypothetical bound states 
of gluons have been called glue balls. 

The existence of glue balls is suggested 
by the theory of quantum chromody
namics, or QCD, which has been highly 
successful in explaining the prolifera
tion of particles found in experiments 
with accelerators, According to QCD, 
all the particles generically known as 
hadrons are made up of the more funda
mental entities called quarks. The pro
ton and the neutron, for example, are 
both hadrons; each is made up of three 
quarks. Each quark bears charges called 
color charges that combine in such a 
way that the quark has a net color, say 
red, blue or green. (Such labels are arbi
trary and have nothing to do with ordi
nary colors.) It seems, however, that 
bare color is never observed in nature: 
quarks always bind together in states 
that have no net color charge. The bind
ing is effected by the strong interaction 
and so is mediated by gluons. 

QCD is analogous in many ways to 
quantum electrodynamics, or QED, the 
theory that describes the quantum na
ture of electromagnetic interactions, 
The mediating particle in QED is the 
photon, the quantum of light, which is 
massless and always moves with the 
speed of light. Although the photon 
transmits the familiar repulsion or at-
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traction of the electric force, it carries 
no electric charge itself. Gluons are like 
photons in that they are massless and 
move with the speed of light, but some 
gluons carry color charges. This differ
ence in the nature of the mediating parti
cles has important consequences. Since 
photons are neutral, there are no direct 
forces that might bind them together. 
Since gluons can carry color charges, on 
the other hand, it should be possible for 
two gluons to interact with each other 
by exchanging a third gluon. Under 
some circumstances the gluons could 
bind together in such a way that their 
color charges cancel. If the colorless 
particle formed in this manner could be 
observed, it would confirm QCD in a 
dramatic and unusual way. 

Such observations, however, are ex
perimentally taxing to make and theo
retically difficult to interpret. The usual 
experimental procedure calls for inject
ing a beam of electrons and a beam of 
positrons into a storage ring, where the 
two beams circulate in opposite direc
tions and are allowed to collide at care
fully controlled velocities. When a posi
tron and an electron collide, they annihi
late each other, and the relativistic mass 
associated with their velocities at the 
moment of collision becomes available 
as energy. 

The findings that have now been inter
preted as evidence for glueballs come 
from experiments with the storage ring 
called SPEAR at the Stanford Lin
ear Accelerator Center, with a ring at 
DESY and with similar devices in other 
laboratories. In the experiments the en
ergy of each of the two beams is finely 
tuned to a little more than 1 . 5  GeV (bil
lion electron volts), so that the total en
ergy is somewhat more than 3 GeV. 
The energy is exactly enough to mate
rialize a particle called the J I psi. 

When the Jlpsi decays, several gener
ations of daughter decay particles are 
formed before the interaction is detect
ed; in one class of experiments the 
daughter particles that ultimately trig
ger the detectors are energetic photons. 
The creation of the Jlpsi is marked by a 
resonance: a sudden enhancement in the 
number of 'photons detected when the 
colliding beams have an energy exactly 
equivalent to the mass of the Jlpsi. The 
possible evidence for glueballs consists 
of a secondary resonance: a tendency of 
the photons emitted in a cluster along a 
certain trajectory to have a fairly well
defined energy level. Such a secondary 
resonance is evidence for the existence 
of a particle among the intermediate de
cay products. 

One of the most difficult experimental 
problems is resolving resonances that lie 
close to one another in the energy spec
trum. Lengthy operation of the storage 
ring at the energy of each resonance is 
needed to obtain statistically significant 
results. The glue ball candidate identi
fied by Chanowitz was not noticed earli-
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er because a resonance at 1 . 44 GeV was 
initially assimilated to a resonance at 
1 .42 GeV, the mass of another product 
of J/psi decay called the E meson. 

The positive identification of a glue
ball is further complicated by its resem
blance to an ordinary hadron made up 
of quarks. Indeed, the theoretical de
scription of a glue ball shows that it is 
partially made up of quarks just as a 
hadron is partially made up of gluons. 
The main distinction is how energy and 
momentum are distributed between the 
gluons and the quarks. A glueball can be 
thought of as a hadron whose "valence" 
components are gluons, whereas the va
lence components of an ordinary had
ron are quarks. 

The notion of valence components in 
the structure of a hadron derives from 
an analogy with chemistry. The valence 
quarks or gluons are the dominant influ
ence on the properties of a hadron much 
as the valence electrons determine the 
chemical properties of an atom. The 
analogy can be carried further . A peri
odic table of the hadrons can be filled 
in by assignment of some of the reso
nances discovered in accelerator experi
ments. Any resonances that have no 
place in the table may well be glue balls. 

Addicts ' Progress 

What is the effect of opiate addiction 
on longevity? A social experiment 

of 60 years ago in New Haven, Conn., 
has provided the basis for a retro
spective study that addresses this ques
tion. The experiment, begun in 1 9 1 8, 
was the establishment of a clinic in City 
Hall where registered addicts could buy 
a daily dose of morphine at the nominal 
cost of four cents per grain. The clinic 
was set up because of dissatisfaction 
with the maintenance system that had 
existed in New Haven under the terms 
of the Harrison Narcotic Act of 1 9 1 5 . In 
that system a single private physician 
had been authorized to write prescrip
tions for the city's small population of 
opiate addicts. 

David F. M usto and Manuel R. Ra
mos of Yale University have now com
piled an account of the clinic's 25 
months of operation. Writing in The 
New England Journal 0/ Medicine. they 
also give the results of their follow-up 
study of those clients of the clinic whose 
history could be traced. 

In May, 1 920, four months before the 
clinic was closed, 9 1  individuals were 
registered; 47 of them had been among 
the first to register in 1 9 1 8. By search
ing New Haven city directories for the 
years from 1 870 to 1 973 M usto and Ra
mos were able to identify 50 of the 
1 920 patrons. A review of Connecticut 
death certificates then enabled them to 
determine the date and cause of death 
for 40 of the 50. The sample of clients 
whose deaths were documented consist
ed of 35 men and five women, all of 
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them white. For each such client M usto 
and Ramos compared the life expectan
cy in 1 920 as given by actuarial tables 
with the actual age at death. All had 
died earlier than the actuarial tables pre
dicted: the men by 12 years, at a mean 
age of 56 .6, and the women by 1 8  years, 
at a mean age of 5 1 . 4. 

This finding suggests there is a strong 
connection between addiction and early 
death, but further analysis of the data 
indicates that the connection may not be 
a causal one. Only three of the 40 were 
described as addicts on their death cer
tificates. Sixteen died of heart disease, 
five of cancer, four of tuberculosis, two 
each of pneumonia, venereal disease 
and alcoholism and one of cirrhosis of 
the liver. Four died in accidents and one 
committed s uicide. None of the deaths 
was ascribed to opiate overdose, which, 
like suicide, is one of the major causes of 
death among addicts today. 

It seems that what can best account 
for the reduced life expectancy of the 
addicts is not addiction in itself but the 
close correlation between addiction and 
poverty. M usto and Ramos conclude 
that opiate addiction at the time the clin
ic operated was only one of many haz
ards to health associated with low so
cioeconomic status and that it did not 
necessarily lead to a quick, catastroph
ic death or to lifelong addiction. 

Oxen of the Sun 
Tegend has it that in the third century 
L B.C. Archimedes was annoyed with 
Apollonius of Perga, who had found an 
approximation of 7T better than Archi
medes' own and who had written a trea
tise on the multiplication of large num
bers that criticized Archimedes' work. 
For revenge Archimedes devised a 
computational problem whose solution 
called for the manipulation of immense 
numbers, which he sent in a letter to 
Eratosthenes of Cyrene, the chief librar
ian at Alexandria. Whether or not Ar
chimedes actually wrote the letter anq 
invented the problem, with which he is 
linked by Plato and other ancient writ
ers, has been the subject of much debate, 
but there is general agreement that the 
problem is at least as old as the begin
ning of the second century B.C. It was not 
solved until about 1 5  years ago. Now it 
has been solved again, and for the first 
time lhe more than 200,000 digits of the 
smallest solution have been published. 
Moreover, five new solutions with still 
larger numbers have been found. 

"Compute, 0 friend," the problem be
gins, "the host of the oxen of the sun, 
giving thy mind thereto, if thou hast a 
share of wisdom. Compute the number 
that once grazed upon the plains of the 
Sicilian Isle Trinacria and that were di
vided according to color into four herds, 
one milk white, one black, one yellow 
and one dappled."  The problem goes on 
to state that there are more bulls than 

cows in each herd. The following con
straints must also be satisfied:  

1 .  White bulls = yellow bulls 
+ ( 1 /2 + 1 / 3 )  black bulls. 

2 .  Black bulls = yellow bulls 
+ ( 1 1 4 + 1 / 5)  dappled bulls. 

3. Dappled bulls = yellow bulls 
+ ( 1 1 6 + 1 1 7) white bulls. 

4. White cows = 

( 1 1 3 + 1 1 4) black herd. 
5 .  Black cows = 

( 1 / 4 + 1 / 5) dappled herd. 
6. Dappled cows = 

( 1 1 5  + 1 16) yellow herd. 
7 .  Yellow cows = 

( 1 16 + 1 1 7) white herd. 
"If thou canst give, 0 friend, the n um

ber of bulls and cows in each herd, thou 
art not unknowing nor unskilled in num
bers, but not yet to be counted among 
the wise. Consider, however, the fol
lowing additional relations between the 
bulls of the sun" : 

8. White bulls + black bulls = 

a square number (the second 
power of an integer). 

9.  Dappled bulls + yellow bulls = 

a triangular number, a number 
that has the form n(n + 1 )/2 .  

"When thou hast then computed the 
totals of the herd, 0 friend,"  the prob
lem concludes, "go forth as conqueror, 
and rest assured that thou art proved 
most skilled in the science of nurnbers." 

It is not difficult to determine that the 
smallest herd satisfying the first seven 
conditions consists of 50,3 89,082 cattle. 
When the eighth and ninth conditions 
.are taken into account, the problem is 
much more difficult. It was not until 
1 880 that significant progress was made � 

in finding the solution. In that year the 
German investigator A. Amthor con
cluded that the number of cattle is a 
206,5 4 5 -digit number that begins 7766. 

Later in the 1 9th century A. H. Bell ,  a 
civil engineer, and two friends formed a 
club in Hillsboro, Ill. , to take up the 
computations where Amthor had left 
off. They quit after four years, having 
found 28 more of the leftmost digits and 
12 of the rightmost ones. (Two digits 
have since turned out to be wrong. )  

The first complete solution was pro
vided with the aid of a computer in 
1 96 5  by H. C. Williams, R. A. German 
and C.  R. Zarnke of the University of 
Waterloo, but it has not been published. 
The new solution was found by Harry 
L. Nelson of the Lawrence Livermore 
National Laboratory, who used the prob
lem to test the performance of the labo
ratory's new CRA Y -1 computer. All 
206, 5 4 5  digits are given by Nelson in 
Journal 0/ Recreational Mathematics. 

Nelson comments that the solution of 
the problem was found with the CRA Y-
1 in about 1 0  minutes. This was not long 
enough to serve as a proper test of the 
machine, and so the program went on to 
find five larger numbers that satisfy all 
the constraints. The largest number has 
more than a million digits. 
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OUR SlRE NGIH-A BRGID BASE 
The VEBA Group is one of Germany's major 

energy producers. It is at the same time a broadly 
based industrial and service organization with total 
sales of more than DM 40 billion and 84,000 em
ployees. The German Federal Republic holds 44% 
of the equity, the remaining 56% is in the hands of 
around 800,000 shareholders. 

The corporate backbone is electricity, provid
ing power to millions of households and numerous 

industrial users. VEBA's petroleum sector ranges 
from exploration on a global scale and refining to a 
large network of petrol stations. In the chemical field, 
VEBA offers a widely diversified range of products. 

VEBA is also engaged in worldwide distribution 
and transportation including freight forwarding and 
handling, ocean and inland shipping. 

For further information please get in touch with 
VEBA AG, P. O. Box 3003 06, D-4000 Diisseldorf30. 
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� Taddes1heEnergy 
Cha lenge  

The 
• 

economIc 
background 

Although the West German economy 
is showing its customary resil ience to the 
worldwide economic recession, it could not 
remain immune to it. After a 1 .8 percent rise 
in the Gross Social Product (GSP) last 
year, a decline of between 1 and 2 percent 
is predicted for this year coupled with yet 
another massive balance of payments defi
cit. (Last year's OM 28* bil lion compares 
with only OM 9 bil l ion in 1979). 

Nevertheless, the inherent sound ness 
of the economy is reflected in an inflation 
rate of under 6 percent, among the best in 
advanced industrial nations, as well as in 
a cont inu ing high level of investment -
thoug h this, too, is expected to fal l  short 
of last year's exceptional standards. The 
major worry is the escalating price of en
ergy which has, for the seoand time, ex
posed West Germany's vulnerabil ity. 

As Chancellor Helmut Schmidt point
ed out in his govemment declaration last 
November, the second "oil shock" has left 
"an as yet unperceivable mark on our 
economy in  terms of ris ing oasts and prices, 
current account deficits and hig her unem
ployment." 

"The increased oast of oil" ,  declared 
Chancellor Schmidt, "deprives our citizens 
of a real income of around OM 30 billion 
a year: such a drop in purchasing power 
cannot be replaced with in the domestic 
economy." 

More recently, Dr. Hans Friderichs, 
spokesman of Oresd ner Bank iY'Jest Ger
many's second biggest commercial bank), 
estimated that the 1 70 percent increase in 
the price of mostly imported oi l  has trans
ferred about 2.5 percent of the purchasing 
power from the industrial nations to the 
oi l  producers since the beginning of 1979. 

As for West Germany, the hig her cost 
of energy - mainly oil - accounted for 
OM 16 bi l lion of the OM 19 bi l l ion rise in 
the balance of payments deficit last year. 
Import bills from major suppliers rose 
steeply: from the OPEC countries by 39 
percent, from the United Kingdom (now the 
second largest suppl ier) by 33 percent. 
Increased exports could only partly com
pensate for these huge rises. 

On the other hand, the import bi l ls 
would have been even higher had it not 
been for the 11 percent d rop in the volume 

• 1 OM represented US $ 0.47 at the time of writing. 

of oi l  and oil products. Thus, for the first 
time since 1967, oil's share within the 
nation's pr imary energy consumption 
(down 4 percent) sank below the 50 percent 
mark last year. (It was in  fact 47.8 percent). 

With 96 per cent of West Germany's 
crude oil (mostly from OPEC countries 
whose volatil ity is only underlined by the 
Iranian revolution and Iraq-Iran war) and 
two-th i rds of its gas imported, Chancel lor 
Schmidt needs litt le proof to ram home the 
message summed up in the slogan "Away 
From Oil." The overall aim, he said, was "a 
more economic and rational use of energy, 
preference for domestical ly-m ined coal ,  
lim ited expansion of nuclear epergy and 
the development of renewable energy 
sources." 

Few in West Germany question the 
objectives : what many people, includ ing 
those in industry, chal lenge is what they 
see as a lack of clear-cut detailed energy 
strategy. They particularly object to that 
vague reference to "limited expansion of 
nuclear energy" in the government dec
laration in the l ight of the virtual standsti l l  
in the power program for nearly six years. 

Some foresee a frig htening energy 
gap developing well before the end of the 
decade unless the present compl icated 
and lengthy approval procedures for power 
stations, which stretch the period between 
the first applicat ion and final commission
ing to up to ten years, are considerably 
speeded up. They hold up France where 

AOVERTISEMENT 

the procedure takes up only half the t ime 
as an example to fol low. Professor Dr.  Rolf 
Sammet, chief executive of Hoechst, one 
of the world 's lead ing chemical concerns, 
expresses the feelings of many of his fel
low-ind ustrial ists when he pinpoints nu
clear power as the key issue in any sensible 
energy policy. Dr. Manfred Lennings, chief 
executive of the major engineering, energy 
and transport g roup GHH, predicts a poss
ible power gap of 25,000 megawatts by 
1990 unless the approval procedures are 
streaml ined. "Without nuclear energy we 
have no future," says Dr. Lenn ings. His 
warning is widely echoed by other leaders 
of industry, oam merce and public uti lities. 

The energy infrastructure enoampasses 
not only safety of supply but the structure 
of power generat ion itself. Nuclear energy 
last year provided less than 3.5 percent of 
West Germany's primary energy and only 
14 percent of the total electricity generated 
(� was nevertheless still above the European 
Community average of 12.5 percent) .  

The time-scale of the threatened en
ergy gap depends on the rate of g rowth in  
the economy - though as Chart I shows, 
less than in the previous years - and on 
the development of alternative sources of 
energy and measures for saving and con
serving it . 

Another incalcu lable joker in the pack 
is the presence of increasingly vocal and 
sometimes violent pressure g roups op
posed to any extension of nuclear power. 

CHART I Consumption of Energy and Gross Social Product 
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They are responsible for much of the delay 
in the courts and have managed to halt 
construction on two power stations at 
Brokdorf in the North and at Wyhl  in the 
South as well as the proposed nuclear 
waste disposal site at Gorleben, in Lower 
Saxony. 

Yet hopes for renewed economic 
growth rest on the availabi l ity of reasonably
priced and safe energy and a reduction of 
dependence on imported crude. A me
dium-range forecast by Westdeutsche 
Landesbank al ready speaks of a third "oil 
shock" in the next few years, with a 50 
percent rise in the price of crude which 
would absorb a further 2-2.5 percent of 
the GSP of industrialized countries, includ
ing West Germany. 

Deutsche BP has al ready pred icted 
a rise of about 15 percent - DM 10 bi l lion 
- this in spite of a further fall in oil imports. 

The silver l ining in WestLB's forecast 
is that such price escalation wil l  g ive manu
facturers of capital equipment for energy 
saving, conservation and conversion an 
extra l ift in  both the home and overseas 
markets. Hence WestLB's generally shared 
view that "energy policy wil l  assume a key 
role in the coming years." 

On the other hand, pious statements 
coupled with economy cuts in the energy 
research and technology budget have 
aroused fears that this "key role" is not 
wholly appreciated by the government. It 
is believed, for instance, that a projected 
DM 800 mi l lion increase in the Ministry's 
total al location of DM 2 bi l lion for energy 
purposes has been scrapped to keep the 
government's inflated borrowing require
ments within bounds - a false economy 
in the view of some. 

As a resu lt a major prog ram for coal 
l iquification and gasification - cost DM 13  
bi l lion at 1979 prices - may be spread over 
a longer period than anticipated. Some 
plants may not be built or extended at al l .  
Conflict between future energy require
ments and short-term worries over public 
debt are bound to arise and such conflicts 
are not confined to the authorities. There 
seems to be a divergence in views and 
priorities - indeed between intentions and 
proposed solutions - in West German 
industry, finance and the community as a 
whole. 
Such points of conflict include: 
- Oil substitution: the major chemical and 

motor manufacturers in  particular are 
reluctant to contemplate long-term sub
stitution ; 

- The publ ic's free choice of fuel: d istrict 
heating schemes using waste heat from 
power stations, steel m i l ls and factories 
cou ld certainly cut the use of lig ht fuel 
oil for space and process heating. On 
the other hand, th is would seem to limit 
the customer's choice. 

- The financing of energy-related projects : 
should it be left to market forces or treat
ed as a special case? Should undoubt-
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edly long-term and risk-bearing projects 
be subsid ized from the public purse 
beyond the test and demonstration 
stage? 

- The use of coal for oil substitution: should 
imports continue to be restricted, even 
though West German hard coal is among 
the most expensive in the world? 

These and other issues wil l  be explored in 
some detai l  in this report. 

The worldwide energy imbalance 

There is a significant imbalance be
tween the estimated known worldwide 
stocks of major non-renewable fuels and 
their uses. Although oil and natural gas 
comprise only about one-sixth of the world's 
reserves of non-renewable fuels, they make 
up two-thirds of total consumption. 

The main cu lprits responsible for this 
imbalance of use are the industrial nations: 
the U.S., Japan and Western Europe alone 
consume almost two-th i rds of al l  oil, gas 
and coal available on the market. 

Although Uranium, the basic material 
for nuclear energy, is also a non-renewable 
source, its l ife-span may be extended by 
about 50 percent by high-temperature 
reactors (which can also contribute to bet
ter fuel uti l ization through combined-cycle 
operations) and no less than sixty-fold by 
being burnt in fast breeder reactors. The 
fast reactor is sti l l  at an experimental stage 
(although several industrial nations, in
cluding West Germany, have pilot plants 
in operation): and there is also an accept
ance barrier to overcome. Commercial fast 
reactors are not expected to operate in  
West Germany before the mid-1990s at 
the earliest. 

Nor are renewable energy sources, 
such as hydro-electricity (with some excep
tions such as Norway, Austria, Canada, etc.), 
the sun, wind, tides, biomasses (organic 
and vegetable matter) l ikely to make sig
nificant contributions to the world's energy 
needs for the rest of this century. 

Thus the industrialized world, including 
West Germany - the main consumers of 
energy - will have to grapple with the prob
lem of better utilization of conventional re
sources, including oil, gas, coal and uranium. 
The worldwide distribution of these re
sources has, of course, important political 
implications for the West. For a large pro
portion of the deposits lie in political ly sen
s it ive areas. Around one-third of all coal 
and natural gas and one-eighth of al l  oil 
is located in the Eastern Bloc, mainly the 
Soviet Un ion, while two-thirds of al l  o i l  
deposits are in the volatile Middle East 
and North Africa. 

Distance, too, plays a role, particulary 
in the case of coal, a bulky commodity: 
a large part of coal resources lie in Austra
lia, China and the western parts of the U. S. 
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For West Germany the lesson is clear: 
an intensificat ion of the effort to upgrade 
and utilize the country's domestic resources 
of hard and soft coal, of natural gas, inclu
ding the modest deposits of crude oil ; the 
re-organization and re-adj ustment of the 
domestic energy 'market, particu larly the 
heating sector to reduce dependence on 
imported fuels. 

Wel l  over half of West Germany's oil 
imports orig inate in the Middle East and, 
to a much lesser degree, in  the Soviet 
Union. However, suppl ies from these areas 
- particularly from crisis-h it I ran - are on 
the decline while those from the North Sea 
are rising: the United Kingdom is now the 
country's second largest suppl ier of crude 
oi l  after Saudi Arabia, fol lowed by Libya 
and Nigeria. 

Since 1973, West German imports from 
OPEC countries have decl i ned from 95 
percent of the total to barely over 75 per
cent. Trends point to a further reduction 
in OPEC's share, with the U. K. and Norway 
fi l l ing the gap. 

Natural gas, the th ird largest suppl ier 
of primary energy (at 16.5 percent of the 
total last year) after oi l  (47.8 percent), hard 
coal (19.7 percent) and soft coal (9.9 per
cent) is also becoming a "politically sensi
tive" issue because of the proposed deal 
which would almost double the share of 
Soviet gas by the mid-1980s within the 
overall gas consumption. 

At present, domestic deliveries meet 
about one-third ot the country's needs ;  
the Netherlands rather more than that ;  
Norway 12 percent and  the  Soviet Union 
17  percent. 

A DM 10 billion contract to be financed 
by a consort ium of European countries led 
by Deutsche Bank would increase the 
Soviet share to 30 percent, thus replacing 
to some extent declining suppl ies from 
domestic sources and from the Netherlands 
in the 1990s. 

It should be noted that even with 
expanded gas deliveries and some crude, 
the Soviet Union would only contribute 
about 6 percent to West Germany's total 
primary energy needs - by no means a 
"blackmail" situation as some opponents 
of the deal fear. 

The home energy market -
a forward glance 

If a reduction in the share of oil with
in the overall energy supply is a major 
priority, the greatest opportunity of ach iev
ing it lies in the heat ing market. For over 
70 percent of all energy in West Germany 
is used for heating - of homes, offices, 
schools, factories and other premises as 
well as for process heating. Under one
third of the mostly imported oil - only one-
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TABLE I Projected changes in heating market 1977 - 2000. in % 
All heating Space heating Process heating 

Source of heat 1977 2000 1977 2000 1977 2000 

Oi l 51 19(+1 )' 67 26 (+2), 35 12 
Natural gas 19 34 (+3)" 15 37 (+6), 24 32 (+1 ), 
Coal (direct) 18 10 11 1 24 19 
Coal (refined) 4 3 5 
District heating 3 7 4 11 2 3 
Electricity 9 25 (+7)' 3 21 (+11)' 1 5 28 (+3)' 
Others 1 1 1 

'In parentheses: additional heal gained through the combined cycle process. recycling and other means of 
raising the rate of energy utilization. 

sixth of all primary energy - goes into motor 
fuel or chemical feedstock: consequently 
the major thrust of any oil-saving campaign 
must aim at the heating market. 

A study by the West German electricity 
supply industry "Warme 2000" (Heat 2000) , 
published last October, couples heat de
mand at the end of this century with the 
industry's own fuel-requirements and tasks 
ahead. Although the study is based on 1977, 
the year of the Federal Government's last 
strateg ic review of energy needs, the find
ings are sti l l  broad ly valid. 

The Government's overal l objective, 
restated in Chancel lor Schmidt's latest dec
laration; is to red uce the rate of g rowth in 
energy consumption through the econ
omical and rational use of energy and to 
widen the range of energy sources to cut 
the share of oil. 

The electricity study assumes that 
within the total volume of primary energy 
available in Year 2000 - estimated to be 
46 percent above the 1977 level - oil could 
be cut by about a quarter and thus its share 
reduced from 52 percent to only 27 per
cent. The share of natural gas, though up 
in volume, would stay at around 17 percent ; 
hard coal would increase its share from 
18 percent in 1977 to 22 percent. Soft coal's 
share would decline slightly in spite of a 
volume increase. 

But the real burden of filling the energy 
gap should fal l  - as other commentators 
suggest - on nuclear energy whose share 
within the total primary energy demand 
should rise from 3 percent in 1977 to 22 
percent in Year 2000. This amounts to 120 
million tons of Coal Equivalent (C. E.) or 
equal to 30 percent of last year's total 
p rimary energy consumption in West Ger
many. 

The study foresees no major changes 
in the structure of primary energy con
sumption during the lifetime of this century. 
Power and lig ht should sti l l  use under 30 
percent of primary energy, the [est going 
into space and process heat. As almost 
two-thirds of the heat market is sti l l  domi
nated by oil ,  the scope for substitution by 
alternative sources - nuclear electricity, 
coal, gas, etc. - shown in Table I - is 
considerable. 
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(The study estimates that 90 billion 
kilowatts of additional electricity could re- . 
place nearly 50 mil lion tons of crude in the 
heating market or half of last year's oil 
imports. This WOUld, by itself have wiped 
out the entire 1980 current account deficit). 

Electricity, through g reatly expanded 
use of nuclear energy, should therefore 
meet a quarter of the needs of the heating 
market by Year 2000 compared with less 
than one-tenth in 1977 : or almost one-third, 
if the various forms of utilizing waste heat 
( includ ing district heating) are effectively 
put into operation. 

The study examines in detail the pro
posed changes in the structure of the heat
ing market. The method of financing is con
sidered in  another study (by Dresd ner 
Bank) discussed later in this report. 

In industry, which used up 43 percent 
of all heat in 1977, the share of oil could 
be cut from two-thirds to one-third in space 
heating by substituting natural gas and 
district heating. These, as well as waste 
heat and coal ,  could make sig nificant 
contributions to red ucing the share of oil 
in p rocess heating from one-third to 15 
percent. 

In the home, 36 percent of the heating 
sector, storage heating and heat pumps 
could replace oil-fired central heating in 
about half of nine mil l ion West German 
homes as well as in the three million homes 
with individual oil fires. Electricity, heat 
pumps and sun roofs could provide a 
quarter of all heat req uired in Year 2000 
compared with only 5 percent in 1977; 
district heating could treble its share, and 
natural gas more than double its share. By 
these means, the share of oil in space 
heating could be reduced from two-thirds 
of the total to a quarter, and in process 
heating from 38 percent to 5 percent. 

The same applies to small users 
(hospitals, chu rches, schools, offices) which 
in 1977 took 20 percent of the heating 
market. 

During last year, no doubt helped by 
the mild winter, considerable strides were 
made towards these goals. Consumption 
of lig ht fuel oil d ropped by 16.8 percent; 
of heavy fuel oil by 12.6 percent, of other 
oil p roducts by 12.3 percent and of diesel 
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fuel by 3 percent. Only gasol ine consump
tion showed a rise, a s l ight 2.1 percent and 
even that rise was below last year's increase 
in the motor vehicle population (3.2 per
cent) . 

The power problem 

The main reason why industry (as 
exemplified by Dr. Lennings and Professor 
Sammet) , public utilities, and people at large 
are becoming concerned about adequate 
long-term supplies of power NOW is the 
average ten -year gap between the plan
ning and commissioning of power stations. 

Indeed Prof. Dr. Max Ludewig, board 
member of Kraftwerk Union (KWU) which 
is a subsidiary of the powerful Siemens 
g roup, foresees a possible bott leneck as 
early as 1986-88, depending on future rates 
of increases in electricity consumption. 

Should electricity consumption rise at 
the expected average annual rate of 4 per
cent over the next ten years, major ind us
trial users such as chemicals, steel and 
aluminium could be the first to feel the 
pinch. 

The public utilities' association, VDEW. 
has prepared a ten-year plan charting the 
country's power needs based on slightly 
hig her average rates of increases - 4.6 
percent until 1985 and 3.6 percent there
after until 199 1 .  (This broad ly corresponds 
to the 1973-79 annual average increase 
of 4.2 percent) . 

On this basis, the present total gen
erating capacity of 74,000 megawatts 
(mW) would have to be increased by an 
average of 3,000 mW per year to reach 
j ust over 106,000 mW by 1991. 

Of this additional capacity of 32,000 
mW, about 22,000 mW (20 new power 
stations) would be based on nuclear power 
and over 8,000 mW on hard coal. (The 
balance may be met by other sources, in
cluding natural gas). 

A further 5,000 mW of hard coal
fuelled capacity would be required to re
place out-of-date coal-fired stations. 

By that time, too, increased contri
bution from nuclear power could go some 
way towards achieving an economic bal
ance in the structure of power stations; 
ideally 50 percent of capacity should pro
vide base load output, the rest middle and 
peak load. 

In 1979, however, the structure of 
power station capacity was far from ideal. 
Table I I  indicates VDEWs assessment of 
how it mig ht develop over the next decade. 

An important ieatu re of the plan is to 
rectify the balance between base load 
output based on "cheap" fuels such as 
nuclear electricity and soft coal (only 40 
percent of capacity in 1979) and the midd le 
and peak load based on the other fuels, 
mainly hard coal. 
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TABLE II Structure of power station capacity 1979 -1991, in mW 

economic growth: "Although these new 
technolog ies requ i re enormous invest
ments, it seems preferable to invest in 
long -term, job-creating, power-producing 
plant to investing in non-renewable energy." 
This year the electricity undertakings intend 
to invest DM 1 1  bi l l ion in  transmission, 
d istribution, new capacity and equipment, 
by far the largest s ingle private investment 
in West Germany. 

1979 1985 1991 
Soft coal and hydro-power 
Nuclear energy 
Hard coal 
Natural gas and oil 
Others 

TOTAL 

'Planned capacity 

14,400 
8,700 
20,300 
22,500 
7,100 

73,900 

How real istic is this plan, especially 
in  view of the 10-year time scale in  the ap
proval procedure? 

At present, the uti l it ies have, i ncluding 
two experimental reactors (a fast reactor 
and a hightemperature one) almost 9,000 
mW of nuclear capacity at their d isposal. 
Nine more stations of a combined capacity 
of 9,900 mW are in the course of construc
tion, with one 1 ,300 mW nuclear station due 
to be commissioned th is  year and 3,900 
mW, represent ing three further nuclear 
stations, in  1982-83. 

One or two new coal -fired stations of 
smaller (700-800 mIN) capacity should 
also be operating by the end of 1983. 

To these may be added nine stations 
(nuclear as well as coal, combined capacity 
7,000 mIN) in advanced stage of planning 
with contracts al ready awarded, p lus  
further stations with a combined capacity 
also of 7,000 mW await ing consideration 
by local courts. Two nuclear stations - Brok
dort and Wyhl - with a combined capacity 
of 2,700 mW, are sti l l  entang led in West 
Germany's complicated and lengthy legal 
processes. 

Total capacity of all the stations in  
various stages of construction and planning 
is 26,600 mW. They would, if al lowed to 
proceed accord ing to plan, go a long way 
towards averting the threatened bottleneck 
in power supplies towards the end of the 
decade. 

"Possible solutions to the dilemma 
would be to standardize and harmonize 
approval procedures as well as reactor 
construction throughout the Federal Re
publ ic," says Professor Ludewig. 

At present, the procedure varies from 
state to state and is often influenced by 
local political considerations. For instance, 
a nuclear power station in Bavaria, Isar, 
was approved last year without much delay 
whi le Brokdort, in Schleswig-Holstein but 
inf luenced by the Hamburg Senate, and 
Wyhl in Rhineland-Palatinate have been 
hanging fire for years. 

Approval for power stations is also 
being held up because of procrastination 
over a proposed nuclear waste disposal 
site at Gorleben, in  Lower Saxony. The 
state's Minister President, Herr Karl Albrecht, 
belongs to the opposition Christian Demo-
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14,800 
17,500 
26,600 
23,900 
7,700 

91,300' 

14,600 
30,800 
28,700 
23,800 
7,900 

106,600* 

cratic party which demands expansion in 
nuclear power capacity, but his freedom to 
act is l im ited by his party's wafer-th in ma
jority in  the state parl iament. 

The standardization of reactors, KWU 's 
so-cal led "Konvoi" system, is based on the 
1 ,300 mW pressurized water reactor already 
approved by West Germany's Reactor 
Safety Commission. 

Uniform approval procedures and 
standardized reactors would not only speed 
up the nuclear power program but also, 
through series production, reduce engineer
ing costs. The Konvoi system, KWU be
lieves, would produce savings of 20-25 
percent in both production and t ime-scale. 

Nuclear power stations are admittedly 
more expensive to build but become more 
economical with each rise in fossi l  fuel 
prices. VD'eN argues that even on present 
form the fuel costs for nuclear power 
stations amount to only 15-20 percent of 
the total compared with 50-60 percent 
for stations run on fossil fuel. 

The expansion of nuclear power, of 
electricity in  general, new technologies such 
as the heat pump, solar power and power
heat combined cycle - all of them replace
ments for oil and, at the same time, energy 
savers are basically "substituting capital 
for energy," says Herr Hartmut Boeck, 
president of VD'eN. 

Increased electricity use in space and 
process heat ing, he says, would lead to an 
overall reduction i n  energy consumption 
- and cost - which in tum would benefit 

Just how large the required "enor
mous investments" in future might be has 
been the subject of a comprehensive study 
by one of West Germany's leading banks. 

A DM 760 billion investment 

Dresdner Bank has a trad itional 
interest in energy prognostication. A previous 
attempt in 1974 was thrown out of gear by 
the energy price explosion in the wake of 
the Middle East war, accelerated worldwide 
inflation and the slowdown in West Ger
many's own nuclear power prog ram. Un
daunted, the bank produced another de
tailed forecast about the energy investment 
requ i rements of the western world, the 
European Community, and, of course West 
Germany itself, between now and Year 2000 
for the World Energy Conference in Munich 
last year. 

For West Germany the total figure is 
put at DM 760 bi l l ion which at the rate of 
exchange prevai l ing at the t ime (it was DM 
1 .70 to the U. S. $ compared with DM 2.10 at 
the t ime of writ ing this report - which j ust 
i l lustrates one of the major difficulties in fore
casting) or 4.6 percent of the global require
ment of DM 1 6,400 bi l l ion. Half of the sum 
is earmarked for electricity generation and 
transmission, fuel  costs and safety, of which 
one-half again is the cost of the power 
stations themselves. 

Like other financial institutions, Dresd
ner Bank bel ieves that the capital market, 
under free market conditions, would be able 
to cope with this huge call on funds, pro
vided there is an i ncreased degree of self
financing and "appropriate profitabil ity." 

TABLE III Total investment in energy required 1980 - 2 000, in DM billion 

Sector 1980 -85 1980 -90 1980 -2000 
Hard coal 
Soft coal 
Crude oil 
Natural gas 
Electricity generation/transmission 
Nuclear/cycle* 
Renewable sources" 

TOTAL, approx 

22 
6 
15-20 
17 
55 
12 

130 

'Fuel, en'ichmen� recycling, n uclear  waste disposal 
"Solar, wind, heat p umps,  etc. 

52 
1 1 
30-40 
40 
147 
28 
7 
320 

150 
28 
75 -90 
70 
300 
70-90 
50 
760 
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Hypo-Bank 
royal cHent service means speed 

and mobUitg in intemadonal 
b anking. 

Success i n  i nternat ional  bank ing  is often a matter of 
speed and mobi l ity. Hypo-Bank, M u n ich,  with consol i 
dated assets of more than DM 83. 8 b i l l ion ,  goes to g reat 
lengths to provide the qua l ity bank ing  services wher
ever you need them.  

For example, our  New York branch is  flexib le  enough 
to res pond q u ickly to a lmost any req u i rement: Cor
porate f inance, fore ign  exchange and money market 
transact ions,  im port-export and th i rd cou ntry f inance 
through letters of credit, col l ect ions,  loans and ad
vances, and many other serv ices. 

S peed and mobi l ity in i nternat ional  bank ing  are j ust 
two aspects of Hypo-Bank  royal  c l ient service, a trad it ion 
s i nce 1 835 when we were establ ished i n  M u n ich by 
K ing Ludwig I of Bavaria. 

Throug h  our  network of s u bs id iar ies, branches i n  
London and New York, affi l iates, representative offices, 
partners h i p  in ABECOR, and a mobi le  team of bank ing  
profess ionals ,  we offer services worldwide. 

To learn more about Hypo-Ban k's i nternat ional  
bank ing capab i l it ies,  get i n  touch with E.  W. Bo l l i nger or 
W. F. C. Dr ie lsma at Wal l  Street Plaza i n  New York. 
Tel . :  (212) 248 0650, � 
Telex: 233 604. � 
Head Office: 

IIYP I �BRNK Theati nerstrasse 11 
D-8000 M u n ich 2 
Tel . :  (0 89) 23 66-1 
Tx: 05 286 525-27 
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The bank's forecast for the global 
sums requ i red in  West Germany is shown 
In Table I I I .  

The bank has also calculated the pro
portion of i nvestment to be f inanced from 
industry's own resources and est imates a 
credit requ i rement of OM 1 14 billion - or 
35 percent of the total investment requ i red
by 1990 and one of OM 350 b illion, or 46 
percent of the total, requ i red by Year 2000. 
Assuming that industry achieves further 10 
percent i nternal fund ing through increased 
equity and other means, credit requirements 
are red uced to OM 82 billion (25.6 percent 
of the total needed by 1990) and to OM 
274 billion (36 percent of the total required) 
by Year 2000. 

These are very large sums: but the bank 
believes that a relatively modest increase in 
the credit provided by the banks and in
surance companies would be sufficient to 
bridge this gap. In 1978 bank loans to the 
energy sector represented 3.6 percent of 
their total lendings and those of the in
surance business 4.9 percent of the total. 
Raising the proportion to 4.5 percent and 
6 percent respectively would consequently 
meet the need for funds, or nearly so. 

The study emphasizes that its ql.utious 
optimism about finding the means to finance 
such an ambitious energy program rests on 
the assumption that industry will, through 
its own resources and new equity, continue 
10 raise the larger proportion of the funds 
needed. At the same time, it warns that fail
ure to raise such funds might lead to the 
energy sector claiming an even h igher pro
portion of the total credit volume which WOUld, 
in tu rn, create frictions and distortions in 
the capital market. 

At the same time, the study acknowl
edges that "considerable technical and 
f i nancial efforts are necessary for the d e
velopment of existing and new energy re
sources." This theme was further developed 
at the Munich conference by Dr. F. W. Chris
t ians, joint spokesman for Deutsche Bank, 
West Germany's biggest commercial bank. 
He warned against reliance on "subst itutes 
for self-financing," such as leasing or pro
ject financing, which had created "growing 
scepticism towards these tailor-made forms 
of finance." 

Dr. Christians shares the general view 
of industry and banking that Government 
participation in energy f inancing should be 
l im ited to complementing private industry 
in the search for sensible uses of energy, 
in the development of existing and new 
energy resources and in as yet uneconomic 
projects. 

Dr. Gunther Radtke, a d irector of Dresd
ner Bank and co-author of the bank's study, 
echoes the opinion that project financing 
is not primarily a task for banks. 

He believes, for instance, that the cost 
of such experiments as power and heat 
generat ion by fluid ized bed combustion 
should be borne at least in part by the 
public utilit ies and by the coal companies. 

GlO 

"The banks are not industrial enter
prises," says Dr. Radtke. Nevertheless he 
admits that the t ime may come when West 
German banks would have to fol low the 
example of some US and Brit ish banks 
(the Bank of Scotland, for instance) which 
have set up their own energy departments 
"to help in the decision-making process." 

Herr Guenther Schmidt-Weyland, a 
member of the DG BANK management 
board, bel ieves State aid is necessary 
where the risks in the area of energy are 
too h igh for private enterprise: and he does 
not rule out solutions along the lines of 
export financing where the Government 
and the banks (through Hermes) insure 
exporters against a proportion of the loss 
they might incur. 

Dr. Johannes Voelling, chief executive 
of Westdeutsche Landesbank, est imates 
that the proportion of funds companies 
involved in  energy would have to raise in 
the capital market could be as h igh as 
50 percent of total i nvestments. Th is would 
of necessity widen the companies' gearing 
ratio, lengthen the period of cred it and 
i ncrease risks both for the companies and 
the lending institutions. 

Consequently the requ i rements of 
energy f inancing, Dr. Voel l ing suggests, 
might resu lt in s ig nificant changes in the 
structure of the financial market, with the 
Euromarket playing an imporjant cred it
providing role between short-term (up to 
five years) fixed -interest bank credit and 
long -term cred it raised in capital markets. 

Project f inancing abroad, Dr. Voel l ing 
bel ieves, should be, whenever possible, 
tied to repayment in k ind, i . e. del iveries of 
oil, coal, gas. (The proposed natural gas 
deal with the Soviet Un ion, mentioned 
earlier, is a case in point) . The "pol itical 
risks" of such deals, as for i nstance the 
b i l l ions of Deutschemarks lost in Iran, might 
be g uaranteed by the State (as in straight 
export business) through the Hermes in
surance scheme. 

Technology aids exploration 

Not all agree - not even all in West 
Germany agree - that oil demand can be 
sig nificantly reduced in the foreseeable fu
tu re. (A reduction of oil consumption by 
Year 2000 is forecast in the electricity in
d ustry's study cited earl ier, but even such 
an optimistic view envisages a cut of less 
than 25 percent in  oi l  consumption over 
the next 20 years) . 

Dr. Hellmuth Buddenberg, chief execu
tive of Deutsche BP, goes even further: 
the slogan "Away From Oil!" may be "po
p ular and gripping but is also false and 
il lusory." 

Dr. Buddenberg pred icts that oil de
mand in West Germany will be almost as 
h igh at the turn of the century as it is at 
present. He accepts that much of the oi l  

can be substituted or e l iminated in the 
heat ing and power sectors - for i nstance 
last year under 5 percent of the fuel re
qu i rements of power stations was supplied 
by oil - but not in the petrochemical or 
transport sectors. The slogan should there
fore be varied to: "away from fuel oil - up 
the upgraded oil!" 

This, acknowledges Dr. Buddenberg, 
demands "extraord inarily capital intensive 
conversion plant." Already an investment 
of about OM 3 bill ion has been earmarked 
by the oil companies in such plant alone 
(A s ingle hydrocracker may cost anyth ing 
up to OM 500 million). 

BP, with the great US groups and 
Anglo-Dutch Shell, all multinationals, control 
75 percent of West Germany's ref inery 
capacity of around 150 mi l l ion tons. Of the 
remaining 25 percent capacity, VEBA, the 
leading West German energy group, con
trols just over half. 

The oil industry as a whole envisages 
a slight reduction in  overall ref i nery ca
pacity over the next 10 years, though the 
proportion of hyd rocracker capacity is ex
pected to rise from 21 percent to 27 percent 
in West Germany, from 30 to 37 percent 
in the case of VEBA. 

(Conversion plant enables the refiner to 
switch in a more flexible way from heavier 
oi l  products such as fuel oi l  to l ighter ones, 
such as motor fuel and petrochemical 
feedstock) . 

The West German oil exploration com
pany Deminex (in which VEBA has a 54 
percent hold ing) has many concessions 
the world over, i ncluding shares in  some 
al ready oil -prod ucing North Sea f ields. And 
while West Germany's own oil and gas 
reserves are small by world standards, the 
companies drill ing for oil and gas are in
vesti ng large sums in upgrad ing as well 
as rais ing the exploitat ion rate of domestic 
reserves. 

The 1 973 oil crisis heig htened interest 
in home-based reserves: BEB-Gewerk
schaft Brig i1ta-Elwerath, the exploration 
company jointly owned by Esso and Shell 
which is responsible for around two-thirds 
of domestic gas and one-th ird of domestic 
oil supplies, has raised its annual invest
ment from OM 100 million in 1970 to OM 300 
mi l l ion in 1978 and to OM 500 m illion last 
year. Th is year it plans to i nvest OM 600 
mi l lion and accord ing to Dr. Heino Luebben, 
chief executive of BEB, investment by the 
company to explore and dr i ll for oil and 
gas is expected to be maintained at a 
level of between OM 500 million and OM 
1,000 million a year between now and 1985. 

Total investment by West German 
exploration and development enterprises 
is l ikely to reach OM 6.5 bi ll ion between 
1979-83, says the chairman of the industry's 
association WEG, Dr. Guenther Sass manns
hausen, who is also ch ief executive of the 
major energy and minerals group, Preussag. 
By Year 2000, total investment by the in
d ustry may reach OM 30 billion. 
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The ultimate objective is to at least 
double supplies of home-produced oil and 
gas, partly through fresh technical ad
vances and partly as a result of steep 
rises in fuel prices which have made hith
erto uneoonomic fields more attradive to the 
operators. 

Domestic crude oil contributes just 
over 4 percent to the country's total re
quirements. New technology in the form of 
steam injection and chemical additives could 
add 70 million to 120 million tons to the 
64 million tons of known reserves: new, 
hitherto uneconomic fields a further 5-10 
million tons (To compare: West Germany 
imported 98 million tons of crude last 
year) . 

Most of West Germany's natural gas 
reserves lie adjacent to the big Dutch land
based gas fields. Through the Frac process 
widely used in the US but only recently 
introduced in West Germany (it is based 
on the injection of liquids into deposits) as 
well as new deposits, the life of the known 
reserves of 280 billion cu. r.Tl. could be more 
than doubled. At present the West German 
resources provide around one-third of the 
country's total gas needs which have risen 
steeply in the past decade. 

Oil and gas have sulphur as an im
portant by-product: and as Dr. Luebben 
points out, the company, which is also 
West Germany's largest sulphur supplier, 
has to cope with the problem of balancing 
its sulphur activities with those of oil and 
gas. For while oil and gas sales are booming, 
those of sulphur - with recession-hit chemi
cal manufacturers as the main customers -
are declining, which certainly hits profit
ability. 

West Germany also has modest oil 
shale resources, and several major com
panies, including VEBA, BEB and Preussag, 
are involved in exploring this high-viscosity 
and still uneconomical resource. 

Experimental drilling for geothermal 
energy in the Stuttgart area is being spon
sored by the Federal Government within an 
overall European Community research pro
gram. 

"Urach 3", at a depth of 3,300 meters, 
is the deepest and biggest hole drilled 
within the new European project; the heat 
that it is expected to generate will event
ually be used to heat homes as well as 
water. 

Natural gas has the advantage over 
oil (but not over coal) that around one
third of total consumption is met from home 
sources. Dr. Sassmannshausen of Preussag 
is confident of home-produced gas being 
maintained at the current level of around 
20 billion cu. ft. well into the 1990s, though 
its share of overall gas consumption is to 
decline as the volume of consumption rises. 

All but 17 percent or so of West Ger
man natural gas imports originate in Wes
tern Europe, primarily in the Netherlands 
and Norway, the rest in the Soviet Union. 
The elaborate gas pipeline criss-crossing 

Western Europe and converging on West 
Germany will, once natural gas supplies 
begin to dry up, be capable of being switched 
to synthetic natural gas and coal gas (both 
produced from coal) as well as hydrogen. 

As it is, Western Europe's present 
high degree of self-sufficiency (87 percent 
of the total gas consumed) is expected to 
decline to around 60 percent by the end 
of the century. 

Towards a revival for coal 

"We are in a temporary phase be
tween a crisis and revival," says Dr. Karl
heinz Bund, president of the association 
of the West German coal mining industry. 
He rejects the notion that the revival of 
coal is already a reality and that no fur
ther economic measures are necessary. 
"This is a false impression racing far ahead 
of the facts," he maintains. 

Dr. Bund is also chief executive of the 
biggest West German hard coal group 
Ruhrkohle which accounts for over two
thirds of the country's deep-mined produc
tion. Earlier this year it announced an an
nual investment program of over OM 2 bil
lion for the next few years, more than half 
of West Germany's total projected invest
ment of OM 3.5 billion in hard coal mining. 
Ruhrkohle's 1981 investment target of OM 
2.3 billion goes mainly into coal prepara
tion and coking plants and associated 
works: in the coming years at least one
third of the total will be invested in new 
sinkings. 

For all his caution, Dr. Bund is opti
mistic about the future of coal in the changed 
circumstances of world energy prices and 
supplies, and the general economic situa
tion (As Chart I I  shows, price relationships 
between heavy fuel oil and coal, inter-
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changeable fuels, has changed dramati
cally in recent years). 

"The oil crisis," says Dr. Bund, "has 
been an inspiration to technological pro

gress. We must get to grips with the prob
lem of alternative energy sources in the 

industrialized countries over the next ten 
years. The problem is even more pressing 
in the Third World. There is now a big fu
ture for such technologies as coal con
version, fluidized bed combustion, heat 
pumps, district heating - and above all, 
there is now positive thinking." 

The hard coal industry plans to in
crease its output (88 million tons last year) 
to over 90 million tons by 1985, to over 
95 million tons by 1990 and to 100 million 
tons by Year 2000 at the latest - prefer
ably by 1995 - and allowing for exhausted 
workings. 

Moreover, by Year 2000 West Ger
many should be importing 40 to 50 mil
lion tons of coal per year, instead of the 
present 7 million tons, with Ruhrkohle alone 
taking 10-15 million tons. The rate of in
crease in imports WOUld, of course, depend 
to some extent on the requirements of the 
steel industry which at present absorbs 
around 40 million tons of West Germany's 
output, including 15 million tons for export; 
and also on the state of the international 
coal trade, at present badly affected by the 
Polish crisis. 

Up to an estimated 10 million tons of 
coal may be required for coal conversion -
and these estimates do not include the 
unspecified amounts of so far unusable 
coal, dross or coal with very high ash and 
sulphur content - which may make further 
supplies available for specific applications. 

Dr. Bund himself is keen on adopting 
the concept, established by West German 
sponsors such as Deminex, for the explo
ration and development of oil and gas re
sources abroad. Dr. Bund's brainchild 
Dekolex, a parallel organization for coal, 
may not get off the ground for some time 
yet owing to the Government's economy 
cuts. 

Meanwhile, Ruhrkohle itself has already 
taken its first modest steps overseas: fol
lowing the purchase and subsequent sale 
of a small mining complex in Virginia, it has 
now a share in projects in Australia and 
Canada. 

West Germany has the largest re
sources of soft coal (lignite) in Europe which 
already makes a substantial 25 percent 
contribution to power generation. The bulk 
of domestic resources are owned by Rhein
braun Rheinische-Braunkohlenwerke, a 
subsidiary of RWE, West Germany's largest 
public utility: soft coal provides 60 percent 
of the fuel required in power stations under 
its own ownership. Further large resources 
in Halmbach Woods, on the western edge 
of the country, should ensure that supplies 
are maintained up to the end of this cen
tury, with some to spare for new uses, in
cluding synthetic gas and motor fuel. 
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Gennany 
TackIesTheEnenJy 

Cha llenge  

Old ideas for new technologies 

The sheer necessity of offsetting the 
effect of Al lied blockades in two World 
Wars have forced the Germans to make 
the most of their existing energy resources, 
of which coal, both hard and soft, is by far 
the biggest and longest lasting. So when 
the first oil crisis burst onto the world in 
1973, the Germans had ready-made ideas 
for a future energy concept aimed at re
ducing the share of oi l  within the total 
primary energy consumption, but they sti l l  
hard to face the problem of devising and 
improving technologies to make the con
verted coal products - oil, gas, gasoline, 
chemical feedstock - economical in con
stantly changing circumstances. 

This is one reason, perhaps the main 
one, why despite the anguished cries for 
greater self-sufficiency in energy, West Ger
many stil l  has no commercial coal-con
version plant, no commercial networks of 
gasoline stations sel l ing alcohol mixtures, 
no commercial power station utilizing very 
low-g rade coal or dross and relatively few 
heat pumps. Recent Govemment economy 
cuts have further slowed down, if not al
together curtailed the program for coal
conversion demonstration p lant, the fore
runners to commercial production. 

An executive of Saarbergwerke (a pro
minent, technologically advanced coal 
company) has put it in a nutshel l :  "West 
Germany has very litt le time left for further 
experimentation with coal conversion. The 
United States and Britain are already ahead 
and others are fast catching up." 

There is clearly a contradiction some
where: acute awareness of the problem 
on the one hand, reluctance to meet it 
head on on the other. One explanation is 
that West German hard coal is expensive 
to mine and is gett ing more expensive 
with ever-deepening shafts, narrowing 
seams and rising investment, yet, as power 
stations utilize at best 38 percent of the 
heat produced, some of that huge invest
ment is obviously wasted. 

Those engaged in  making most of 
the country's own energy resources -
Govemment scientists, coal technologists, 
public utilities, coal companies and others 
(who include the major oil multinationals 
now showing growing interest in alternative 
fuels) - are striving to maxim ize the output 
of power or heat (sing ly or combined) while 
red ucing the input of fuel, materials and 
man-power as wel l  as the damage to or 
pollution of the environment. 

Ruidized bed combustion converts 
coal directly into useful energy : coal is 
being pu lverized at high temperature under 
atmospheric or compressed pressure and 
used to d rive a generator. Carried a stage 
further, the p rocess can be refined to use 
exhaust gases from the steam generator 
as well to d rive a gas turbine which in turn 
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drives not only the compressor but also 
generates power. This is called a combined 
cycle. Rnally the need for dispos ing of a 
highly toxic by-product - sulphur - is 
eliminated by the process itself. 

A further advantage is the use of the 
lowest g rade coal (with ash content of 
40 percent or over) as wel l  as d ross, good 
enough up to now for slag heaps only -
eyesores in many coal-mining districts. 

There are half a dozen p i lot or dem
onstration plants based on f lu id ized bed 
com bustion which operate or are in the 
course of construction in  West Germany's 
coal-mining centers. The first such com
bined cycle power station to come on 
stream is at Voelklingen in  Saarland, which, 
accord ing to Herr Rudolf Lenhartz, chief 
executive of Saarbergwerke, the operating 
com pany, may well become "one of the 
power stations of the future." I t  i ncorporates 
"an entirely new concept," although a power 
station based on f lu id ized bed combustion 
and designed by German engineers has 
been operating in Spain for over ten years ; 
there, admittedly, environmental regulations 
are not as stiff as in West Germany. 

The 200 mW Voelkl ingen station, fired 
by low-grade coal and d ross, produces 
both electricity and heat, some of the latter 
to be used for district heating. (Plans are 
al ready afoot to supply space and water 
heating to several thousand homes in the 
nearby city of Saarbruecken). 

The station's main purpose is to both 
prove the concept and to el iminate the 
remaining technical snags. Apart from firing 
otherwise unusable coal and being vir
tually pol lution free, the process enables 
a 40 percent heat utilization, the best of 
any existing power station so far. 

"We are ready to design and build 
commercial stations of up to 700 mW," 
says Dr. Werner Brocke, a member of the 
Saarbergwerke management board. 

He reckons the Voelkl ingen plant wi l l  
requ i re 3-4 years to prove the technology ; 
thereafter he foresees "quite a boom" in  
such power units probably in  ten years' 
time. "There are going to be big changes 
in the generation and use of energy before 
the century is out, but the course wil l  have 
to be set in the 1980s," he says. 

Another interesting application of flu
idized bed combustion is also about to be 
tested. A pi lot p lant next to Kort Stahl's 
Kiel steelworks is to use the process for 
gasifying low-grade coal (instead of natu
ral gas) for the d i rect reduction of i ron ore 
pel lets. 

Coal : a substitute for oil 
and gas? 

Germans have been developing tech
nolog ies for the conversion of coal, both 
hard and soft, i nto liquid fuels and gas for 

60 years or more :  but it is only under the 
pressure of circumstances such as a world 
war or a world oil crisis that these tech
nologies were given the necessary impetus 
to overcome technical and economic 
obstacles to their widespread use. 

As al ready noted, the implementation 
of an ambitious DM 1 3  bil lion program 
announced in 1979 for 14 demonstration 
plants using up 10-15 mil l ion tons of coal 
wil l  apparently be spread over a longer 
period than orig inal ly i ntended and may 
not even be carried out in  its entirety. Part 
of the program involves the extension of 
pilot plants already operating ; for i nstance, 
the trebling in s ize of Ruhr 100 at Dorsten, 
a synthetic natural gas (SNG) p lant based 
on a high-pressure gasifier by Lurg i  (a sub
sidiary of Metal lgesel lschaft) which is being 
operated by Ruhrkohle, its subsidiary 
STEAG, and Ruhrgas. At the time of the 
announcement, SNG from coal cost almost 
three times as much as natural gas, though 
the gap has probably narrowed since then. 
The cost of this single project was put at 
the time at DM 1 .8 billion. 

Another SNG demonstration plant 
would be based on the high-temperature 
Winkler process for soft coal. (A small pilot 
plant already exists at Frechen near Cologne, 
owned by the RWE subsidiary Rhein
braun). Soft coal costs only a fraction of 
hard coal, even considering its lower cal
orific value and the p lant itself would cost 
only one-third of a hard -coal based SNG 
plant :  i t  may therefore prove economical 
for the prod uction of methanol, an import
ant chemical feedstock, in the relatively 
near future. 

The Federal Government would prefer 
the State authorities, public utilit ies and 
private companies to assume greater re
sponsibility for financing these projects. It 
would also, as already noted, like to see 
more i nternational projects along the lines 
of the jo int coal- l iquification project in 
Vi rginia as well as partnerships between 
multinationals and West German special
ists or utilities. 

US knowhow is being put to good 
use among others at the Shel l-Koppers 
coal gasifying p lant at Harburg, near Ham
burg, built by Krupp-Koppers (a Krupp 
subsidiary) ; and at the Oberhausen plant 
operated by Ruhrkoh le and Ruhrchemie 
(a Ruhrgas subsidiary) which uses a Texaco 
gasifier. 

Selling technology abroad 

West German specialists in coal con
version such as Lurgi and Krupp-Koppers 
whose pedigree as innovators, directly or 
indirectly, goes back many decades, are 
naturally loathe to yield the market to 
foreign competitors whether from the US 
or Britain. 
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AQVEATISEMENT 

The largest experimental coal conver
sion plant in West Germany, a OM 400 
mi l l ion 200 tons-a-day l iqu ification plant at 
Bottrop, has been funded by the North
Rh ine-Westphalia state Government, the 
operating companies as well as by the Fed
eral Government. The operating companies 
are VEBA OEL and Ruhrkohle; th is, and a 
smaller plant at Voelkl ingen based on a 
s imi lar principle, are using a pre-war Ger
man process updated by modern US tech
nology. 

There are several other pi lot coal con
version plants in operation sponsored by 
the Min istry, state or mun icipal authorities, 
publ ic ut i l it ies and private companies, often 
in combination. That the t iming of the next 
stage - large demonstration plants leading 
to commercial production - is in  doubt, is 
due partly to the Government's economy 
cuts but also to reluctance by private 
operators to commit large funds to long
term, capital- intensive projects. So most 
of the coal conversion contracts for Lurg i  
or Krupp-Koppers are for export. Lurg i's 
biggest contract to date is for Sasol, the 
South African energy corporation which, 
in l ine with South Africa's drive for self
sufficiency, intends to meet around half its 
total internal motor fuel requ i rements from 
domestic coal before the end of the dec
ade as well as produce coal -based chemi
cal feedstock, i ron ore reduction gas, etc. 
from a variety of p lants based on the Lurg i 
technology. 

Lurg i is also active in the US, Indone
sia, Brazil and, among others, more re
cently in China and aims to be ready - as 
chief executive Dr. Dietrich Natus puts it -
for "the day after tomorrow" when the es
calat ing prices and scarcity of oil and gas 
make coal even more competit ive, es
pecially in parts of the world where it is 
in abundant, easily accessible supply. 

Lurg i and Krupp-Koppers are among 
the few companies in the world which can 
design, bui ld as well as del iver (as engin
eering contractors) coal gasification and 
l iqu ification plant. 

The Krupp-Koppers gasification plant 
is based on the Koppers-Totzek principle, 
another pre-war concept. The company has 
contracts for building major plants in Poland 
and Brazi l  for the production of SNG or 
methanol. The two plants have a combined 
value of OM 450 mi l l ion - OM 550 mi l l ion. 
Negotiations to build a s imi lar one in  the 
US recently led to the company supplying 
a $ 15  mi l l ion un it for a large demon
stration plant in Pennsylvania The advantage, 
as Dr. Karl Schmid,  a spokesman of the 
com pany points out, is that such plants 
can convert any type of coal, includ ing 
low-grade and soft coal, i nto gas or l iquid 
products. 

Dr. Schmid calculates that, g iven a 
Government investment subsidy of 50 per
cent, a OM 500 mi l l ion - OM 600 mi l l ion 
coal gasification p lant based on imported 
coal could al ready produce 500,000 tons 
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of methanol a year as a motor fuel econ
omically - provided it was taxed on its cal 
orific value which is half of  that of  gasol i ne. 

Soft coal, of which West Germany has 
very large reserves but which is mainly 
used as cheap power station fuel, could 
also make a bigger contr ibution to oi l  sub
stitut ion. At present, i t  plays an as yet mod
est thoug h increasing role in rep lacing fuel 
o i l :  the production of pu lverized soft coal, 
for instance, has increased from 500,000 
tons a year in 1977 to 1 .8 mi l l ion tons last 
year, thus replacing 500,000 tons of fuel 
oi l ,  mainly in the cement industry. 

An expansion of the pi lot soft coal 
gasificat ion plant at Frechen is, as noted 
above, al ready being contemplated. A se
cond p i lot p lant at Wessel ing, also in the 
Rhine area (where Rheinbraun's parent, the 
Rheinisch-Westfiil ische Elektrizitiitswerke 
- RWE - has an oil ref in ing subsid iary) 
uses nuclear p rocess heat for gasification. 

Accord ing to Dr. Guenther Klaette, a 
member of the RWE management board, 
prices of gas from soft coal for chemical 
feedstock and possibly other purposes 
may al ready be competit ive with o i l -based 
feedstock p rices. Moreover, the Wessel ing 
refinery itself could be adapted to use the 
gas as a raw material for chemical feed
stock and pipe it to chemical works of 
which there are several in the area. 

Indeed the Dresd ner Bank study en
visages the use of s'oft coal, in combi
nation with nuclear energy (which would pro
vide process heat) as a base material for 
gas and gas-based l iqu ids as an alterna
tive to the cont inued use of soft coal purely 
for power stations. Such an alternat ive de
pends largely on whether RWE is al lowed 
to expand its nuclear capacity and so re
lease soft coal (which at present provides 
more than 60 percent of its power fuel) 
for other purposes, and also on general 
price movements in  the energy sector. 

Heat pump as oil saver 

As ind ividual i nstal lations for space 
and water heating in homes, schools, hos
pitals, offices, factories, etc., heat pumps 
are highly capital intensive. They could, 
however, lead to the biggest i nd ividual 
savings in fuel oi l ,  as space heating ab
sorbs about one-th i rd of al l primary energy 
in West Germany. Scope for heat pumps is 
considerable, complementing other methods 
of space heat ing, such as d istrict heat ing 
via waste heat from power stations and 
from industry. 

The Institute of the German Economy 
(lOW) has est imated that around half the 
45 mi l l ion tons of fuel o i l  consumed by 
households and smaller users a year (which 
is over 70 percent of the total space and 
water heat ing market) could be e l iminated 
by the use of heat pumps, equ ivalent to 
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between a quarter and a fifth of all present 
crude oi l  imports. 

It would save OM 7 bi l l ion in foreign 
exchange or nearly a quarter of last year's 
current account deficit. 

To achieve this aim, about 3 mi l l ion 
of these appl iances would have to be in
stal led before the end of this century (at 
present only 25,000 are in use in the whole 
of West Germany), at a total cost of OM 
35 bi l l ion at current prices. 

Dr. Kaette, of RWE, bel ieves that with 
escalat ing fuel oil prices combined with 
cheaper heat pumps (as a resu lt of volume 
production), the breakthrough may come 
sooner than generally anticipated : certainly 
with in  a five-year period during which a 
10 to 1 2-fold increase in the use of the 
appl iances has been pred icted. 

Dr. Karl he inz Kaske, new ch ief 
executive of Siemens, West Germany's top 
electronic-and-electrical g roup (a major 
suppl ier of heat pumps), bel ieves that the 
break-even point for consumers as wel l as 
for suppl iers could be even nearer. Dr. Kas
ke stresses the mass production effect on 
pricing and recal ls as a paral lel the d ra
matic fal l in the prices of electronic ap
pl iances and equipment in  the past 
10-15 years. 

District heating cuts heat waste 

Like heat pumps, d istrict heating is 
no new phenomenon in West Germany 
although so far it has had only l im ited ap
p l ication and then only in  major population 
centers. 

However, the country's largest p ro
vider of coal-fuel led power STEAG already 
suppl ies, through the publ ic uti l ity RWE, 
1 35,00 homes with space and water heating. 
There are 14 combined heat-power un its 
in  10  centers of the Ruhr, thus reducing 
the d istances heat has to travel and so 
min imize heat losses. 

N inety percent of d istrict heat ing runs 
on home-produced coal ; the system, at 
p resent 264 km in  length, is being stead
ily extended. Dr. Hans Kraemer, chief 
executive of STEAG, emphasizes the heat
saving aspect of d istrict heating. Burnt in  
a power station, 1 kg coal produces 3 kW 
of electricity; combined with heat produc
tion, it produces 2 112 kW of electricity as 
well as 4 kW of useable heat. "District heat
ing provides the biggest opportunity for 
oil subst itution," claims Dr. Kraemer. 

District heat ing is operated by pub
l ic ut i l it ies as well as by large companies 
with waste heat to sel l ,  such as Thyssen 
and Krupp. Thyssen provides heat for 
thousands of homes around its Duisburg 
steel works while Krupp has recently an
nounced a s imilar scheme for the Essen 
area. Saarbergwerke's plans for the Saar
bruecken area have already been mentioned. 

Other population centers equ ipped with 
d istrict heating include the cit ies of Berl in  
and Hamburg. There are also talks at 
Government level to extend the d istrict 
heating network to countries adjoin ing 
West Germany. 

Making most of the sun, wind . . .  

The sun i s  not only a renewable but 
inexhaust ible source of energy. Unfortu
nately, sun is not easi ly tapped, least of 
al l  in Northern Europe where neither its 
intensity nor its rel iabi l ity is sufficient to 
make it a s ign ificant contributor to overall 
energy requ i rements. 

West German engineers and technol
og ists have been g rappl ing ,  with some 
support from the Min istry of Research and 
Technology and European institutions, to 
convert solar energy into the best and most 
economical sources of heat and, where 
appropriate, power. There are est imated to 
be around 300 West German com panies 
offering appl iances, mostly in  the heating 
market. 

In homes, swimming pools, offices, 
factories, solar col lectors normally situated 
on the roof can be a useful supplement 
to conventional heat providers for both 
space and water heating. Some estimates 
put last year's sales for water heat ing 
alone at over 16,000 un its. Many tens of 
thousands of square meters of roof space 
were added to surfaces already covered. 

Many of the lead ing West German 
engineering and electrical com panies as 
well as air and spacecraft companies 
(MBB, Dornier) and public uti l it ies (RWE) 
pay close attention to this promising seg
ment of the market. Brown Boveri Cie 
(BBG), a lead ing suppl ier of solar col lectors 
and water heaters, has also produced 
energy storing equipment. 

Wider use of solar energy, says Dr. 
Herbert Gassert, chief executive of BBC, 
is hand icapped by the structural changes 
requ i red to i nstal l  the plant. However, the 
expected rises of fuel oi l  p rices are l ikely 
to g ive solar energy a further boost. 

MAN., the energy-and -transport 
member of the GHH g roup, caters, apart 
from solar hot-water systems for bui ld ings, 
for other forms of solar energy. As well ,  
MAN. has joined other international com
panies to install a 500 kW solar farm in 
Almeido, Southern Spain ,  as a testbed for 
process heating, air-cond itioning, refrigera
tion and desalination as well as for power 
generation. 

The real potential of such instal lations 
l ies, of course, in  sun-rich d eveloping 
countries, as Dr. Friedrich Laussermair, 
member of the MAN. management board 
responsible for research, points out. It is 
in the sun belt north and south of the 
Equator for sparsely populated sett lements 
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that decentral ized solar power un its of up 
to 1 ,000 kW output could make a d iffer
ence between l ife and death. 

The solar tower, a cooperative exper
iment by several West German companies, 
includ ing KWU, MAN. and the spacecraft 
manufacturers MBB and Dornier, is a more 
long -term proj ect : the eventual target is a 
power plant with up to 100 mW capacity. 

The windmi l l  is one of the oldest forms 
of energy generation, revived by the energy 
crisis. There are now around 40 experimen
tal projects in West Germany: the biggest 
windmi l l ,  with a capacity of 3 mW, to be 
commissioned in Brunsbuettel, Sch leswig
Holstein, sometime next year, w i l l  probably 
be one of the largest in the world. It was 
desig ned and engineered by MAN.,  with 
components suppl ied by Siemens, MAN. 
and several other major companies : l ike 
solar devices, windmi l ls have their main 
use in sparsely populated areas. 

A further typ ical example of advanced 
technology for decentral ized power supply 
is the solar cel l .  AEG - Telefu nken, the 
West German electrical g roup, is a lead ing 
suppl ier of solar cells providing solar gen
erators for most telecommunication and 
other space satel l ites in Europe - and for 
some in the U.S. Now the g roup is exper
imenting with "terrestrial" solar generators 
for a variety of uses. 

Dr. Horst Nasko, former management 
board member and now research consu lt
ant to AEG - Telefunken, sees considerable 
opportunit ies for the land -based solar 
generator. A number of p rototypes have 
been instal led : a 5 kW unit supplying a 
rad io relay station on the roof of AEG's 
Berl in  headquarters ;  a seawater desal ina
tion plant in Mexico, an irrigation plant in 
Indonesia; a small (10 kIN) thermal power 
plant in Greece. A larger, 300 kW plant, 
is planned for an island in the North Sea, 
at present without any electricity supply. 

Solar cel ls cost DM 25 to DM 35 per 
watt ; their widespread use could bring the 
price down to as l itt le as DM 2 to DM 5 
per watt, accord ing to Dr. Nasko. Land
based solar generators may thus develop 
into s ign ificant business in parts of the 
Th i rd World in general, at isolated spots 
not suppl ied from publ ic power networks. 

Total energy concepts by single 
companies 

Since the fi rst oil crisis in 1973, West 
German companies in all sectors of in
dustry, publ ic ut i l it ies and even fi nancial 
institutions (the Dresd ner Bank study is 
j ust one example) have developed a new 
consciousness of energy matters. 

Some companies are in business for 
sel l ing integrated energy concepts to 
others, to organ izations and even to ent ire 
cou ntries. 

Managing the future 
with the BV Lion 
in West Germany 
and wor e 

With a strong trad it ional backg round 
Bayerische Vereinsban k 's  approach to the future is both 
modern and creative . Hence our  read iness to f inance 
prog ressive new technologies such as the European 
Airbus,  sate l l ite research ,  transport and com m u n i cation 
systems etc. Not on ly do our resou rces - BV' s 
consol idated assets exceed DM 91 bi l l ion - go to f inance 
the development of such technolog ies.  Our  ban k's  
o rganisation rel ies on a broad range of  soph isticated 
techn i cal  systems which refine and faci l itate the 
i n novative services we offer our c l ients worldwide . 
The re are branches of Bayerische Verei nsbank in  
London and Tokyo, as wel l  as a US network in 
New York, Ch icago, Los Angeles, Atlanta and Cleveland 
operating under the name U n ion Bank of Bavaria .  
BV's international presence m i rrors our farrang ing 
expansion and d iversification , coveri ng f inancial centres 
th roughout the world.  
I f  fam i l iarity with the German markets appl ied by an 
i nte rnational ban king operation i s  what you need, why 
not get in touch with us? 
The BV l ion br ings G e rmany nearer  to you . 

Bayerische Vereinbank 
Head Office Munich 
International Division 
Kardinal-Fau lhaber-Strasse 1 
0-8000 Munchen 2 
Telephone (089) 2 1 32- 1 
Telex 529 92 1 bvmd 

Union Bank of Bavaria 
(Bayerische Vereinsbank) 
New York Branch 
430, Park Avenue 
N ew York, N .Y .  1 0022, 
Telephone (21 2) 758-4664 
Telex 62 850 ubb uw 

� BAYE R I S C H E 

� VEREINSB ANK 
AKTI ENGE S E LLSCHA FT 

G 15 

© 1981 SCIENTIFIC AMERICAN, INC



Gennany 
TackIesTheEnenJy 

Chal lenge 

The Siemens group - which i ncludes 
KWU - for instance emphasizes its close 
involvement in  energy concepts in a recent 
booklet : and it is of some s ignificance that 
the new chairman to the management 
board to succeed Dr. Bernhard Plettner, 
Dr. Karlheinz Kaske, has spent his whole 
working l ife - over 30 years - in the elec
trical energy industry. The goal, as defined 
by h imself, is "the opt imum use of energy," 
in every area of power generation, d istri
bution and consumption, now reinforced by 
the new microprocessor technology which 
enables more accurate controls, regulators 
and tests. 

The Siemens concept, accord ing to 
the booklet, aims at raising further the 
energy efficiency of products ; improving 
energy uti l ization by i ncreased input of 
electricity; prod ucing energy from renew
able sources, especially for the Th i rd World ; 
developing processes for the use and 
recovery of waste heat ; and applying the 
group's knowhow in steering, measuring 
and automation technology to rat ional uses 
of energy. 

The structurally somewhat d ifferent 
MAN. group has developed its own con
cept in four  broad fields :  extraction and 
processing (frorn mine conveyor systems 
to solar farrns and gas centrifuges for 
uraniurn enrichment) ; transport, handl ing 
and storage (from d iesel engines for sh ips, 
trucks and heat pumps to conveyor sys
tems) ; power and recovery plant; and en
ergy uti l ization, includ ing buses, trucks, 
engines and heat pumps runn ing on 
alternat ive energy sources. 

The aircraft company Dornier (of World 
War I I  fame) has become involved in en
ergy projects throug h lessons learned 
during aircraft construction and space tech
nology; in  effect, an internal technology 
transfer. Knowhow gained in  the develop
ment of rapid ly rotat ing turbine parts has 
led to gas centrifuges for uran iurn enrich
ment ; satel l ite systems to solar energy; 
ai rcraft wing design to wind -power;  the 
search for h igh-strength, temperature-re
sistant materials for ai rcraft to high -tem
perature heat exchangers. 

The d iversification in  the steel i nd us
try, hit by a painful recession in demand, 
has contributed to the creat ion of energy 
concepts. Cornpanies which are large 
users of energy put the expertise gained 
in  internal energy economy to manufac
turing plant, machinery, conveyor systems 
and components for a variety of appl ica
tions in energy saving and conseNation. 

Industry saves energy 

Accord ing to the Federal Statist ical 
Bureau's estimates, West German industry's 
consumption of energy relative to the value 
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of i ts output has declined by more than 
100 percent in the past 30 years. The biggest 
energy savings have been achieved by the 
chemical industry which at the end of the 
1970s was using only one-th i rd of the en
ergy to achieve the sarne output as at the 
beginning of the 1950s. This compares 
favorably with the i ron and steel industry, 
with savings of about 25 percent over the 
sarne period. 

Though the industry's own associa
tion claims, on a somewhat d ifferent basis, 
better improvernents, energy consurnption 
per ton of rol led steel had declined by 
almost a th i rd whi le the amount of coke 
needed to produce a ton of i ron d ropped 
by as much as 38 percent. 

In terrns of oil substitution, the West 
Gerrnan steel industry has managed to 
reduce the share of oil in its total energy 
consumption frorn almost 17 percent in 
1972 to a rnere 5 percent : from 4.4 mi l l ion 
tons of fuel oi l  (largely for blast furnaces) 
in 1 973 to less than 1 .5 m i l l ion tons last 
year. The lead ing steel concern, Thyssen 
has virtually g iven up oi l  as a fuel for its 
blast furnaces. 

Another aspect of energy conser
vation - which is not related to output and 
is therefore m issing from energy saving 
statistics - is the use of waste heat pro
duced in the i ron and steelmaking process 
and sold to heat the homes of adjo in ing 
townships. 

The iron and steel industry is, of course, 
no longer self-contained. Most major com
panies are diversified groups involved in 
engineering, plant and machinery manufac
ture ( including turnkey contracts), fuel con
version, transport and trad ing. The process 
of d iversification has gone farthest at the 
Mannesmann group, only one-third of whose 
total sales relate to steel and steel p roducts. 

The group is involved in the worldwide 
energy market: from supplying piping for oil 
and gas from fields in the great depths of 
the North Sea to land pipelines carrying gas 
over thousands of ki lometers from Siberia 
and oi l  from I raq's Kirkuk field to a Gu lf 
terminal, to the extraction and transport of 
fuels, conversion, process heating and steel
making plant. 

West Germany's largest steel producer, 
Thyssen, too, is diversifying: the last accounts 
show that only about 40 percent of the 
group's total turnover originates in steel 
(including special steels), with capital equip
ment and manufactures approaching the lev
el of steel sales. Combined trading and 
services exceed steel sales by a substan
tial margin. 

Thyssen is virtually self-sufficient in 
power, with sufficient waste heat left to supply 
space and water heating for 5,000 homes 
around the Duisburg steelworks. 

The · group plans to save about one
quarter of the natural gas it uses at present 
and also reduce the coal and coke input by 
introducing larger oxygen converters. Energy 
cost savings from these projects should 

reach 30 percent of the total over the next 
few years : 10 percent from conversion from 
natural to recovery gas and 20 percent from 
reducing the input of coke and coal per ton 
of i ron and steel produced. 

Thyssen's energy concept, says Dr. 
Karl-August Zimmermann, board member 
responsible for research and development, 
is a flexible one which would enable the 
group to switch back to gas - or even oil 
- if the price of coal once again exceeds 
that of gas or oil. (Thyssen al ready meets 
30 to 50 percent of coke requ i rements 
from its own coke ovens). 

Krupp's contribution to coal gasification 
through its Krupps-Koppers subsid iary has 
al ready been noted : the g roup's activities, 
however, extend over virtually the whole 
energy field. �s overall energy concept serves 
a mult ip l icity of aims: g iant bucket-wheel 
excavators employed in  opencast soft coal 
min ing are also used for tar sand excava
tion and are being adapted to hard coal 
and oil shale stripp ing.  

The tar sand excavator works in  ex
treme temperatures : but so does the ice
breaking ore/oi l  bulk carrier recently devel
oped to transport fuels and raw materials, 
and another vessel to carry l iqu ified natural 
gas (LNG) from the Arctic. (The Bremen ship
yard, AG Weser, which bui lds these sh ips, 
is a member of the Krupp g roup.) 

Like Mannesmann, Krupp appl ies its 
steel technology to supply parts to nuclear 
power stations. Like Thyssen, Krupp's re
covery gas from a new oxygen furnace wil l  
also provide space and water heat ing for 
5,000 homes in the Rheinhausen/Duisburg 
area. 

Chemical waste as power source 

Professor Dr. Matth ias Seefelder, chief 
executive of BASF - one of West Germany's 
Big Three chemical g roups - once de
scribed the 1980s as "the decade of raw 
materials." The fi rst year of the decade had 
confi rmed that view: "We believe we have 
done someth ing towards preparing for it 
in terms of exploration, promotion, tech
nology and investment," he added recently. 

BASF certain ly has. Efforts to integrate 
chemical waste disposal with the provision 
of process heat and electricity in  a closed 
cycle process have resu lted not only in 
energy economy but have also reduced 
environmental damage and, at the same 
time, the cost of toxic waste d isposal. 

BASF needs power and steam ca
pacity of 750 mW to satisfy its own re
qu i rements at the huge Ludwigshafen 
complex: it provides 600 mW "in house." 

Heat left after chemical p rocessing, 
says board member Dr. Ronald Schmitz, 
is being used in the factories ; and, as a 
new steam cracker produces 10 percent 
surplus heat as a by-product, the company 
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If you are in a business that is looking to 
expand in the Common Market, take a lead from 
Henry Ford. 

Become a business Berliner. 
Because the same incentives and advantages 

that inspired Ford Motor Company to build a 76 
million dollar factory in Berlin apply to you. No 
matter what the size of your business. 

Unique among these advantages is Berlin's 
turnover tax rebate which effectively adds up to 
10.2% of sales to profit. Every year. 

In addition, substantial investment grants, 
low interest loans, income tax concessions and a 
highly favorable infrastructure combine to make 
Berlin an ideal Common Market location. 

To show you exactly how these benefits can 
affect your bottom line, we offer the serious in-

vestor a ten year comparative profitability study
using your own data -prepared by an independ
ent Big Eight accounting firm. 

Here you will find an economically and 
politically stable city that hasn't had a major 
industrial strike in 35 years. A dependable, highly 
skilled and productive labor force. Free access. 
No supply problems. A high-technology environ
ment. Plus, the culturally dynamic Berlin. 

To Ford Motor Company, Berlin is a major 
manufacturing location for plastic components 
needed by their other European production plants. 
To Mercedes Benz, Berlin is the producer of every 
Mercedes crankshaft in the worlu. 

Join Ford, IBM, Gillette, General Motors, 
Philip Morris, Warner Lambert and other busi
ness Berliners who enjoy our outstanding finan-

cial, economic and political climate. 
For more information contact: Mr. Wolfe J. 

Frankl, the North American Representative, 
(212) '132-8070. Or fill in the coupon below. 
r - - - - - - - - - - -, 

I Economic Development I 
I BERUN I 
I Name I 
I 

Company Tel . ---

I Address ____________ _ 

I Ci� I 
I State 

. 
Zip I 

Mall to: W.J. Frankl, 

I I Berlin Economic Development Corporation, 

L _ S�8�n�d..:=�,�O�Y. lOO48 
_ 
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is invest igat ing the possib i l ity of sel l ing 
i t  to the town of Ludwigshafen for d istrict 
heat ing. 

The West German chemical industry 
has, as al ready noted, led the way in en
ergy saving, with an energy input per tum
over only one-th i rd of its 1 950 level . 

Although the big chemical g roups st i l l  
regard oi l  as their principal raw material 
for the remainder of this century, BASPs 
steam cracker can use l iqu id petroleum 
gas (LPG) for up to 15  percent of its feed
stock, thus rep lacing oi l -based naphtha. 
Both BASF and Hoechst are experimenting 
with coal-based methanol to produce a 
wide variety of petrochemicals, plastics 
and synthetic fibers. 

At the same t ime, the big chemical 
g roups are doubtful about coal altogether 
displacing oi l  as a s ign ificant source of 
feedstock, in the foreseeable future at any 
rate. Professor Dr. Ro� Sammet, chief execu
tive of Hoechs.t, maintains that the use 
of coal as a chemicals raw material wil l 
remain l imited, not only because of the 
much higher cost of conversion into feed
stock but because increase in domestic 
output (a no more than 15  percent or so 
g rowth in coal output is envisaged in  the 
next 1 5 -20 years) itself is l im ited. 

Professor Dr. Herbert Gruenewald, 
chief executive of Bayer, agrees, and at 
the same t ime makes a special plea for 
the industry :  "Crude oil and natural gas 
resources could be stretched and also re
served for the chemical and transport sec
tors ; it is demand for other forms of en
ergy that should be met from other sour
ces." 

As long as the d istribution of resour
ces depends on price, Professor Gruene
wald is confident that the chemical indus
try would be able to safeguard its share. 

Auto makers face tough test 

A recent paper by two research 
executives of Volkswagenwerke IY'NJ, one 
of the world's top automobile companies, 
pointed to the mult ipl icity of goals which 
would have to be ach ieved by the car of 
the future. It would have to meet demands 
for less energy consumption, lower exhaust 
gas emissions and noise levels, more 
safety and other adj ustments to traffic-mix 
cond itions whi le at the same t ime maintain 
at least present performance levels. An 
altogether tall , and sometimes conflict ing,  
order one may say. 

The present cl imate for such i nno
vative development is not, however, par
ticularly auspicious. Last year, most West 
German companies suffered sales losses 
and profit setbacks, reilected among others, 
in VNs cut of dividends to shareholders. (The 
notable exceptions were Daimler-Benz 
which not only increased its share of the 
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domestic market but also its volume sales. 
And BMW, too, has managed to raise its 
output, albeit sl ightly). Export markets were 
hit: the US suffered the biggest d rop in 
car sales in  this century. 

All the same, bad t imes tend to 
sharpen the survival instinct, and the VW 
researchers suggest that a 10 percent re
duction in the aerodynamic drag alone could 
reduce fuel consumption by 3-4 percent. 
They consider an ult imate 30 perce.nt d rag 
reduction attainable. 

Weight reduction through steel sub
stitution, narrower t i res with g reater air 
pressure, lean-mixture engines coupled 
with electronic controls, high-compression 
engines, a mod ification of gear ratios, 
"uncoupl ing" of engines when the driver 
takes his foot off the accelerator and cutt ing 
out g roups of cyl inders when id l ing are 
further devices to aid fuel economy. So are 
alternative engines such as the gas tur
bines and the so-called St ir l ing engine 
and the battery-d riven car. 

The t ime-scale of all these improve
ments depends heavily on the wi l l ingness 
of the customer to pay as well as on the 
rise in  gasol ine prices, says Professor 
Dr. Ernst Fiala, board member of VW. 

Daimler-Benz which, with its larger 
and more luxurious cars caters for a d if
ferent cl ientele, al ready incorporates many 
of these features. (Nearly half its cars and 
virtually al l its commercial vehicles run on 
d iesel fuel). Board member Professor 
Dr. Wemer Breitschwerdt predicts, however, 
that future savings wil l  be on a diminishing 
scale. Reason :  automobile technology is 
al ready far advanced. 

"The recession demands more intel
l igent solutions," says Professor Breit
schwerdt. "We'l l  have to accept a change 
in  the worldwide production pattern : ' intel
l igent' products should be manufactured in  
the West, 'crude' ones in the less devel
oped countries. The same appl ies to com
ponents." 

Herr Eberhard von Kuenheim, chief 
executive BMW, however sees new emis
sion legislation, particularly in the US, as 
being in  d i rect confl ict with energy saving 
and tend ing to aggravate al ready d ifficult 
market cond itions. Nevertheless, he was 
able to point out with some pride earl ier 
this year that BMW was one of only three 
European automobile manufactu rers (the 
others were Daimler-Benz and Renault) 
who were able to increase their output 
in 1980. 

All the West German motor vehicle 
makers participate in a long-range country
wide program for alternative fuels, i ncluding 
coal-based methanol and l iquid hyd rogen 
(about one-th ird of VNs Brazi l ian-made 
cars have engines adj usted to alcohol
mixture) . In add it ion various experiments 
are running which involve among others 
the "duo bus" (it may switch from gasol ine 
ot d iesel power to electric and vice versa) , 
the "noiseless" bus as well as vehicles of 
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various s izes running on elevated electric 
gu ideways. Companies involved include 
the automobi le, truck and bus manufac
turers - VW, Daim ler-Benz, Ford, Opel, 
MAN., Kloeckner-Humboldt-Deutz (KHD) 
as well as MBB, Dornier, Siemens, Mannes
mann-Demag, Krauss-Maffei and others. 

Brown Boveri has h igh hopes of their 
new high -energy car electric battery which, 
chief executive Dr. Gassert bel ieves, could 
eventually save mi l l ions of tons of motor 
fuel. 

. 

The major motor vehicle component 
manufacturer Bosch is, of course, in the 
center of al l  energy-saving activities. For 
example, up to 20 percent gasol ine sav
ings are claimed from the Motronic - an 
electronic device control l ing fuel injection 
and ign it ion ; more savings by using the 
company's engine test ing system, or the 
ALI traffic control and information system 
which is now on trial in various traffic ex
periments throug hout the country. 

Dr. Hans Bacher, Bosch board mem
ber, ad mits that integrated electronic con
trol systems are sti l l  relatively expensive: 
but the Bosch research team is working 
hard at developing new, cheaper and yet 
effective systems. 
KHD (which has, among others, prod uced 
the engine for the "noiseless" truck) has 
developed a whole range of energy saving 
engines, turbines and pumps for commer
cial vehicles, ships and a variety of en
g ineering plant ; also devices for the uti l
isation of waste heat and gases for addi
t ional energy input. The company claims 
up to 30 percent fuel savings in its air
cooled truck engines, most of which are 
sold in the US. 

KHD's comprehensive energy con
cept as well as strateg ies in other areas 
are the result of work by a team of strategic 
planners engaged in long-range planning 
as far ahead as Year 2000. 

A long term solution 

The technological solution of West 
Germany's long-term energy problem is in 
the hands of a few thousand - possibly 
only a few hundred - people working in a 
variety of Government departments, re
search institutes, organ izations and private 
companies. Their task is undoubted ly made 
more d ifficult by the recession and the 
financial stringencies associated with it. 
However, as this report shows, it is being 
recog nized that in precisely such times of 
stringency must attention be focused on 
the wise use of scarce resources, if for no 
other reason than to safeguard the na
tion's future. 

Dr. Bund, of Ruhrkohle, has put it suc
cinctly: "The oil crisis has been an inspira
tion for technolog ical advance: th is is the 
t ime for posit ive thinking." 
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TumkeJ 
The efficient use of avai lable natural  resources and the systematic development of manufacturing industries around 

the world constitute a major challenge to modern technology. 
Krupp, one of West Germany's leading industrial groups with worldwide sa les in 1980 of DM 1 5.6 bi l l ion 

and more than 85,000 employees, is in  the forefront of technologica l  advances across a broad spectrum 
of specia l ized industries. The Group's d iversified activities range from plantmaking, steelmaking 

and mechanical engineering to shipbui ld ing, trading and services. 
For example, Krupp engineers plan, design and construct turnkey plants for world markets: steel works, cement factories, 
coal conversion plants, water treatment plants, food processing plants, sugar mi l ls, meta l and plastic processing plants 

and many other complex insta l lations requiring vast technical capabi l ities, know-how and experience. 

<i> K R U P P  
Fried. Krupp GmbH , Altendorfer Strasse 103 . P. O. Box 10 22 52 . 4300 Essen 1 . West Germany 
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Who wil l  be first 
to sweep the skies 

of the world? 
It could be. you and H u g hes G round 

Systems. 
We're p ioneers i n  3·0 radar, and a 

world leader in deployed automated a ir  
defense systems.  T h ro u g h o u t  t h e  
NATO cou n t ries,  the F a r  East a n d  
across the U n ited States, our  systems 
form protect ive rings around the world. 
. And t here's more. H u g hes G round 
Systems' sonar, radar, com m u n i ca· 
t ions,  computers, software and d i s
p lays form total i n teractive systems for 
whole cou n t ries,  and'" we ' re there from 
i n ception to complet ion.  

From u ndersea systems to the depths 
of space, t here's real ly  no l imit  to your 
career at H ughes.  

I n  fact, today, Hug hes is one of the 
nation's largest employers i n  v irtually 
every electronic, scientif ic,  computer and 
techn ical discipl ine - with 1 ,500 projects 
and a backlog of over $6 b i l l ion.  

Who wi l l  be f i rst with  the land,  sea 
and air sec u rity of the free world? It  
cou ld be you and H u g hes. 

At H u g hes F u l lerton,  we ' l l  i n t roduce 
you to people, ideas and jobs t hat could 
change your world. And maybe ou rs. 

It could be you and Hughes 
Ground Systems 

Cal l  or s e n d  re s u m e  t o :  

H u g hes G ro u n d  Systems 
P.O. Box 4275,  Dept .  AS-7 
F u l l ert o n ,  CA 92634 
(7 1 4) 732·7623 

Cu rrent ope n i n gs:  

ASW/USW Systems E n g i neers 
CAM/Eng i n eers/Programmers/CA T 
C i rcu it  DeS i g n  E n g i neers 
Com m u n i cat ion & Radar 

Systems E n g i neers 
Com m u n i cat ions Systems E n g i neers 
Data Proces s i n g  & 

Display Eng i n eers 
Fie ld Eng i n eers 
Manu fact u ri n g  Systems 

Analysts (Operat ions) 
Prog ram mers - Sonar, Real T i me 
Radar Systems E n g i neers 
S i g nal Proces s i n g  E n g i neers 
Software Systems/Test E n g i neers 
Test & I nteg rat i o n  E n g i n eers 
Torpedo System E n g i n eers 
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Genetic Engineering 
in Mammalian Cells 

One goal of recombinant-DNA technology 1'S the cure of human 

genetic diseases. As a step toward the goal a hereditary defect is 

corrected by microinjecting a single gene into a mammalian cell 

by W. French Anderson and Elaine G. Diacumakos 

More than 2,000 human genetic 
diseases have been described: 
diseases caused by the inheri

tance of a defective gene coding for a 
defective protein. Some of these diseas
es can be treated but none can be cured. 
A cure might be effected either by cor
recting the mistake in ON A structure 
that is responsible for the disease or by 
transferring a normal, functional gene 
into the defective cells. Genetic-engi
neering technology makes it possible to 
isolate a single gene from an organism's 
total DNA, to "recombine" it with a car
rier molecule of DNA and to introduce 
the recombinant DNA into a bacterial 
cell. From the beginning it has been 
clear that if genetic engineering could be 
extended to mammalian cells, one of the 
exciting applications might someday be 
gene therapy in human patients. 

Readers of this magazine are familiar 
with the major recombinant-DNA tech
niques involved in the molecular clon
ing of foreign DNA in bacteria. DNA, 
the genetic material, is a long, very thin 
double helix, each strand of which is a 
chain of the subunits called nucleotides. 
Each nucleotide includes one of the four 
chemical groups called bases, and the 
seq uence of those bases encodes the ge
netic information; a gene is a stretch of 
DNA encoding the information that is 
transcribed into messenger RNA and 
then translated to make a protein. In 
molecular cloning the DNA to be 
cloned is spliced into a vector molecule, 
usually a plasmid (a small circular piece 
of bacterial DNA) that carries a gene 
for resistance to some antibiotic. The re
combinant plasm ids are incubated with 
bacterial cells that have been treated 
to make them permeable. Some of the 
cells take up the plasmid; such "trans
formed" cells can be selected by the in
vestigator because they grow 

'
in the pres

ence of the antibiotic. Transformed cells 
that incorporate the desired DNA frag
ment are further selected by a variety 

'
of 

techniques. These cells can be grown in 
large quantities either to prod uce a pro-
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tein encoded by the fragment [see "Use
ful Proteins from Recombinant Bacte
ria," by Walter Gilbert and Lydia Villa
Komaroff; SCIENTIFIC AMERICAN, April, 
1980] or to study the structure and 
expression of the fragment [see "Split 
Genes," by Pierre Cham bon; SCIENTIFIC 
AMERICAN, May]. 

Genetic engineering in mammalian 
cells calls for additional steps. Ways 
must be found to introduce the desired 
gene, purified and amplified by cloning 
in bacteria, into a mammalian cell. Then 
ways must be found to express the gene: 
to get the DNA of the gene transcribed 
into messenger RNA and to get the 
messenger RNA translated into protein. 
Techniques for inserting a gene into a 
mammalian cell have been developed. 
In the case of at least one gene normal 
expression has been achieved. Here we 
shall describe these results and outline 
some of the difficulties, largely having to 
do with the expression of cloned genes 
in mammalian cells, that must be sur
mounted before gene therapy for hu
man patients is feasible. 

The Transfer of Genes 
Even before the advent of recombi

nant-DNA technology a procedure had 
been developed for transferring genes 
from one mammalian cell to another: 
somatic-cell hybridization, or the fusion 
of two body cells (as opposed to germ 
cells). Two lines of cells are incubated 
with an agent, such as inactivated Sen
dai virus or polyethylene glycol, that 
promotes fusion between cells of the 
two lines. At first a fused cell has two 
nuclei, each containing the chromo
somes of one of the parent cells; in the 
course of cell division the nuclear mem
branes disintegrate and a new single 
nucleus is formed that contains chro
mosomes from both parent cells and 
expresses some genes of both parents. 
Such hybrid cells are isolated by incuba
tion in a "selective" medium in which 
only hybrids can survive. 

The study of hybrid cells makes it 
possible to associate particular charac
teristics with particular chromosomes 
and thus to map the location of genes on 
chromosomes. It also provides informa
tion about how the expression of genes 
is regulated in mammalian cells. As a 
hybrid cell divides it often loses chro
mosomes from one parent cell or both 
of them. Sometimes a gene that has not 
been expressed for a number of genera
tions is turned on again, implying that 
the cell has lost a chromosome carrying 
a negative regulator for the gene in ques
tion. Sometimes a gene that is normally 
not expressed in a specialized parent cell 
is turned on in a hybrid. For example, 
the genes for the alpha and beta chains 
(of amino acid units) in the protein he
moglobin, which are not expressed in 
fibroblasts (connective-tissue cells), are 
turned on when a fibroblast is fused with 
an erythroid cell (a hemoglobin-form
ing cell or one of its precursor cells); 
some regulating factor in the erythroid 
cell apparently activates the genes in 
the fibroblast chromosome for globin: 
the protein chains of hemoglobin. 

Cell fusion continues to be an effec
tive procedure for studying gene expres
sion, but other methods are necessary 
if one is to capitalize on recombinant
DNA techniq ues and insert a partic ular 
DNA fragment carrying a single gene 
into living mammalian cells. Two pro
cedures have been developed for trans
ferring individual genes into popula
tions of cells. One method calls for link
ing the gene DNA to the DNA of an 
animal virus and then infecting the tar
get cells with the virus. For example, the 
rabbit beta-globin gene has been insert
ed into the DNA of the monkey virus 
SV 40. A laboratory line of monkey cells 
infected with the recombinant virus 
expressed the gene: they made both its 
messenger RNA and the protein it en
codes. The human beta-globin gene is of 
particular interest because mutations in 
that gene are responsible for both sickle
cell anemia and beta thalassemia, two 
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hereditary disorders of red blood cells 
that afflict many thousands of people 
worldwide. 

The other method is DNA-mediated. 
gene transfer. A purified DNA fragment 
carrying the desired gene is mixed with a 
carrier DNA and is precipitated out of 
solution with calcium phosphate. The 
target cells are incubated with tlie pre
cipitate, and some of them are trans
formed by the desired gene. By this 
method Richard Axel, Angel Pellicer, 
Saul J. Silverstein and Michael Wigler, 
who were all then working at the Co
lumbia University College of Physi
cians and Surgeons, were able to correct 
a genetic defect in mouse cells. They 
worked with a purified fragment of 
DNA (from the herpes simplex virus) 
that carries the gene for the enzyme thy
midine kinase (TK). A small amount of 

the purified DNA, mixed with several 
milligrams of salmon-sperm DNA as a 
carrier, WaS precipitated onto a culture 
of mouse L cells, which lack the TK 
gene; they are TK-. About one L cell in 
a million incorporated a TK gene; these 
transformants grew and divided nor
mally in a selective medium in which 
TK- cells die. In effect they had been 
"cured" of their genetic defect. It is pos
sible to transfer essentially any gene of 
interest either by mixing)t with, or link
ing it to, the TK gene or some other gene 
that confers a selective advantage on 
transformed cells. 

Microinjection 
Both in the recombinant-virus tech

nique and in DNA-mediated gene trans
fer the DNA of interest must be incubat-

ed with a large population of target cells 
in order to obtain a few cells that stably 
incorporate the desired gene. It seemed 
to one of us (Anderson) that it would be 
valuable .to develop a procedure where
by a single copy of a specific gene could 
be inserted directly into the nucleus of a 
single cell, which could then be propa
gated into a large clone of identical cells, 
each incorporating the inserted gene. 
Such a procedure might begin with the 
injection of the desired gene into a cell 
nucleus through a micropipette. J. B. 
Gurdon, who was then working at the 
University of Oxford, and others had 
demonstrated the great investigative 
power of his procedures for microinject
ing either entire nuclei, purified genes or 
specific messenger RNA into denucle
ated frog eggs or into oocytes, which 
are immature egg cells. A frog oocyte 

SINGLE MAMMALIAN CELL being microinjected with DNA is 
enlarged 8 ,500 diameters in a phase-contrast photomicrograph made 
by one of the authors (Diacumakos). The cell, a mouse fibroblast, is 
suspended from a glass cover slip. The micropipette enters the field 
from the top; its tip is in the cell nucJeu�. The pipette's outer diame

ter is one micrometer (thousandth of a millimeter); the internal diam-

eter is .5 micrometer. The pipette is filled with a saline solution of 
a recombinant plasmid carrying the gene to be transferred to the cell. 
An amount of solution calculated to contain (on the average) one 
copy of the gene is injected into the nucleus. A microinjected cell ap
pears to recover from the procedure immediately. When the cell is 
put in a culture medium, it divides and proliferates to form a colony. 
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is about a millimeter in diameter, how
ever; its volume is 100,000 times larger 
than that of a mammalian body cell. 
Very different techniques would there
fore be required for micro injection into 
a mammalian-cell nucleus. 

The necessary techniques had been 
developed by one of us (Diacumakos) in 

NUTRIENT MEDIUM 
AND FUSING AGENT 

FIBROBLAST 

HAT MEDIUM 

1970. Careful examination of cells mi
croinjected with DNA showed that they 
recovered immediately from the injec
tion and subsequently grew and divided 
perfectly normally. A few years later, 
when it became possible to isolate and 
clone specific genes, we decided to col
laborate in an effort to microinject sin-

1 

MOUSE CELL 
(TK-) 

MOUSE CELL 

SOMATIC-CELL HYBRIDIZATIOr-; is one technique wherehy genes can be transferred 
from one cell to another. Parental cells from two sources are fused by mixing them together in 
the presence of a fusing agent such as inactivated Sendai virus or polyethylene glycol. Fusion 
of two cells results first in a heterokaryon, with two nuclei (which contain the chromosomes) 
and a mixed cytoplasm. After cell division a single new nucleus is formed that contains the 
chromosomes from each of the parent cells. Fused cells are selected by incubation in a selec
tive medium, HA T, in which only they survive and multiply; in the case illustrated the mouse 
cells, which lack the gene for the enzyme thymidine kinase (TK), die and the human fibroblasts 
divide only slowly. In cell division some chromosomes are lost; in mouse-human hybrids it is 
the human chromosomes that are lost. Hybrid cells can be studied to associate particular char
acteristics (and thus their genes) with specific chromosomes or to learn how genes are expressed 
(transcribed into messenger RN A, which is translated into protein) in a foreign environment. 
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gle genes into individual mammalian 
cells. Adolph Graessman of the Free 
University of Berlin has developed a 
similar method; his procedure is partic
ularly effective for analyzing the gene 
products of a large number of inject
ed cells, since it can be done faster 
(although with less precision) than our 
procedure. 

We decided to transfer a copy of a TK 
gene and a copy of a beta-globin gene 
into a TK - mouse L cell (which does not 
make globin) and see whether the cell's 
TK deficiency could be corrected genet
ically and whether the globin gene could 
be replicated and expressed. We chose 
this combination because we knew that 
the TK gene had been transferred to 
TK- cells by DNA-mediated gene trans
fer and that other DNA fragments could 
be cotransferred with the TK gene. 
There should be a reasonable chance of 
success if we made a solution in which 
both the TK gene and the globin gene 
were present at a concentration of one 
molecule per 10-11 milliliter (one hun
dredth of a picoliter) and then injected 
10-11 milliliter of the solution into each 
nucleus. (Actually, of course, a given in
jection dose could contain anywhere 
from no DNA molecules at all to sever
al molecules.) 

The plan was to insert a TK gene from 
herpes simplex into a copy of the plas
mid designated pBR322 and to insert a 
human beta-globin gene into another 
copy of the same plasmid. This particu
lar vector plasmid has genes conferring 
resistance to two antibiotics: ampicillin 
and tetracycline. 

The Experiment 
To make a recombinant plasmid one 

exploits one of a group of enzymes 
known as restriction endonucleases. 
Each restriction enzyme recognizes a 
particular short sequence of bases and 
cleaves the DNA at a particular site in 
that sequence. DNA's cleaved by the 
same restriction enzyme therefore have 
matching ends and can be ligated. Lynn 
W. Enquist of the National Cancer Insti
tute, William C. Summers of Yale Uni
versity and their colleagues isolated a 
herpes simplex DNA fragment, 3.5 kilo
bases (thousands of bases) long, carry
ing the TK gene by cleaving the viral 
DNA with the endonuclease BamHI. In 
our laboratory at the National Heart, 
Lung, and Blood Institute, Peter J. 
Kretschmer cut open the circular plas
mid pBR322 with the same endonu
clease. Then Enquist and his colleagues 
ligated the two molecules to create a re
combinant plasmid designated pX 1. Be
cause BamHI cleavage disables one of 
the plasmid's two antibiotic-resistance 
genes, pX I confers resistance to ampi
cillin, but not to tetracycline, on any 
bacterium in which it replicates. 

A recombinant plasmid incorporating 
the globin gene was prepared in a sim-

© 1981 SCIENTIFIC AMERICAN, INC



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 I And 
an optional cassette player with am
plifier and graphic equalizer, for the 
ultimate in automotive sound. 

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

electronic fuel injection and an in
novative 4-speed automatic over
drive transmission, to enhance the 
new 2.8 liter engine's efficiency. 
MacPherson strut front suspension 
assures a soft, controlled ride. 

T he Toyota Cressida. If you're 
wondering why you should buy a 
luxury car from a company famous 
for economy cars, you need do 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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New, 
improved 

Allied. 

By now, you probably know 
our name is new (it used to be 
Allied Chemical). 

So what else is new? 

We lost our losers. 
Some of our operations just 

weren't profitable. So we sold 
them. And some operations 
lacked potential for leader
ship or growth. We sold them, 
too. Sometimes, you have to 
shrink to grow 

Fewer operating parts. 
We turned nine dependent 

divisions into four self
sufficient operating com
panies. That move let us trim 
our corporate staff from 1750 
to 450 people. And saved us 
$30 million a year. 

Saving is good. Earning is better. 
1980 was a year for setting 

earning records. Our net 
profit hit a record $289 mil
lion. Our return on assets 
jumped one-third. And we 
wiped out our entire domestic 
short-term debt. All of which 
boosted our earnings per 
share 37% to a record $8.15. 

And while we're on the sub
ject, guess what our first 
quarter earnings did in 1981. 
They set another record. 

"Our research is our future." 
Every corporation talks like 

that. But how many corpora
tions double their research 
programs in two years? We 
did. From $70 million in 1979 
to $145 million this year. Dur
ing the next five years, we'll 
spend $900 million. 

What are we spending all 
that money on? Bright ideas 

like Metglas� our new metal 
alloy that can cut energy 
losses in electrical equipment 
by 75%. And our synthetic 
alexandrite lasers. (We're 
developing them for NASA for 
possible satellite weather 
forecasting.) And genetic 

engineering for new agricul
tural products. 

The future's the future. 
What about now? 

It can take ten years for an 
invention to become a prod
uct. So, to keep growing right 
now, we're expanding old 
markets and opening new 
ones for current products. 

Our new Anso IVTM carpet 
fiber, the first with built-in soil 
and stain resistance, has 
taken its market by storm. Our 
new Linotron™ 202E photo
typesetter sets over 6,000 
Japanese characters, open
ing a vast market for u's in the 
Far East. And our big new off
shore Louisiana gas field has 
just gone into production. 

What we do 
with what we earn. 

This year, we're spending 
$600 million of it. On capital 
expenditures. Because long
term growth means more to 
us than short-term profit. 

Our master plan. 
It happens to be one of our 

most valuable assets. 
Because it keeps us moving 
straight toward our goals: 

To grow our present busi
nesses. To diversify with 
inventions and acquisitions. 
And to increase our profits at 
a steady rate. 

We're going to achieve 
those goals the only way we 
know how: 

By rol ng up our sleeves 
and getting down to business. 

That way, we'll stay new 
and improved. �L�p§!? 
We mean business. 
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••• Savour the old world ambience of Ottawa, Canada's capital 

city, the splendours of our heritage in art, architecture, pomp, 

pageantry and spectacular Changing the Guard ceremonials on 

Parliament Hill. The pleasures of riverside parks and promenades, 

canals and winding waterways, bicycle paths and garden walks

yours to discover this summer in Ottawa, Dntario/Canada. 

Call us COLLECT (416) 965-4008 or write: Ontario Travel. 

Dept. C.s., Queen's Park, Toronto M7A 2E5. 

"capital 
sights" 

� I to dis coverl 
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ilar way by Russell- E. Kaufman, Ar
thur W. Nienhuis and Kretschmer. They 
started with a 15.9-kilobase segment of 
human DNA that included the beta
globin gene, which had been isolated 
by Thomas P. Maniatis of the Califor
nia Institute of Technology and his col
leagues. They cleaved from it, with the 
enzyme PstI, a smaller 4.4-kilobase seg
ment carrying the gene, and they insert
ed the segment into the PstI-cleaved 
opening of another copy of the plasmid 
pBR322. The resulting recombinant 
plasmid, pRK 1, confers resistance to 
tetracycline but not to ampicillin. The 
two recombinant plasm ids were cloned 
separately in the bacterium Escherichia 
coli, isolated and purified. That supplied 
us with two pure preparations of plas
mids, one carrying the TK gene and one 
carrying the gene for beta globin. 

Microinjection was done by Lillian 
KilIos, a George Washington University 
graduate student working in our labo
ratory. She seeded several dozen TK 
mouse L cells onto a glass cover slip, 
which was placed upside down on a 
glass slide and separated from the slide 
by small glass supports. The chamber 
thus formed was filled with a culture 
medium, its edges were sealed with sili
cone oil and it was placed on the stage of 
a binocular phase-contrast microscope 
under 2,OOO-fold magnification. 

A micropipette whose tip had an in
ternal diameter of .5 micrometer (five 
ten-thousandths of a millimeter) was 
made on a specially built "microforge." 
Several cells in each of a number of 
chambers were injected with (on the 
average) one of each kind of plasmid. 
The cover slips were removed from the 
chambers and the cells on them were 
incubated first in a normal medium and 
then in a standard medium, called HAT. 
in which only cells making thymidine 
kinase can survive, Three cover slips 
from the first series of injections yield
ed seven dividing colonies, which were 
transferred to individual Petri dishes 
and grown for analysis. 

The fact that these cells had survived 
in HAT medium showed they had a 
functional TK gene. Was it a TK gene 
that had arisen by a "back" mutation in 
a normally TK - L cell or (as we hoped) 
was it a microinjected herpes simplex 
TK gene we had injected that was repli
cating and being expressed? Linda San
ders-Haigh, another George Washing
ton graduate student, established that 
the vital TK gene was physically pres
ent in the L cells by "Southern blot" 
analysis, a procedure devised by E. M. 
Southern of the University of Edin
burgh. The total DNA of one of the suc
cessfully microinjected colonies, C2B, 
was digested with the restriction enzyme 
BamHI. The resulting fragments were 
subjected to gel electrophoresis, which 
separates DNA fragments according to 
their size. If the 3.5-kilobase fragment 
of herpes simplex virus containing the 

RECOMBINANT-VIRUS 
TECHNIQUE 

� RABBIT DNA SV40 

DNA-MEDIATED 
GENE TRANSFER 

J'".'I ;:-" ..... ::, ,I DNA FRAGMENTS 
r / � ,J CARRYING TK GENE 

o VIRAL DNA 
. :-;;: "; - '. 

BETA-GLOBIN 
GENE 

LIGATE 

o 
1 

RECOMBINANT 
VIRAL DNA 

MONKEY 
CELLS 

l ij<.\1-- CARRIER DNA -- ""\-1 j': ..lo
l. 

-. 
\ (�.��-J�

CALCIUM IONS 
-. -' X. 

PHOSPHATE BUFFER 

'�( 
CALCIUM PHOSPHATE 1 PRECIPITATE 

MOOS" ems _I 
1''-' � 
��� 

HAT MEDIUM 
-----

TK+ L CELL 

TWO ESTABLISHED TECHNIQUES for transferring a particular gene into a mammalian 
cell are illustrated. In the recombinant-virus technique (left) the genetic material DNA is ex
tracted from a virus such as the monkey virus SV40. A segment of the DNA is cut out and is re
placed by the DNA fragment of interest, in this case a fragment, cleaved from rabbit DNA, 
that includes the gene coding for the beta chain of amino acid units in the hemoglobin mole
cule. When monkey cells are infected with the recombinant virus, the gene for globin (the pro
tein of hemoglobin) replicates with the viral DNA and is expressed. In DNA-mediated gene 
transfer (right) DNA fragments carrying the gene for TK (and perhaps another gene to be 
transferred) are mixed with a carrier DNA in a phosphate buffer solution. Calcium ions are 
added, forming a calcium phosphate precipitate that traps the DNA. The precipitate is pipetted 
onto a culture of TK - cells, which lack the gene for TK. About one cell in a million takes up 
the TK DNA and expresses the gene; only these "transformed" cells survive in HAT medium. 
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HERPES SIMPLEX 
VIRAL DNA 

EcoRI HUMAN DNA AMP" EcoRI 

� AMPICILLlN
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¢ 
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WITH Pstl 
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BETA-GLOBIN 
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� 
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�r--c&?i"b� t -------,----,I )� 

BETA_GLOBIN0RK1 
GENE 

L CELL (TK-) >�'--··:<;""· ·i·· --__ .... _ MICROPIPETTE 
NUCLEUS PLASMIOS 

RECOMBINANT PLASMIDS carrying tbe TK gene (bottom left) 
and tbe gene for buman beta globin (bottom right) are prepared for 
microinjection. In eacb case botb Ii source of tbe genes to be injected 
(berpes simplex virus Type 1 DNA or bum an DNA) and a vector 
plasmid (pBR322) are cleaved witb a restriction endonuclease, an en
zyme tbat cuts tbe double helix of DNA at a unique site in a particu
lar sbort sequence of bases (the chemical groups that characterize the 
subunits of tbe DNA strand and whose sequence encodes genetic in
formation). Cleavage sites and otber restriction-enzyme sites are in
dicated. Lengtbs of molecules are given in kilobases (tbousands of 
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bases). The vector plasmid carries genes conferring resistance to two 
antibiotics; cleavage disables one of those genes. Since a gene frag
ment and the plasmid into which it is to be inserted are cut with the 
same endonuclease, they have matching ends; the ends are ligated, 
forming a recombinant plasmid that incorporates the desired gene: 
for TK (left) and for human beta globin (right). These plasm ids are in
troduced separately into the bacterium Escherichia coli; transformed 
bacteria are selected by their resistance to an antibiotic. Each trans
formed cell gives rise to a c lone: a colony of cells each of which houses 
the identical plasmid. The plasm ids are extracted for microinjection. 
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TK gene was present and was replicat
ing in the C2B DNA, its many copies 
should form a discrete band on the gel. 

The Southern procedure for finding 
such a band depends on the fact that two 
single strands of ON A with complemen
tary base sequences will hybridize, that 
is, match up and bind to each other. The 
electrophoresed DNA is "blotted" onto 
cellulose nitrate paper and a known 
DNA, labeled with a radioactive iso
tope, is applied to the paper as a probe. 
All the DNA is then denatured, or sepa
rated into single strands. Probe strands 
hybridize with any DNA having a com
plementary base sequence, and their ra
dioactivity reveals the location of the 
sought-after band. 

When Sanders-Haigh used as a probe 
a labeled sample of the original 3.5-
kilo base TK-containing fragment, it re
vealed a radioactive band at the position 
on the paper corresponding to 3.5 kilo
bases, indicating that the injected TK 
gene was present in the C2B DNA and 
was being replicated in the colony'S 
cells. As a further check the C2B DNA 
was digested with another endonucle
ase, EcoRI. The fact that two EcoRI 
sites within the 3.5-kilobase fragment 
are 2.4 kilo bases apart meant this di
gestion should produce a 2.4-kilobase 
band, which would be revealed by hy
bridization with part of the radioactive 
probe DNA. Such a band was found. 
Finally double digestion of the injected 
colony'S DNA with both BamHI and 
EcoRI showed the same 2.4-kilobase 
band, indicating that (as we expected) 
there was no BamHI site within the 
2.4-kilobase EcoRI fragment. These re
sults and others established that the her
pes simplex TK gene was present and 
was being replicated in the micro inject
ed cells. 

A similar study established the pres
ence in the same cells of the human 
beta-globin gene; both genes had been 
successfully micro injected, and they 
were being replicated as the injected 
cells proliferated. Were they being ex
pressed? Were they being transcribed 
into messenger RNA that was being 
translated to make functional herpes 
simplex thymidine kinase and normal 
human beta globin? 

Testing for Expression 

William Summers and Wilma P. Sum
mers at Yale have devised a way to show 
that the thymidine kinase specified by 
the herpes simplex TK gene is present in 
a cell and to distinguish it from the same 
enzyme made by the mouse cell's own 
DNA. The viral enzyme can convert a 
precursor molecule into the nucleotide 
cytidylic acid; mouse thymidine kinase 
cannot. Mouse cells do, however, have 
another enzyme, a deaminase, that can 
make the conversion possible. There is 
an inhibitor, called THU, that blocks the 
mouse deaminase. The conversion of 

If you'd like to know how these boys can get charcoal by burning hard maple wood, drop us a line. 

BATEMAN, BURNS AND BRANCH 
sound like Philadelphia lawyers. Actually, 
they're rickers from Tennessee. 

T here aren't many men who can take a rick 
of hard maple wood and burn it into tiny 
pieces of charcoal. But these three gen demen 
can. And, after the charcoal is packed into big 
vats, we gende our whiskey 
down through it. If you're 
wondering what accounts 
for Jack Daniel's smooth, 
ness, give the credit to this 
charcoal. But don't overlook 
a trio of rickers -named 
Bateman, Burns and Branch. 

CHARCOAL 
MELLOWED 

6 
DROP 

6 
BY DROP 

Tennessee Whiskey. 90 Proof. Distilled and Bollied by Jack Daniel Distillery, 

Lem Mallow, Prop. Inc., Route I, Lynchburg (Pop. 361), Tennessee 37352 
Placed in the National Register of Historic Places by the United States Government. 
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A solar cooker for fuel-short parts of the 
world. Cement made from coral and bread
fruit wood. A windmill built of bamboo. A 
methane digester from an oil drum. 

This is the technology which is appro
priate to many developing areas of the world. 
It uses local materials, local skills. It's labor 
intensive, providing jobs while increasing 
productivity. It conforms to the traditions and 
culture of the people it serves. 

Devising this appropriate technology is 
no simple task. To apply the most advanced 
results of modern science to the problems of 
these developing areas in a form that can be 
adopted by the people there requires the 
skills of the best scientists, engineers, farm
ers, businessmen--people whose jobs may 
involve creating solid state systems or farm
ing 1000 acres, but who can also design a 
solar-powered grain drier or animal-drawn 
cultivator for areas where that is the appro
priate technology. 

Such are the professionals who donate 
their free time to Volunteers in Technical As
sistance (VITA), a 15 year old non-profit or
ganization dedicated to answering technical 
questions from individuals and development 
agencies in the rural U. S. and throughout the 
world. 

6000 VITA Volunteers respond to over 
100 requests a month, by mail and usually 
without charge. 

Volunteer responses and VITA's publica
tions in the past have resulted in new designs 
for pumps and well drilling equipment, farm 
implements, the solar cooker shown above 
and many others. 

Join us. 

Contact 

Because there's so 
much to be done. 

3706 Rhode Island Avenue, Mt. Rainier, Maryland 20822 
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the nucleotide precursor into the nu
cleotide in the presence of THU is there
fore evidence for the presence of the 
herpes simplex thymidine kinase. Two 
of our colonies were tested at Yale. Both 
colonies were shown to be expressing 
the microinjected herpes simplex TK 
gene, not the mouse gene. In other 

SLIDE SLIDE SUPPORT 

2 
COVERSLIP 

� 

words, the TK- defect in a mouse L cell 
had been corrected by the injection into 
its nucleus of a functional viral gene. 
This constituted successful genetic en
gineering at the level of a single mam
malian cell. 

Perhaps that was not surprising; after 
all, we had specifically selected cells that 
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MICROINJECTION is carried out under the phase-contrast microscope (1). A cover slip car
rying mouse L cells lacking the TK gene is inverted over a slide to form a chamber, which is 
filled with a culture medium and sealed with silicone oil. A micropipette filled with a solution 
contain

'
ing the recombinant plasm ids is inserted into the nucleus of a cell and an amount of so

lution containing about one plasmid of each kind is injected (2). The cover slip is placed in a cul
ture medium and the cells divide (3). Successfully injected cells survive when the colonies are 
transferred to the selective medium HA T (4). Each surviving colony is transferred to an in
dividual dish and is expanded to provide a large number of cells for subsequent analysis (5). 
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FORD'S UlTIMATE OPTION-E.S.£ 
rental car reimbUrsement allowance of up 

to $15 per c:jo.y (excluding mi \e0g9) for up to \� �J 
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train plan . . . regardleSS of the cost of all labOr 

and parts needed. 
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If your cor needs to be kept overnight for 

repair under the original new vehicle 

warranty or the repair of ES.p.-covered 

components thereafter, youre provided a 

live c:jo.yS. 
"WhOi If , sell my cor wh\le 'fs si\Il 

covered'?" 

For a small fee. 1t\e remaining c overage is 

transferable to 1t\e new owner. This can be a 

strong selling point. 

"Suppose "m out of town .. � 
The Ford Extended Service Plan is 1t\e one 

and onty plan 1t\a\'s honored by more than 

6000 Ford and lincoln-MerCUry l)ealers 

1t\roughout 1t\e US. and Canada. "'0\' can 
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carried a TK gene by growing them in 
the selective medium HAT. When we 
looked for beta globin in the colonies 
grown from microinjected cells, the 
news was not as good. We did not find 
any of the protein. We therefore looked 
for the messenger RNA specifying glo
bin, the presence of which would be ev
idence for at least partial expression 
of the beta-globin gene. Sanders-Haigh 
identified RNA sequences coding for 
human beta globin by doing a hybridiza
tion test. The results indicated that only 
between two and 10 molecules of the 
globin RNA were present in each mouse 
L cell, which is not a significant amount 
biologically. 

The result of our microinjection of 
the globin gene was roughly the same as 
what Axel and his colleagues had re
ported after inserting a rabbit beta-glo
bin gene into mouse L cells by means of 
DNA-mediated gene transfer; they too 
had found only a few messenger-RNA 
molecules per cell that coded for rab
bit globin. Moreover, both Axel and 
Charles Weissmann of the University of 
Zurich, who did similar experiments, 
found specifically that one end (the so
called 5' end) of the globin RNA mol
ecule was sometimes missing in the 
mouse cells, so that no complete globin 
molecules could be synthesized. 

Plasmid Rescue 

From the time of the first Southern
blot analysis of the injected cells' DNA 
we had been puzzled by an unusual ob
servation. We had assumed that the mi-

DNA FROM 
COLONY C2B 

,..r \.<, 
-----?> if£� 

DIGEST 
WITH BamHI 

) 
SEPARATE 

BY ELECTRO
PHORESIS 

croinjected TK and globin genes would 
probably be integrated into the mouse
cell genome (the total complement of 
genetic material, divided among several 
chromosomes) at several sites; in that 
case the various probes would reveal an 
array of radioactive bands of unpredict
able size. It turned out, however, that 
most of the banos we saw (no matter 
which colony was analyzed, which re
striction enzyme had generated the elec
trophoresed fragments and which radio
active probe was used) could be ac
counted for by DNA fragments from 
one or the other of the two original re
combinant plasm ids, pX 1 or pRK I. The 
pattern of the bands differed somewhat 
from colony to colony and some of the 
bands clearly did not come solely from 
the microinjected plasmids. Why, how
ever, should the bands apparently aris
ing from the original plasm ids be so 
prominent? 

We could think of at least two expla
nations. One would be the presence in 
the colonies of injected cells of multiple 
copies of each gene-carrying plasmid in 
a long tandem-repeat pattern, so that 
digestion with an endonuclease would 
generate the same bands that would 
have been generated by the original cir
cular plasmids; such tandem repeats 
might be integrated into the mouse ge
nome or might be present extrachromo
somally as concatamers (linear chains). 
The second explanation would be that 
some or all of the plasmid DNA 
(pBR322 with the inserted gene) was 
present in the circular extrachromo
somal plasmid form, replicating (or 

3.5-KILOBASE -!r. V;" 
DNA FRAGMENTS ....... � 

t 
LABEL WITH - ,.. 

RADIOACTIVE 1-. \. '" 
ISOTOPE '" � ";.J 

ADD PROBE, 
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at least existing) autonomously in the 
L cells. 

We did a number of experiments de
signed to determine the structure of the 
plasmid DNA in the mouse L cells. One 
line of investigation led to unexpected 
results. We wanted to know if the origi
nal plasmids pX I and pRK 1 could be 
rescued, or recovered, from the DNA 
isolated from microinjected L cells. This 
could be done by adding the L-cell DNA 
directly to E. coli and looking for trans
formed bacteria; these could be distin
guished by their resistance to an antibi
otic (tetracycline in the case of pRK I ,  
for example). As a control Kretschmer 
and Anne H. Bowman first incubated E. 
coli cells, which were sensitive to both 
tetracycline and ampicillin, with DNA 
from mouse L cells that had not been 
micro injected. They grew the exposed 
cells in a medium containing tetracy
cline and looked for resistant cells. 
None were found. Then they treated the 
same antibiotic-sensitive E. coli with 
DNA from injected colony C2B and 
again screened for resistant transform
ants. They found 42 tetracycline-resis
tant colonies. Each of these transformed 
colonies was expanded and the plasmid 
responsible for the antibiotic resistance 
was isolated. Each isolated plasmid was 
thereupon digested with several restric
tion enzymes. The pattern of fragments 
thus cleaved was analyzed to prepare 
a restriction-enzyme map of each plas
mid, which could be compared with the 
maps of the original plasmid, pRK 1. 

The plasmid isolated from 30 of the 
transformed colonies turned out to be 

WASH 

) 
AUTO

RADIOGRAPH 

FOREIGN DNA replicated in colonies grown from microinjected 
cells is detected by the "Southern blot" procedure. DNA from the 
microinjected colony C2B is digested with the restriction enzyme 
BamHI. The fragments are separated according to size by electropho
resis on an agarose gel; the smaller the fragments are, the farther they 
migrate toward the positive pole of the gel. The fragments are "blot
ted" onto cellulose nitrate paper. The TK-bearing 3.5-kilobase BamHI 
fragment of herpes simplex DNA, labeled with a radioactive isotope, 
serves as a probe for detecting any fragments having a base sequence 

complementary to that of the probe. The probe is applied to the paper 
and the paper is boiled to denature the DNA, so that the strands of the 
double helix are separated. Now the probe DNA binds to fragments 
that have the complementary base sequence; the rest of the probe 
DNA is washed away. Autoradiography reveals a radioactive band 
on the paper at a position corresponding to a molecular size of 3.5 
kilobases, showing that 3.5-kilobase fragments homologous to the vi
ral-DNA probe are present in colony C2B either in the original cir
cular-plasmid form or as long tandem repeats called concatamers. 
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identical with pRK I ;  in other words, the 
original plasmid pRK 1 could be res
cued. The other 12 tetracycline-resistant 
colonies yielded surprising results, how
ever. There were five different kinds of 
recombinant plasmid molecule, four of 
which appeared to be dimers or trimers 
of pRK 1: circular molecules made up of 
two or three linked copies of the original 
plasmid. They were not complete di
mers or trimers, however. In each case 
there was a deletion: part of the plasmid 
was missing. The fifth kind of unusu
al plasmid was still more complicated 
in structure. The reader will remember 
that both pX 1 (carrying the TK gene) 
and pRK I (carrying the globin gene) 
had been micro injected into the same 
mouse L cell. Could we recover from 
the transformed colonies any DNA 
molecules that were recombinants of 
the two original plasm ids? Kretschmer 
and Bowman had identified pRK 1 trans
formants by their ability to grow in the 
presence of tetracycline. They went on 
to screen those tetracycline-resistant 
colonies for resistance to ampicillin 
(which would have been conferred by 
pX 1). They found four colonies that 
were resistant to both antibiotics. Each 
colony contained the same plasmid, 
which appears to consist of one com
plete copy of pRK 1 and part of pX 1. 

Examination of all five kinds of re
covered plasmid shows that the charac
teristic deletion begins at or near the 
same position in the original vector plas
mid pBR322. The site is near the end 
of the region encompassing the tetra
cycline-resistance gene. Apparently this 
region has become a "deletion hot spot," 
a site whose base sequence somehow fa
vors deletion. There had been no report 
that any such specific deletion-suscepti
ble region is present in the original vec
tor. The implication is that the suscepti
ble region arose in the DNA's passage 
through the mouse L cells. 

In the course of that passage was 
the plasmid DNA integrated into the 
mouse-cell chromosomes or was it free 
as extrachromosomal material? Mi
chael H. Huberman carried out a pro
cedure, devised by Bernard Hirt of the 
Swiss Institute for Experimental Cancer 
Research in Lausanne, that was likely to 
identify extrachromosomal forms of the 
injected DNA that might be present in 
the microinjected L cells. The L-cell 
DNA was fractionated by spinning in a 
centrifuge, so that large (chromosomal) 
DNA molecules were sedimented into a 
pellet, whereas molecules smaller than 
about 100 kilo bases in length (extra
chromosomal DNA) remained suspend
ed in a supernatant liquid. The superna
tant DNA proved to be more effective 
(microgram for microgram) in trans
forming E. coli than the pellet material. 
This shows that at least some of the 
pRK l DNA in the injected cells is extra
chromosomal. 

Our present feeling, based on several 

lines of evidence from our laboratory 
and others, is that pRK 1 and pX 1 mole
cules combine and are replicated within 
the mouse cell, probably as linear tan
dem repeats (conca tamers). Some con
catamer material may be integrated, but 
at least a portion of it is extrachromoso
mal; a few circular plasmids may also be 
present. The deletion events giving rise 
to the unique recombinant plasm ids 
probably take place in the bacterium in 
the rescue phase of the procedure. 

Regardless of where these events take 
place, however, clearly something is 
happening to the DNA of the original 
vector plasmid while it is in the mouse 
cell such that a region highly susceptible 
to deletion is generated. If the deletion 
turns out to be effected in the mouse cell, 
there must be some mouse-cell enzyme 
that promotes deletion in the susceptible 
region. If it takes place only later, in the 
bacterium, then presumably a mouse 
enzyme has modified the site in such a 
way that it is later recognized by a bacte
rial enzyme as a site for deletion. This is 
an intriguing possibility. It implies that 
DNA-modifying enzymes in mammali
an cells are able to recognize particular 
sites in bacterial DNA (or perhaps in 
any DNA) and to alter those sites in very 
specific ways (without changing the base 
sequence) that affect subsequent rec
ognition of the sites by other specific 
enzymes. Some such process might be 
exploited in the developing embryo 
for controlling the expression of genes 
in differentiating cells. 

Globin-Gene Expression 

Even if the form in which the injected 
genes are present in the L cells is in 
doubt, the fact remains that the TK gene 
appears to be expressed normally. Why 
is the globin gene only minimally ex
pressed? The first answer might be that 
L cells are not erythroid cells and there
fore may well lack certain regulatory 
factors necessary for the induction of 
globin-gene expression. Yet even when 
the human beta globin is transferred 
into a mouse erythroleukemia ( MEL) 
cell, which can make 10,000 molecules 
of mouse-globin messenger RNA, the 
human globin gene is not induced. 
Where is the obstacle? 

Thymidine kinase is active in every 
cell because it is involved in the synthe
sis of DNA. Perhaps its regulation is 
very simple: perhaps it is always "on." 
The human beta-globin gene, on the oth
er hand, is part of a large region of the 
genome that codes for a number of dif
ferent globin chains. In erythroid cells 
various globin genes are switched on 
and off sequentially as the organism de
velops from an embryo to a fetus to a 
newborn infant. Perhaps various regula
tory regions are scattered throughout 
the 65-kilobase (or larger) globin region, 
all (or at least most) of which are re
quired for proper regulation of the beta-
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SOUTHERN-BLOT RESULTS are displayed (left) with maps of  the injected plasm ids (right) 
that show the source of the fragments detected. In each case the probe and the digesting en
zyme are indicated. The results demonstrate that b oth of the injected genes, the TK gene (top) 
and the gene for human beta globin ( bottom), are represented in cells of the injected colony. f DNA FROM 
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PLASMIDS WERE RE SCUED, or recovered, from the DNA of an injection-cell colony by 
transforming E. coli bacteria with the DNA from the colony. The plasmids were detected by 
their ability to confer on the bacteria resistance to tetracycline. As a control the DNA of unin
jected cells was used to transform bacteria (left); no resistant bacteria were recovered. Incuba
tion of E. coli with injected-cell DNA (right) produced 42 tetracycline-resistant colonies. The 
plasm ids responsible for each colony's antibiotic resistance were isolated and characterized. 
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globin gene. If that is the problem, one 
solution would be to inject not just a 
small DNA fragment incorporating the 
beta-globin gene itself but rather the en
tire globin region; at present, however, 
such large fragments cannot be cloned. 
An alternative might be to find and iso
late all the necessary regulatory regions, 
hook them together and attach them 
to the beta-globin gene; the transfer of 
such a recombinant molecule might 
then achieve normal expression of a for
eign globin in an erythroid cell. 

Recent studies with somatic-cell hy
brids suggest the disconcerting possibili
ty that such manipulations may not be 
enough. Albert B. Deisseroth, now at 
the National Cancer Institute, and Mar
cia C. Willing of our laboratory found 
that when a mouse erythroid cell and a 
human erythroid cell are fused, the hy
brid synthesizes both mouse and human 
hemoglobin chains. Even if the mouse 
erythroid cell is fused with a human 
lymphoblast (which does not make he
moglobin but is descended from a stem 
cell that can also give rise to an ery
throid cell), Deisseroth found that both 
mouse and human hemoglobin chains 
are synthesized by the hybrid. When the 
mouse cells are fused with human skin 
fibroblasts (which are far removed from 
the blood-cell line), however, the out
come is different. Messenger RNA cod
ing for human globin is transcribed, but 
no human globin chains are synthesized; 
mouse hemoglobin is synthesized. 

These results suggest that the devel
opmental history of the cell from which 
the globin DNA is obtained may be 
important. Perhaps the early stem cell 
somehow modifies the globin gene so 
that when the gene is "turned on" at a 
later stage it can be transcribed into nor
mal messenger RNA. In that case a fi
broblast globin gene, even when it is put 
in an erythroid environment (by cell fu
sion) and is transcribed into globin mes
senger RN A, does not make a normal 
RNA that can be translated into pro
tein. Perhaps there are enzymes that 
modify sites in the vicinity of a gene so 
that those sites can later be recognized 
by regulatory factors. The modification 
might be accomplished, for example, 
by the addition to particular bases of 
a methyl (CHa) group or some other 
group; a correlation has been demon
strated between the degree of methyla
tion and the activity or lack of activity 
of some genes, including globin genes. 

If the developmental history of a gene 
is important, it may account for the rel
ative inactivity of mammalian globin 
genes cloned in bacteria and then trans
ferred to mammalian cells. Perhaps the 
passage of a globin gene through bac
teria alters or eliminates modifications 
that had previously been made in the 
gene. If that is the case, cloned genes will 
only be regulated normally, and so ex
pressed normally, when the nature of 
those early modifications has been dis-
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RESCUED PLASMIDS were digested witb a battery of restriction 
enzymes and were mapped. Here tbree of tbe plasmid maps are sbown 
(bottom row). Eacb mapped plasmid seems to bave arisen from an 
earlier structure (top row), or from a concatamer, tbrougb deletion. 
Plasmid pPK193 can be explained as tbe result of tbe deletion of 2 .8 

kilobases from a pRKl dimer (a plasmid composed of two pRKl plas
mids linked end to end); anotber deletion from a pRKl trimer conld 
bave produced pPKS78. Source of pPKS79 (right) appears to bave 
beeu a plasmid in wbicb tbe two injected plasm ids were combined (a 
pRKl -pXl recombinant), from wbicb 2.9 kilobases were deleted. 

covered and the modifications can be 
made in the laboratory. Genetic engi
neering in mammalian cells still has a 
long way to go. 

The results reported in this article 
demonstrate that genetic engineering is 
feasible in mammalian cells at least in 
the case of simply regulated genes such 

as the one for TK. The next step toward 
gene therapy for children suffering from 
inherited diseases is to learn how to 
correct defective cells not in a labora
tory culture but in genetically defective 
experimental animals, first to replace 
"simple" genes and then to replace those 
whose regulation is complex, such as the 

globin genes. The recent development of 
lines of mice that have alpha thalasse
mia, an important disease in human be
ings, will facilitate the necessary studies. 
Genetic engineering should be feasible 
in experimental animals in the near fu
ture; ultimately gene therapy in human 
beings should be possible. 
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LACK OF EXPRESSION of a transferred globin gene migbt be ex
plained in a number of ways. One possibility is tbat tbe DNA of a cell 
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globin) is m odified in tbe embryo; tben, after tbe cell bas differentiat
ed to its specialized end stage, some regulatory factor migbt recognize 

tbe specific modifications and turn on tbe syntbesis of globin (top). 
In otber words, tbe globin gene (or its surroundings) would carry in
formation otber tban tbat encoded in tbe base sequence alone. Per
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FIBER BUNDLES can express an exact mathematical analogy be
tween the movements of the Philippine folk dance Binasuan ("wine 
dance") and the qua"ntum-mechanical effect of a magnetic field on 
the spin of a neutron. In the wine dance the orientation of the wine
glass in space as it is rotated about the vertical axis cannot be iden
tified with the relative rotation between the wineglass and the danc-

122 

er's body. If the dancer's feet remain in place, a single 360-degree 
rotation of the hand and the wineglass introduces a twist in the danc
er's body. Another complete rotation of the hand in the same direc
tion restores the dancer's hand and body to their original configura
tion. The generalized phase shift of a neutron in a magnetic field ex
hibits the same relation to the orientation of its rotating spin vector. 
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Fiber Bundles and Quantum Theory 
A branch of mathematics that extends the notion of curvature 
to topological analogues ofa Mobius strip can help to explain 
prevailing theories of the interactions of elementary particles 

by Herbert). Bernstein and Anthony V. Phillips 

The intimate relation between 
mathematics and physics may 
seem surprising to the layman, but 

to someone well acquainted with either 
field it is a natural evolutionary develop
ment. Physical problems have stimulat
ed mathematical thinking at least since 
the Egyptians introd uced geometry as 
a means of accurately measuring land. 
Newton's invention of the integral cal
culus was in part his practical-minded 
response to a difficulty in formulating 
the law of universal gravitation. Infinite 
trigonometric series were devised to 
study the flow of heat. The abstract pat
terns investigated by present-day math
ematicians are still based, albeit some
times remotely, on the real patterns ex
hibited by the physicist's universe. 

Mathematics has not failed to repay 
the debt in kind. A theory invented by 
mathematicians to settle mathematical 
questions often turns out to be exactly 
what physicists need to advance their 
analyses and predictions of the ways 
of nature. Tensor calculus, the product 
of almost 100 years of development by 
such mathematicians as Karl Friedrich 
Gauss, Bernhard Riemann and Tullio 
Levi-Civita, was essential to Einstein's 
formulation of his general theory of rel
ativity. The most recent beneficiaries of 
such mathematical research are the 
physicists who study the forces and 
quantum-mechanical fields that mediate 
the interactions of elementary particles. 

The fields that are most promising for 
this purpose are called gauge fields. 

Their utility lies chiefly in their ability 
to express underlying relations among 
forces that appear superficially to be 
quite distinct. Gauge fields have played 
a major role in recent attempts to devise 
a unified theory of three of the four ba
sic forces known in nature, namely the 
strong, the weak and the electromagnet
ic forces. For the fourth basic force, 
gravity, there is as yet no quantum-me
chanical theory, but the general theory 
of relativity suggests that gravitation 
too may ultimately be described by a 
gauge-field theory. 

The idea of a gauge field was intro-

duced by Hermann Weyl in the 1920's, 
but the present development of gauge
field theory began in 1954. In that year 
C. N. Yang and Robert L. Mills, who 
were then working at the Brookha
ven National Laboratory, applied the 
gauge-field concept to nuclear forces. 
After almost 20 years of further refine
ment physicists were able to express 
the concept of a gauge field in such a 
way that it could be recognized as an 

instance of more abstract structures 
known to mathematicians as connec
tions in fiber bundles. The discovery of 
this equivalence has made it possible to 
apply mature and exceedingly powerful 
mathematical concepts to the descrip
tion of physical reality. 

What is a gauge field? What are fiber 
bundles and how do they enter into 
physics? What does it mean for a fiber 
bundle to have a connection, and how 

DOUBLE-COVERING FIBER BUNDLE represents the set of relative rotations between the 
dancer's hand and the rest of her body (see illustratioll 011 opposite page). Arrows represent the 
fixed orientation of the dancer's feet. The circle at the bottom represents the orientations of 
the hand. Motion along the circle induces motion along one of the segments of the twisted 
curve directly above the circle. The topology of the latter curve shows that a counterclockwise 
relative rotation of 90 degrees is equivalent to a clockwise relative rotation of 630 degrees. 
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PHASE OF A WAVE, which is usually expressed as an angle, can be detected only as a differ
ence between the phases of two w

'
aves. For sine and cosine waves the waveform can be traced 

by projecting a point on a uniformly rotating circle onto a screen moving uniformly at right 
angles to the line of projection. Any position on the circle can be chosen as zero degrees. The 
angle of rotation away from the arbitrarily chosen position then labels the phase (a). The rela
tive phase between two waves is well defined in that each crest and trough on one wave is the 
same number of degrees ahead of the corresponding feature of a second wave. When waves in
terfere, their amplitudes add at each instant; the resulting maximum height depends on the rel
ative phase (b). The addition can be carried out automatically by centering the second circular 
motion on the perimeter of the first. If the interference is constructive (c), crests coincide with 
crests and troughs with troughs, and the maximum height of the resulting pattern is equal to 
the sum of the heights of the original waves. If the interference is destructive, corresponding to 
a phase difference of 180 degrees (d), crests coincide with troughs and waves cancel exactly. 
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are the concepts of a connection and of a 
gauge field related? We shall attempt to 
answer these questions by analyzing two 
physical experiments. One experiment 
shows what happens when neutrons are 
rotated 360 degrees by a magnetic field 
and the other shows the effect on two 
partial electron beams of a magnetic 
field in the region between them. Each 
experiment demonstrates in a different 
way how a fiber bundle can arise in 
quantum theory. In the neutron-rotation 
experiment the global structure of the 
fiber bundle is significant, whereas in the 
electron-beam experiment the central 
feature is a connection, an intrinsic local 
structure that can be imposed on the 
bundle. The connection gives an ele
mentary but fundamental example of a 
gauge field. 

The study of fiber bundles is part of 
the branch of mathematics called to

pology, but bundles have also been in
vestigated in differential geometry be
cause of their relation to the geometric 
concept of curvature. The idea of a con
nection in a fiber bundle grew out of 
attempts to generalize the notion of the 
curvature of a two-dimensional surface, 
such as the surface of the earth, to the 
curvature of a space with three or more 
dimensions. Hence another way of ex
pressing the mathematical difference be
tween the two experiments we shall de
scribe is to note that the neutron-rota
tion experiment concerns the topology 
of a fiber bundle whereas the electron
beam experiment concerns the geome
try of a fiber bundle. 

The 360-degree neutron-rotation ex
periment was proposed by one of us 
(Bernstein) in 1967. A similar thought 
experiment was described almost si
multaneously by Yakir Aharonov and 
Leonard Susskind of Yeshiva Universi
ty. The experiment demonstrates a high
ly counterintuitive effect whose mathe
matical equivalent is the one-sidedness 
of a Mobius strip. At issue is the spin, or 
intrinsic angular momentum, of a sub
atomic particle. According to quantum 
theory, a neutron or another particle 
with spin does not return to its initial 
state when its orientation is rotated 
through 360 degrees. Instead it takes 
two ful( turns, a nO-degree rotation, to 
restore the state of the particle to its ini
tial condition. 

To understand the experiment it is 
necessary to know something of the 
quantum theory of spin. Physicists have 
extrapolated the notion of intrinsic an
gular momentum from the spin of a top 
or a gyroscope to the realm of elementa
ry particles. In each case spin is a vector 
quantity, which means it has both a 
magnitude and a direction. By conven
tion the vector points along the spin axis 
in a direction determined by what is 
called the right-hand rule. If the fingers 
of the right hand are curled as if to grasp 
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the axis of a spinning object with the 
fingers wrapped around the axis in the 
same sense as the spin, the direction of 
the thumb along the spin axis gives the 
direction of the spin vector. 

Unlike the spin of a top or a gyro
scope, the spin of an elementary particle 
is quantized: its magnitude can have 
only certain discrete values, which are 
multiples of the smallest possible quan
tity of spin. Moreover, for any given 
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particle the magnitude of the spin can 
never change; it is one of the intrinsic 
properties that determine the identity of 
the particle. The electron, the proton 
and the neutron (and a number of oth
er particles) have the smallest allowed 
nonzero quantity of spin. This minimum 
spin magnitude is equal to-if/2, where 11 
is a form of Planck's constant with a 
value of about 10-27 erg-second. 
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the spin vector in quantum theory re
flects a still more curious experimental 
finding. Like all vectors, the spin vec
tor has components along the axes of 
any chosen coordinate system. An ex
perimenter must select a particular axis 
along which to measure a spin compo
nent. No matter what direction is chosen 
as a reference axis, however, the only 
values ever found are +11/2 anCl -fi/2. 
No intermediate values are observed. In 
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FIBER BUNDLE consists of a base space, a total space and a map 
that projects each point in the total space onto a point in the base 
space. The set of all the points in the total space that are mapped onto 
the same point in the base is called a fiber (colored lines and circles). 
The total space can resemble a sheaf or bundle of fibers. Every fiber 
in a fiber bundle must have the same topological structure, and so 
all the fibers can be represented by a single ideal fiber. For the solid 
cylinder (upper left) or the Mobius strip (upper right) the fibers are 
straight lines above the points in the base, whereas for the torus (low-

er left) or the Klein bottle (lower right) the fibers corresponding to 
each point are circles. Motion in the base may induce a change in the 
orientation of the fibers, depending on the topological structure of 
the total space. A single circuit along a path in the base changes the 
orientation of the fibers of the Mobius strip and the Klein bottle, but 
the orientation of the fibers of the torus and the cylinder is not al
tered by motion along any such path. In moving from fiber to fiber 
on the Klein bottle, the bottle appears to pass through itself. The 
self-intersection cannot be avoided in a three-dimensional drawing. 
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PRECESSION OF THE SPIN VECTOR of a neutron in a magnetic field resembles the pre
cession of a gyroscope in a gravitational field. The magnetic torque on the spinning neutron 
causes it to precess at a rate proportional to the strength of the field and independent of the ori
entation of the neutron. If the initial direction of the neutron's spin vector is called "up," and if 
the field is perpendicular to it, precession through an angle of 180 degrees will make the spin 
vector point down. At intermediate angles classical physics predicts that the component of the 
spin vector measured along the z axis is equal to the perpendicular projection of the vector 
onto the axis. In quantum mechanics the component of the spin measured along any axis can 
have one of only two values, + 1 /2 or -1/2 times Planck's constant 1£. What changes during 
precession is the probability of detecting a neutron in the spin-up state (+1112) or the spin
down state (-1£12). Each probability is determined by squaring a probability amplitude whose 
value can be either positive or negative. Hence the quantum-mechanical precession of a neu
tron can be graphed as a rotation of the neutron state in an abstract space whose coordinate 
axes are the probability amplitudes of the spin-up and spin-down states of the spin vector. 
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spite of this nonintuitive property of 
particle spins the picture of a spin vector 
remains useful for describing neutrons. 
It is possible to spin-polarize a series of 
neutrons so that ideally all the spin vec
tors point in the same direction. The ex
perimenter can determine the direction 
by turning the axis of measurement to 
maximize the probability of detecting 
the value +./1/2. If all the neutrons are in 
the same state, all of them will give this 
result. For convenience the reference 
axis along which the spins are polarized 
can be labeled the z axis and the two 
possible states of the spin can be desig
nated spin up ( +h/2) and spin down 
( --11/2). 

Suppose the spin vector of each neu
tron in the series rotates away from 

the fixed reference axis. The component 
along the z axis cannot change continu
ously, since measurements yield only 
the two discrete values +lz/2 and -1'1/2. 
Instead the probabilities of finding spin
up and spin-down neutrons begin to 
change. In the initial state of the spin 
vector the probability of finding a spin
up neutron is 1 and that of finding a spin
down neutron is O. After the spin vector 
has rotated a quarter of a turn, or 90 
degrees, from the z axis, the classical 
(non-quantum-mechanical) model pre
dicts that the z-axis component will van
ish. The spin vector would then be ori
ented so that it points neither up nor 
down along the z axis. For neutrons, 
however, a spin of zero is never found. 
According to the quantum-mechanical 
model, a 90-degree rotation changes the 
state of the neutron to one in which 
both the spin-up and the spin-down prob
abilities are .5. 

This outcome reconciles the quantiza
tion of spin with the classical descrip
tion. If the z-axis components of a series 
of neutrons are measured while their 
spin vectors are oriented perpendicular 
to the z axis, half have spin +11/2 and 
half have spin -Ji/2. Thus the sum of all 
the measured components is zero and so 
is the average value, in agreement with 
the classical res ul t. 

In a similar way a rotation of 180 de
grees orients the neutrons with their spin 
vectors down. This makes the spin-up 
probability 0 and the spin-down proba
bility 1. After the neutron has swept out 
a full circle the spin-up probability (the 
probability of finding the z component 
of the spin equal to +1i/2) returns to 1 
and the spin-down probability again be
comes O. 

Physicists have taken the distinctness 
of spin states and the need for probabili
ties as being basic postulates of quan
tum theory. Probabilities are calculated 
from the mathematical description of 
each state of a particle as a wave func
tion. At any point in space there is a 
number called a probability amplitude 
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of the neutron wave function for each 
distinct state. The term amplitude re
fers to the waves with which quantum 
theory describes material particles. A 
probability amplitude can be positive 
or negative, which reflects the observed 
capacity of waves to add constructive
ly or destructively. The probability of 
find ing a particle in a given state is the 
square of the corresponding probabili
ty amplitude. Squaring the amplitude 
ensures that the probability itself is al
ways a positive number. 

Since the neutron has two distinct spin 
states, the complete description of 

a neutron at a point in space consists 
of two numbers, namely the probability 
amplitude for spin up and the probabili
ty amplitude for spin down. One way 
to show the amplitudes that respects 
the distinctness of the two states is to 
plot them on perpendicular axes marked 
"up" and "down" in an abstract space 
called neutron-state space [see illustra
tioll at right]. The state of the ne utron 
can be represented by a point on this 
graph. If the initial state is spin up, the 
spin-up probability amplitude is + 1 and 
the spin-down probability amplitude is 
O. This combination of values corre
sponds to a point one unit from the ori
gin along the "up" axis. 

As the orientation of the neutron spin 
is changed the two probability ampli
tudes each vary continuously. The sum 
of the two probabilities must always add 
to I, however, because spin up and spin 
down are the only possible states. Hence 
the sum of the squares of the spin-up 
and spin-down probability amplitudes 
must be I and the point representing the 
state of the .neutron must lie on a circle 
of radius I. Every possible state of the 
neutron can then be labeled by the angle 
from the "up" axis to the corresponding 
point. The angle is called the generalized 
phase of the neutron state. 

After a 90-degree rotation of the 
physical spin vector away from the z 
axis, the spin-up and spin-down proba
bility amplitudes must be equal in abso
lute value since the corresponding prob
abilities must each be .5. The point in the 
neutron-state space therefore lies half
way between the "up" and the "down" 
axes. It follows that the generalized 
phase of the neutron state has changed 
by 45 degrees as a result of a 90-degree 
rotation of the neutron spin vector. 

The half-angle relation continues. 
When the physical spin vector has rotat
ed 180 degrees, it points down: the spin
down probability amplitude is + 1 and 
the spin-up probability amplitude is O. 
The corresponding point in the neutron
state space is 90 degrees from the initial 
direction. After a 360-degree physical 
rotation both probability amplitudes 
change their sign. It takes two full turns, 
or 720 degrees of rotation, to restore the 
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SPIN VECTOR OF A NEUTRON can precess, but the geometry of the precession cannot be 
pictured consistently by the classical model (/e!t), since a spin measurement along any given 
axis yieldS only tbe values +1r12 or -1112. In quantum mecbanics precession is manifested as a 
cbange in tbe probability of finding a neutron witb spin +JlI2 (spin up) or witb spin -II 12 (spin 
down). Tbe two amplitudes tbat determine the probability can be considered coordinates in an 
abstract space witb axes labeled "up" and "down" (right). After a precession of 90 degrees 
from the z axis the spin vector points neither up nor down. If one measures the z-axis compo
nent of tbe vector, one finds spin up balf of tbe time and spin down half of tbe time. The average 
value of tbe spin is tberefore zero, in agreement with tbe classical result. Because tbe probabili
ties are equal the probability amplitudes can be cbosen to be equal; the corresponding point in 
neutron-state space is rotated 4S degrees from the "up" axis. Pbysical precession tbrough any 
angle IJ causes a generalized pbase shift IJ 12, represented as a rotation in neutron-state space. 

probability amplitudes to their initial 
values. 

This feature of quantum theory may 
at first seem paradoxical. When an ordi
nary object makes a complete rotation 
in space, it returns to the same state 
from which it started. A person's body 
or a spinning gyroscope is unchanged by 
a 360-degree rotation about any axis. 
This fact is so deeply ingrained by com
mon experience that although the theo
ry of neutron spin is now some 50 years 
old, before 1967 even most physicists 
thought a 360-degree rotation could not 
have directly measurable consequences. 
Quantum theory implies that one can
not measure a probability amplitude in 
any direct way, and the change in the 
sign of the amplitude caused by such a 
rotation disappears when the amplitude 
is squared to compute the probability. 

On the other hand, there are some cir
cumstances in the realm of macro

scopic objects in which a 360-degree ro
tation has an observable effect. For ex
ample, if two objects are attached by a 
flexible ribbon, it is obvious that a full 
turn of one object does not restore the 
system to its original state: the ribbon 
ends up with a twist in it. What is not so 
obvious is that a second full turn in the 
same direction can bring such a system 
back to its initial state: the ribbon can be 
untwisted even though the relative rota
tion of the two objects undergoes no fur
ther change. The effect can also be dem
onstrated by holding a wineglass in the 

palm of the hand and rotating the glass 
about its vertical axis (without moving 
the body as a whole). After a 360-degree 
rotation the glass returns to its original 
orientation, but the arm is twisted; a fur
ther 360 degrees restores the glass and 
the arm to their initial position [see illus
tratioll 011 page 122]. 

All these phenomena, both macro
scopic and quantum-mechanical, can be 
represented by the properties of a single 
fiber bundle. A fiber bundle is a mathe
matical structure that consists of two 
distinct sets of points, called the base 
space B and the total space E. and a rule 
p called the projection map that associ
ates a point in B with every point in E. In 
the fiber-bundle model of the rotation 
of the wineglass the points in the base 
space represent the possible orientations 
of the glass and the hand. The points in 
the total space represent the rotation the 
hand has undergone with respect to the 
rest of the body. The projection map 
defines an association between each ro
tation and the relative orientation deter
mined by the rotation. 

In the fiber-bundle model of neutron 
spin rotation the points in the base space 
represent the orientation of the spin vec
tor. In the part of the effect we are de
scribing in detail the vector rotates in a 
fixed plane, and so any orientation can 
be described by the angle it makes with 
the z axis. (Other possibilities can be 
treated analogously.) The points in the 
total space represent generalized phas
es of the neutron state, and so they 
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correspond to points on the unit circle 
in the neutron-state space with "up" 
and "down" coordinates. Each of these 
points can thus be described by its an
gular distance from the "up" axis. The 
projection map in the model assigns to 
each point in the total space a point in 
the base space according to the rule 
p(</» = 2</>(modulo 360). The applica
tion of the rule is equivalent to wrap
ping the circle of generalized phases 
twice around the circle of orientations, 
so that two phases </> and </> + 180 de
grees are possible for each orientation. 

The correspondence between points 
in the total space and points in the base 
is generally expressed by regarding the 
total space as being "over" the base. In 
this representation the point or points in 
the total space that the projection map 
associates with a point in the base lie 
vertically above the base point. The set 
of points in the total space over a base 
point is called a fiber. Another part of 
the definition of a fiber bundle requires 
that the fibers over any two points be 
topologically equivalent, so that the to
pological structure of the fiber does not 
vary from one point in the base to anoth
er. In some instances the fiber over each 
point in the base is a line, and it is this 
appearance that has given rise to the 
name fiber bundle; when each fiber is a 
line, the total space looks like a bundle 
of fibers. In general, because the fibers 
are all topologically equivalent they can 
all be described as copies of a single fi
ber, F, the ideal fiber of the fiber bundle. 

GENERALIZED PHASE 
ANGLE d> 

1800 

ORIENTATION ANGLE 0 

The ideal fiber of the bundle repre
senting neutron spin rotation is a space 
that consists of two distinct points. For 
example, over the point labeled 0 de
grees in the base there are the two points 
in the total space that correspond to the 
generalized phases 0 degrees and 180 
degrees. Hence the fiber over 0 degrees 
is the set that consists of 0 degrees and 
180 degrees in the total space. Similarly, 
the fiber over 90 degrees is the set that 
consists of 45 degrees and 225 degrees in 
the total space. In this bundle both the 
total space and the base space are topo
logically equivalent to a circle. The pro
jection map corresponds to the way the 
edge of a Mobius strip would project 
onto a

. 
circle at the center of the strip. 

How does the fiber-bundle model of 
neutron spin rotation represent the 

relation between a rotation and a gener
alized phase shift? Suppose a neutron 
starts with its spin vector pointing along 
the positive z axis (8 = 0), so that its 
spin-up probability amplitude is + 1 and 
its spin-down probability amplitude is O. 
(This describes the point </> = 0 on the 
unit circle in the abstract space of neu
tron spin states.) Now, if the spin vector 
is physically rotated 90 degrees from 
the z axis, ending up at 8 = 90 degrees, 
our preceding discussion shows that the 
point on the generalized phase circle 
moves to </> = 45 degrees. If the spin 
vector rotates another 90 degrees to 
8 = 180 degrees, the point on the phase 
circle moves to </> = 90 degrees. The cor-
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FIBER BUNDLE of phase shifts shows the relation between the angular precession of a neu
tron and the shift in the generalized phase of the neutron spin state. Points in the base space of 
the bundle represent the orientation of the spin vector of a neutron. Points in the total space 
represent the relative phase shifts in neutron-state space that correspond to a given orientation. 
For instance, the projection map of the bundle assigns the' points 45 degrees and 225 degrees in 
the total space to the point 90 degrees in the base. This means that generalized phase angles of 
45 degrees and 225 degrees both correspond to an orientation of the spin vector 90 degrees 
from the z axis. The topology of the total space, however, shows that attaining a phase shift 
of 225 degrees requires a precession of 450 degrees in the base, a one-and-a-quarter turn. 
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respondence between rotations and gen
eralized phase shifts can be described by 
saying that the point on the phase circle 
moves continuously in such a way that 
it always remains above the point on 
the orientation circle. This geometric 
principle, together with the topological 
structure of the bundle, accounts for the 
sign change of the neutron state as an 
effect of a phase reversal. One complete 
rotation in the base must shift the gener
alized phase to the opposite of what it 
was [see illustration on this page]. 

How might one rotate the spin vector 
of a neutron 360 degrees? Current ex
perimental designs take advantage of 
the magnetic properties of electrically 
neutral particles. A neutron has not only 
spin angular momentum but also a mag
netic moment, which makes it resemble 
a bar magnet spinning about its north
south axis. Suppose the spin vector of 
the neutron is initially aligned with the z 
axis and a magnetic field is introduced at 
right angles to that axis. The torque that 
aligns a bar magnet with an external 
field makes a spinning magnet precess 
about the direction of the field. The spin 
vector of the neutron will precess in the 
plane at right angles to the magnetic 
field just as a spinning gyroscope pre
cesses in response to the pull of gravity. 
Hence to rotate the spin vector of a neu
tron away from the z axis one can take 
advantage of its magnetic moment. Ac
tually even if the magnetic field is not 
perpendicular to the initial spin, the neu
tron precesses at a rate that is propor
tional to the strength of the magnetic 
field and that does not depend on the 
orientation of the neutron. Thus all the 
neutrons in an unpolarized beam pass
ing through a magnetic field precess at 
the same rate; the rate is called the Lar
mor frequency. 

Having a way to rotate neutrons 360 
degreesisnotenough,however. One 

must be able to compare the probability 
amplitudes for a rotated neutron with 
the amplitudes for the original state. 
The amplitudes for both the rotated and 
the unrotated states have the same mag
nitude but opposite signs. The difference 
in sign can be detected because in quan
tum mechanics it is possible to make a 
particle arrive at the same point in space 
along two different paths, in the sense 
that there is a nonzero probability of 
detecting the particle along either one of 
the paths. As always, the probabilities 
are given by the squares of the probabil
ity amplitudes at any point along the 
paths. At a point where two paths con
tribute to the probability of detecting 
the particle the probability amplitude is 
the sum of the amplitudes for each of 
the paths. The addition is done before 
the amplitude is squared to get the prob
ability. This rule, which embodies the 
phenomenon of quantum interference, 
provides a method for demonstrating 
the sign change associated with a 360-
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degree rotation. The recent develop
ment of a neutron interferometer has 
made it possible to split a beam of neu
trons so that the particles follow two 
paths and to recombine the partial 
beams. Moreover, it is possible to rotate 
the spin vectors of the neutrons in one 
beam but not in the other. When the 
relative rotation is 360 degrees, the 
resulting sign change manifests itself 
through destructive interference of the 
two partial beams. 

Experiments to detect 360-degree 
neutron rotations have been done by 
several groups. Helmut Rauch, Ulrich 
Bonse and their colleagues first demon
strated the effect in 1975 at the Institut 
Laue-Langevin in Grenoble. An Ameri
can team headed by Samuel A. Werner 
of the University of Missouri carried 
out a similar demonstration at about the 
same time. In 1976 Anthony Klein and 
G. I. Opat of the University of Mel
bourne employed a novel Fresnel dif
fraction technique to show the effect of 
neutron rotation, again at the Institut 
Laue-Langevin. 

The heart of a typical neutron inter
ferometer is a perfect cylindrical 

crystal of silicon, cut away so that three 
polished "ears," or projections, stand up 
from a single intact base. When a beam 
of neutrons strikes the first ear at a suit
able angle, it divides into a transmitted 
partial beam and a diffracted partial 
beam. At the second ear each of these 
beams divides again. At the third ear 
two partial beams recombine. The two 
beams interfere constructively or de
structively depending on their general
ized phase. The recombined beam then 
splits again, and counters, or detectors, 
placed beyond the third ear record the 
number of neutrons in each of the two 
partial beams. 

The probability of a neutron's arriv
ing at a counter in the path of the recom
bined beam changes as the generalized 
phase of the rotated partial beam chang
es. The probability is measured by 
counting the number of neutrons arriv
ing per second. If the two partial beams 
are exactly in phase when there is no 
rotation, the initial counting rate is high. 
This situation results from constructive 
interference: the two amplitudes have 
the same sign, and the square of their 
sum is at a maximum. Indeed, whenever 
the generalized phase difference is zero 
or a multiple of 360 degrees, there is 
constructive interference. After one full 
rotation of the spin vector the phase dif
ference is 180 degrees and the ampli
tudes have opposite signs. Ideally the 
sum would be zero; in practice the 
counting rate is at a minimum. This is 
destructive interference. 

Rotation of the neutron spin vectors is 
accomplished by placing an electromag
net in the region between the second and 
the third ear. One of the partial beams 
passes through the field of the magnet 

NEUTRON INTERFEROMETER, cut from a single perfect crystal of silicon, has three pro
jecting "ears." Each ear divides a beam of neutrons into a diffracted partial beam and a trans
mitted one. In this experiment one partial beam passes through a magnetic field, where the 
spin vectors of the neutrons are rotated and the generalized phase of the neutron state is shift
ed. When the two partial beams are recombined, they interfere according to the phase differ
ence between them. If the magnetic field is zero, there is no phase difference and the beams in
terfere constructively. If the magnetic field rotates one of the beams 360 degrees, the phase 
difference between the two paths is 180 degrees and the beams interfere destructively at count
er E. The crests of the neutron waves are represented by colored stripes and the troughs by 
gray stripes. The probability amplitudes of the spin states are indicated by the relative lengths 
of the stripes. Because the effect is illustrated for an incident spin-up neutron, a nonzero spin
down probability amplitude is shown below the black line only in the region of the magnetic 
field. Negative probability amplitudes are shown by converting crests into troughs and vice 
versa. The scattering of the neutrons at each ear is represented as a 90-degree phase shift (skip 
one stripe) each time a neutron beam is diffracted and as no phase shift when it is transmitted. 
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PRECESSION ANGLE 

SEVERAL CYCLES OF INTERFERENCE can be generated even with a moderate magnetic 
field. The total precession angle (J of the rotated beam can be calculated from the strength of 
the magnetic field. When the intensity of the recombined beam is plotted against (J, the exper
imental curve closely resembles the graph of the cosine of (J 12. Background neutrons raise 
the minimum count above zero. Eight full rotations of the beam give only four intensity peaks. 

but the other beam does not. Hence the 
field rotates spin along one partial beam, 
leaving the other beam unchanged. The 
angle of rotation is proportional to the 
strength of the magnetic field. As a re
sult the generalized phase of the first 
partial beam increases continuously as 
the experimenter increases the current 
in the electromagnet from zero to its 
maximum value. As the phase shift in
creases, the counting rate at one counter 
at first declines; the interference chang
es smoothly from constructive to de
structive. After reaching a minimum 
count the interference tends back to
ward the maximum as the generalized 
phase approaches one full cycle. The re
sulting cycle of variation in the count
ing rate repeats as long as the current 
continues to rise. Since the rotation an
gle does not depend on initial spin orien
tation, the experiment does not require 
a polarized neutron beam. 

The total rotation angle induced 
along the path through the magnetic 

field is equal to the Larmor precession 
frequency multiplied by the time the 
neutrons spend in the field. The angle 
can therefore be calculated from mea
surements of the velocity of the beam, 
the intensity of the field and the distance 
across the field. In the version of the 
experiment done by Rauch, Bonse and 
their colleagues the neutrons travel 
through a magnetic field 1.5 centimeters 
wide at a speed of 2, 170 meters per sec
ond, so that each neutron spends a little 
less than seven microseconds in the field. 
When the electromagnet is operating at 
maximum current, the strength of the 
field is 400 gauss, which corresponds to 
a Larmor frequency of 433 million de
grees per second. At this rate, in seven 
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microseconds the spin vector of each 
neutron rotates about eight full turns. If 
each 360-degree rotation of the spin vec
tor restored a neutron to its original 
state, one would expect to observe eight 
cycles of maximum and minimum 
counts. The actual result is significantly 
different. As the magnetic field increases 
from zero to its maximum the number 
of neutrons detected at the counter pass
es through only four cycles. 

The outcome of the neutron-rotation 
expe'riment shows in a sense that fiber 
bundles exist in quantum mechanics 
and can be observed. The fiber bundle 
associated with neutron rotation, how
ever, is an extremely simple one, be
cause both its base space and its total 
space are one-dimensional. (To repeat, 
the base space and the total space 
are both circles with the total space 
wrapped around twice like the edge of a 
Mobius strip.) The correspondence be
tween rotations and phase shifts is em
bodied in the rule that the point in the 
total space should move continuously so 
that it always lies above the position of 
the point in the base. Because there is 
only one degree of freedom in the total 
space the rule unambiguously specifies a 
phase shift for each rotation. 

In more general fiber bundles things 
are not so simple. For example, if each 
fiber is a line rather than a pair of points, 
motion in the base implies motion from 
fiber to fiber, but it does not specify 
which point in each fiber is to be tra
versed. To determine an unambiguous 
path through the total space in such 
a fiber bundle, additional structure is 
needed. A procedure that gives a path 
through 

'
the total space lying directly 

above a path in the base, once a start
ing point in the total space has been 

specified, is called a path-lifting rule. 
The study of fiber bundles grew out of 

attempts to make more accessible to 
analysis the complexities of curvature 
in a manifold: an abstract topological 
space with an arbitrary number of di
mensions. The idea of a fiber bundle was 
implicit in the work of the French math
ematician Elie Joseph Cartan, but it was 
first explicitly stated in about 1935 by, 
Hassler Whitney, who now works at the 
Institute for Advanced Study. The con
cept of path lifting was developed as 
a systematic way of comparing the ef
fects of curvature at different points 
of a manifold and was extended to fiber 
bundles by the French mathematicians 
Charles Ehresmann and Henri Cartan 
and by others in about 1950. 

Consider what is perhaps the simplest 
curved manifold: the two-dimensional 
surface of a sphere. An observer stand
ing on the surface has a complete circle 
of directions in which to look along 
the surface. (Assume that the observer 
looks only along the horizon, never up 
or down.) There is such a circle of direc
tions for each point on the surface. The 
circles taken together form a fiber bun
dle in a natural way, called the bundle of 
directions on the surface of the sphere. 
The base space of the bundle is the sur
face itself. The fiber over a point in the 
base represents the set of all the direc
tions on the surface of the sphere that 
can be surveyed from that point. Hence 
each fiber is a circle. 

It is not possible to draw a faithful 
picture that encompasses all the to

tal space of the bundle of directions on 
the sphere. One reason such a drawing 
cannot be made is that it is topological
ly impossible to assign a reference direc
tion to every point on the surface of a 
sphere in a continuous way. This fact is 
expressed whimsically by the statement, 
"You can't comb the hair on a sphere." 
At least one point on the sphere will al
ways have a "cowlick." On the other 
hand, it is possible to comb any patch of 
hair on the sphere, even if the patch cov
ers the entire surface with the exception 
of one point. For such a patch it is possi
ble to assign a continuous set of direc
tions and so to draw a topologically ac
curate picture of the total space of the 
bundle of directions over the patch. For 
example, on a flat map of the northern 
hemisphere one can draw a continuous 
set of directions, say all pointing down 
and to the left. The set of directions can 
then be transferred back to the northern 
hemisphere of the sphere in order to 
comb its hair. 

Combing the hair on the hemisphere 
gives a reference direction at each point. 
The total space of the bundle of direc
tions on the hemisphere can then be il
lustrated by drawing each fiber vertical
ly. If the bottom of each fiber corre-
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sponds to the reference direction, the an
gie any other direction makes with the 
reference direction can be represented 
by a height along the fiber [see illustra
tion on next page]. The point halfway up 
the fiber represents 180 degrees from the 
reference direction and the point at the 
top of the fiber represents 360 degrees 
from the reference direction. Since the 
360-degree direction coincides with the 
reference direction, the top and the bot
tom of each fiber represent the same 
point of the total space. 

How can one define a path-lifting rule 
for the bundle of directions on the 
sphere? A path in the base space of the 
bundle of directions is simply a path on 
the surface of the sphere. Lifting such a 
path into the total space requires that a 
direction chosen from the circle of di
rections be assigned to every point in the 
path. Think of a watch with one hand, 
transported so that the center of the 
watch moves along the path on the 
sphere while the hand moves freely 
around the dial. A path-lifting rule must 
determine the position of the hand at 
each point in the path, once the hand's 
initial position is given. If one considers 
only the topology of the sphere, so that 
the surface can be stretched and de
formed (but not torn) as if it were made 
of a sheet of rubber, there is no pre
ferred way to give such a rule. The fun
damental reason is that there is no topo
logical relation between directions at 
one point on the surface of the sphere 
and directions at another point. If one 
considers the geometry of the sphere, 
however, there is a natural principle that 
will determine the movement of the 
watch hand. The principle is called par
allel transport. 

a 

Parallel transport on a sphere can 
best be understood by imagining the 
sphere to be rolling on a fiat surface. 
Suppose there are straight lines and 
curved lines drawn on the fiat surface 
in wet ink, and suppose there are ar
rows spaced frequently along the lines, 
all pointing, say, to the lower left. The 
term parallel transport is based on this 
picture. Since the arrows in the plane 
are all parallel, the arrows printed onto 
the sphere exemplify parallel transport 
along the printed curve on the sphere. 

Parallel transport determines a path
lifting rule in the bundle of direc

tions on the sphere. Given a curve on 
the sphere and an arrow representing a 
direction at the start of the curve, one 
can place the sphere on the plane so that 
the starting point is the point of tangen
cy. Imagine there is an arrow at each 
point in the plane, drawn in ink and par
allel to the original arrow. If the sphere 
is rolled along the plane so that it prints 
the curve on the sphere onto the plane, 
the arrows from the plane will also be 
printed onto the sphere. The latter ar
rows give a path in the bundle of direc
tions that starts with the initial arrow 
and lies above the given curve. 

When a straight line is printed onto 
the rolling sphere (or onto any other 
curved surface), the curve it forms on 
the surface is called a geodesic. On the 
sphere a geodesic is a great circle. The 
shortest path on the surface between 
two points is a geodesic. The arrows that 
all point in the same direction on the 
plane retain a vestige of this property 
when they are printed onto a geodesic. 
At each point along the geodesic curve 
the angle between the arrow and the 

line tangent to the geodesic is the same. 
Parallel transport can be described 

for a curved path made up of geodesic 
segments without reference to rolling. It 
can be carried out by maintaining a con
stant angle between the transported ar
rows and the tangents along successive 
geodesics. From a perspective above the 
surface of the sphere, however, parallel 
transport along a geodesic may seem 
anything but parallel: the arrows may 
appear to rotate. When an arbitrary 
curved line is printed onto the sphere, 
the rotation of the arrows as viewed 
from above the surface may appear to 
be even more chaotic. 

Parallel transport provides a way of 
making quantitative and explicit the in
tuitive difference between a curved sur
face and a fiat one. When an arrow is 
carried by parallel transport around a 
closed path in the plane, the directions 
of the arrow at the start and at the finish 
coincide. Parallel transport around a 
closed path on a curved surface, how
ever, may not lead to such coincidence. 
If there is a change in the direction of the 
arrow when it completes a single cir
cuit of a closed path, the angle between 
the final direction and the initial one is 
called the angular excess of the path. It 
follows from the way parallel transport 
is defined that the angular excess does 
not depend on the initial direction of the 
arrow. 

Mathematicians commonly express 
angular measure in radians instead of 
degrees. (Conversion from degrees to 
radians is made by multiplying the de
gree measure of an angle by the constant 
21T /360. One radian is therefore about 
57 degrees.) When the angular excess is 
measured in radians, the result is a num-

PARALLEL TRANSPORT carries a direction along any curve in a 
plane so that an arrow points in the same direction everywhere on 
the curve. To extend the idea to parallel transport along a curve on 
a surface that is not planar, one can imagine that parallel directions 
in the plane are printed onto the surface as the surface rolls on the 
plane, without slipping or twisting about the vertical, so that the point 
of tangency always remains on the curve. To roll a sphere along one 

of its circles of latitude it is convenient to draw a cone tangent to the 
sphere along the circle. As the cone rolls on the plane, the sphere rolls 
along the circle of latitude. When a surface is rolled along a straight 
line in the plane, the curve printed onto the surface is a geodesic. If 
a geodesic is printed onto a cone of sufficiently small vertex angle, 
it can circumscribe the cone and intersect itself at an angle called 
the angular excess, a measure of the curvature enclosed by the path. 
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BUNDLE OF DIRECTIONS on the surface of a sphere is an important example of a fiber 
bundle. At each point on the sphere there is a circle of directions along which one can look on 
the surface. To label these directions with angles one must assign a reference direction to each 
point. If the reference directions could be assigned everywhere in a continuous manner, one 
could "comb the hair" on the sphere, but that is not possible; there must always be a "cowlick." 
Hair can be combed, however, over any region smaller than the entire surface. For example, 
on a flat map of the northern hemisphere the description "downward and to the left" specifies 
a direction at each point and so defines a continuous set of reference directions on the hemi
sphere. A picture of the bundle of directions on the hemisphere can be made by adopting the 
flat map as a base space. Every direction at a point on the hemisphere appears on the vertical 
coordinate line above the corresponding point on the map, 'and at a height that corresponds to 
the angle the direction makes with the reference direction. Heights 0 and 360 correspond to 
the same direction. The total space of the bundle is a cylinder where points at the top and the 
bottom of each vertical fiber are identical. The arrows that represent the reference directions 
on the map are parallel, but their counterparts on the sphere do not represent parallel transport. 
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ber called the total curvature of  the re
gion enclosed by the path. One can then 
define the average curvature of a region 
as its total curvature divided by its area. 
By convention the sign of the average 
curvature is given correctly when the ar
row is transported along the path coun
terclockwise, so that the region is on the 
left of the path. The curvature of a sur
face at a point can be defined as the lim
iting value of the average curvature of 
progressively smaller regions contain
ing the point 

Parallel transport makes it possible to 
define a path-lifting rule from the 

surface of the sphere to the total space 
of all directions. In the total space the 
angular excess is represented as the an
gular distance along the fiber that corre
sponds to the point on the closed path 
where the circ uit of parallel transport 
begins and ends [see illustration Oil oppo
site page]. Hence the total curvature of 
the region enclosed by a path in the base 
is represented by a distance along one of 
the fibers in the lifted path. It turns out 
that replacing parallel transport by an 
arbitrary path-lifting rule generalizes 
the notion of curvature to other bundles 
on which the operation of parallel trans
port does not make sense. Such path-lift
ing rules have to be formulated without 
any reference to geodesics or angles. 

Instead of focusing on the geometry 
of the base space, as one does in parallel 
transport, it is possible to lift a path by 
imposing structure on the total space. 
One way of doing this is to associate a 
set of parallel, sloping planes with each 
fiber. The slopes of the planes determine 
how fast a lifted path rises or falls as it 
moves from fiber to fiber in the total 
space. The planes must never be parallel 
to the fibers. Their slopes must vary con
tinuously from point to point, and they 
must have the 'same slope at every point 
along a given fiber. The latter condition 
is an analogue of the guarantee provid
ed by parallel transport that the angular 
excess (and thus the curvature) is inde
pendent of the initial direction of the 
arrow being transported. Such a set of 
continuous planes in the total space is 
called a connection in the fiber bundle. 
At the point on a fiber where a lifted 
path crosses the fiber the path must be 
tangent to the sloping plane associated 
with the point This is how the plane 
defines the slope of the lifted path at the 
point The illustration on the opposite 
page shows the connection that lifts 
paths on the sphere in the same way 
that parallel transport does. 

The curvature of a connection can be 
defined by a procedure similar to the 
one employed for measuring the curva
ture of a surface. The aim of the proce
dure is to assign to each point in the base 
a number that represents the curvature 
at that point (For higher-dimensional 
spaces the curvature is specified not by a 
single number but by a collection of 
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numbers that are the components of a 
mathematical object called a tensor .) 
The number that measures the curva
ture of the connection is obtained by 
finding the analogue to angular excess 
for progressively smaller paths enclos
ing the point. A connection has zero cur
vature over a region in the base if every 
'sufficiently small closed curve in the re
gion lifts .to a closed curve in the total 
space. When this happens the connec
tion is called flat, by analogy with par
allel transport in plane geometry. If 
the connection has nonzero curvature, 
small closed paths in the base lift to 
yield curves in the total space that do 
not close. 

Motion along a lifted path in a region 
where the connection is flat is analogous 
to motion on a hillside. Following a 
closed path may take one to various ele
vations above sea level. No matter how 
circuitous the route, however, when one 
returns to the surface coordinates (lon
gitude and latitude) of the starting point, 
one has also returned to the same eleva
tion. Motion in a curved region of the 
connection is analogous to motion in a 
cave. Some routes through the tunnels 
of the cave may lead back to the same 
longitude and latitude coordinates, but 
one's elevation may be quite different 
from what it was at the start of the path. 
Mathematically a connection above a 
region in the base is flat only if the 
planes of directions defining the connec
tion are tangent to a family of surfaces. 
Each surface corresponds to the hillside 
in the analogy. The surfaces must con
form to one another and pack together 
like spoons to fill up the part of the total 
space that is above the region of the 
base. Each surface must have the same 
number of dimensions as the base has. 

I t is now possible to give some account 
of how fiber bundles can represent 

the distinctive features of a gauge field. 
A more descriptive name for a gauge 
field would be a phase-shift field. In 
current gauge-field theories of nuclear 
forces the phase shifts act on quantum
mechanical waves to change the identity 
of the particle the wave describes. For 
example, to turn the probability ampli
tudes for a proton field into those for a 
neutron field and back again, which is 
in effect to alter continuously the prob
ability that a particle is a neutron or a 
proton, it is sufficient to shift general
ized phases. 

The quantum theory of magnetism 
provides a much simpler example of the 
phase-shifting properties of a gauge 
field. The gauge field in question is 
called the magnetic vector potential, 
and it determines how electrons interact 
with a magnetic field. The clearest way 
to demonstrate the effect of the magnet
ic vector potential experimentally ex
ploits the interference patterns of elec
tron waves. 

An electron in a beam can be repre-

\ 

BASE SPACE 

/ 

LIFTING A PATH in a fiber bundle is a means of finding a patb in tbe total space starting at 
a given point and lying directly above tbe patb in tbe base. For tbe bundle of directions on tbe 
surface of tbe spbere, parallel transport of directions on tbe surface gives a unique lifting for 
every patb. The bundle of directions over the northern bemisphere can be represented as a cy
lindrical total space. Each direction is at a beight corresponding to tbe angle it makes witb tbe 
reference direction, bere chosen to be pointing to tbe lower left in tbe flat map of the nortbern 
hemisphere. For tbe path around the spherical geodesic triangle tbe reference directions point 
soutb along the meridian at tbe start of the patb. The angle between the transported direction 
(colored arrows) and the tangent to a geodesic is constant. On tbe first leg of tbe triangle tbe 
geodesic curves with respect to tbe reference direction, so that the angle between tbe transport
ed direction and tbe reference direction increases at a constant rate. Along tbe second and tbird 
legs of the triangle the transported direction maintains a 180-degree angle witb tbe reference 
direction. When tbe arrow returns to its starting point, its direction has cbanged by 90 degrees, 
tbe angular excess of tbe closed triangular patb. The changes in transported directions are plot
ted as a lifted path in tbe bundle of directions on the hemisphere. For the path around the 45-
degree latitude the transported direction begins 180 degrees away from tbe reference direction 
and increases its angle with tbe reference direction at a constant rate. A connection can define 
a path-lifting rule witbout reference to parallel transport by assigning planes to every point in 
tbe total space. The lifted patb must be tangent to tbe planes. The slopes of tbe planes are the 
same for all points along a single fiber, but they vary continuously from fiber to fiber; tbe 
planes are never vertical. Sucb a collection of planes is called a connection in the fiber bundle. 
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sented by waves whose length is inverse
ly proportional to the electron's mo
mentum and whose frequency is pro
portional to its energy. At any point in 
space such a wave has a definite height 
at each instant, just as a water wave has 
an instantaneous height above or below 
the average surface level of the water. 
The sequence of heights at a point varies 
periodically from a maximum to a min
imum and back again. A graph of the 
heights resembles a cosine curve. Be
cause the cosine is a function whose ar
gument is an angle the instantaneous 
height of a wave can be stated by giving 
the wave's maximum height and an an
gle that corresponds to the instanta
neous height of the cosine curve. The 

ELECTRON 
BEAM 

MAGNETIC 
FIELD 

RETURN 
YOKE 

curve attains its maximum height, for 
example, at 0 degrees and its minimum, 
or greatest negative value, at 1 80 de
grees; it has a height of zero at 90 de
grees and 270 degrees. 

The angle corresponding to the in
stantaneous height of an electron 

wave is called the phase angle of the 
wave. The phase angle does not affect 
the probability of finding an electron at 
a point, because the probability ampli
tude is proportional only to the maxi
mum height of the electron wave. (As 
usual, the probability is found by squar
ing the probability amplitude.) Thus if 
one shifts the phase of the electron wave 
arbitrarily at each point in space, the 
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ELECTRON PHASE SHIFT can be induced not only by a magnetic field but even by the pas
sage of the electron through a region near a magnetic field. The effect can be detected by split
ting an electron beam with a negatively charged wire, passing the two partial beams around 
opposite sides of a solenoid within which a magnetic field has been confined and then recom
bining the partial beams so that they interfere. As the current in the solenoid is increased the 
magnetic field increases and the interference pattern of the overlapping beams is shifted. Be
cause the electron beams remain coherent only if they are separated by no more than 60 micro
meters the experimental apparatus is exceedingly small: the diameter of the solenoid is less 
than a seventh the thickness of a human hair. An experiment of this kind was first proposed in 
1959 by Yakir Aharonov of Yeshiva University and David Bohm of the University of London. 
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probability of finding an electron at any 
point does not change. A function that 
assigns such a local phase shift to each 
point in space is called a gauge transfor
mation. 

Although the overall phase of a sin
gle electron. beam has no effect on 
observed quantities, the relative phase 
with which two partial beams arrive at 
the same point does have physical con
seq uences. A phase difference between 
two interfering beams can alter the max
imum height of the electron wave and so 
can change the probability amplitude. 

An interference pattern shows up as 
a variation from one point to another 
in the probability of finding a parti
cle. Hence wherever two partial beams 
overlap they create an interference pat
tern. Suppose

' 
the experiment is symmet

rical and the beams are exactly in phase 
at the center of a detecting screen. The 
value of the phase at the center of the 
screen can be changed at will, but the 
same change will then be made in each 
of the partial beams. Therefore the 
interference is constructive under any 
gauge transformation at the point. 

The interference pattern is formed be
cause for points on the detecting screen, 
say to the left of the center, the waves 
from the left partial beam have traveled 
a shorter distance to reach the screen 
than the waves from the right partial 
beam. As one searches farther from the 
center of the pattern the phase differ
ence or relative phase takes on greater 
values, creating the periodic variation in 
intensity that constitutes the interfer
ence pattern. The pattern is detected as a 
variation in the counting rate in the re
gion of overlapping partial beams. If 
some physical effect introduces a phase 
difference between the two partial 
beams arriving at the center, the same 
phase difference will also be found at 
each point to the right or left of the cen
ter. The "fringes" in the interference 
pattern will be uniformly shifted. 

For electrically charged particles the 
magnetic vector potential is a field 

that acts by shifting phases at each 
point in space. The vector potential de
termines the magnetic field; indeed, mag
netic effects on charged particles can 
be completely explained in terms of the 
phase shifts given by the vector poten
tial field. The underlying reason the vec
tor potential field is a gauge field is that 
the magnetic force acts on a charged 
particle to change its direction without 
changing its energy. When an electron 
enters a magnetic field, the frequency 
of the electron waves therefore remains 
constant but the spatial pattern of the 
waves is changed. It is as if the wave
length were to vary from point to point. 
The phase shift of an electron caused 
by a magnetic field therefore depends 
on the path of the electron. 
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In the classical theory of magnetism 
the magnetic vector potential was con
ceived as an auxiliary device for calcu
lating the magnetic field. The calcula
tions showed that the magnetic vector 
potential could be nonzero in regions 
where there is no magnetic field. As a 
result physicists thought the magnetic 
vector potential would not have observ
able consequences of its own. 

In quantum mechanics the magnetic 
vector potential field does have observ
able consequences. Its expected effect 
on phase was mentioned by W. Ehren
berg of the University of London and R. 
E. Siday of the University of Edinburgh 
in 1949. It was not until 1959, however, 
that Yakir Aharonov of Yeshiva Uni
versity and David Bohm of the Univer
sity of London proposed an experiment 
in which the effect could be observed 
directly. 

Like the neutron-rotation experiment, 
the Aharonov-Bohm experiment cal1s 
for splitting a beam of subatomic parti
cles, recombining the partial beams and 
observing the resulting interference. 
The particles employed are electrons 
rather than neutrons. This presents a dif
ficult technical problem, because the 
maximum separation over which the 
two parts of a split electron beam re
main coherent is only 60 micrometers. 
Even to achieve such a smal1 separation 
the entire experiment must be set up in
side an electron microscope. The experi
ment was first carried out by R. G. 
Chambers of the University of Bristol in 
1960. The effect was confirmed in 196 1 
by Gottfried Mol1enstedt and Werner 
Bayh of the University of Tilbingen in a 
somewhat more elaborate experiment. 

The incoming electron beam travels 
toward a wire bearing a negative 

electric charge, which splits the beam 
into two coherent partial beams. The 
diverging beams pass around opposite 
sides of a solenoidal electromagnet with 
an outside diameter of 14 micrometers 
(less than a seventh the thickness of a 
human hair). The electromagnet is in
stal1ed in such a way as to confine the 
magnetic field to the inside of the sole
noid. Since the electrons remain outside 
the solenoid, they pass through a negli
gible magnetic field; any phase changes 
they undergo must therefore be attribut
ed to the magnetic vector potential field 
that surrounds the solenoid. 

Beyond the solenoid in the electron 
microscope is a wire bearing a positive 
charge that brings the beams back to
gether. Another negatively charged wire 
deflects the beams so that they inter
sect at a smal1 angle in order to increase 
the width of the fringes in the interfer
ence pattern. The resulting pattern has 
broad dark bands from diffraction at 
the beam-splitting wire and fine fringes 
from the interference. 

MAGNETIC 
FIELD 

PHASE SHIFT of the electron beams in the Aharonov-Bohm experiment can be modeled by 
the parallel transport of a direction on the surface of a truncated cone capped with a spherical 
dome. The shifting of phase along each beam is represented by the rotation of an arrow. The 
two partial beams begin in phase. The phase is then retarded along the colored path and ad
vanced along the black path. The phases shift even though the magnetic field along both paths 
is zero; the shifts are directly proportional to the magnetic field between the paths. On the 
domed cone the geometry of the conical region is like the geometry of a plane: the region can 
be slit longitudinally and unrolled onto a plane without stretching or compressing. Parallel 
transport along two paths around the cone, however, will not lead to the same direction when 
the paths meet again, even though the curvature along both paths is zero. The paths shown 
form a curve that is a self-intersecting geodesic; the arrows represent the direction tangent to 
the curve. Because the tangent direction undergoes parallel transport along a geodesic the an
gular excess of the curve is identical with the angle at which the two paths meet. The angular 
excess measured in radians is equal to the total curvature of the region between the paths. The 
curvature is concentrated on the dome, just as the magnetic field is confined to the solenoid. 

As the current in the solenoid increas
es, the magnetic field becomes stronger 
and the fine lines of the interference pat
tern shift with respect to the broad dif
fraction bands. The magnetic flux can 
be calculated from the dimensions of 
the coil and the current passing through 
it. Hence the experiment gives an exact 
numerical check on the relation between 
the magnetic flux and the phase shift; the 
results confirm the predictions of quan
tum theory. 

The fiber-bundle model of this experi
ment illuminates the general corre

spondence between gauge fields and 
connections in fiber bundles. The model 
describes paral1el transport on the sur
face formed by truncating a cone and 

capping it with a dome. Topological1y 
the surface formed in this way is equiva
lent to the surface of a hemisphere, but 
it has a quite different geometry. Note 
that if the conical region is slit longitu
dinal1y, the cone can be unrol1ed onto 
a planar surface without stretching or 
compressing. Lengths and angles mea
sured on the unrol1ed cone must be the 
same as they are when they are mea
sured on the cone itself. Thus a two
dimensional observer measuring curva
ture on the surface of the cone by carry
ing out paral1el transport over smal1 
closed curves would always find the an
gular excess to be zero. The surface 
would appear to be flat. This part of the 
surface is analogous to the region out
side the solenoid in the Aharonov-Bohm 
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experiment, where the magnetic field is 
negligible. 

If sufficiently large paths on the cone 
are considered, however, the difference 
between the cone and the plane will be
come apparent. A straight line on the 
unrolled cone that intersects both sides 
of the slit at the same distance from the 
apex will roll up into a closed loop that 
is a geodesic on the cone. Suppose a pair 
of two-dimensional observers stand, 
both facing forward, at the point on the 
loop directly opposite the point where 
the loop crosses the slit. If the observers 
move along the loop, one walking for
ward and the other backward, they must 
think they are moving away from each 
other along a straight line. When they 
meet again at the point where the loop 

TOTAL SPACE --

crosses the slit, however, they no longer 
face in the same direction. The angle (J 
between them is equal to 3 60 degrees 
minus the angle at the top of the un
rolled cone. The observers must con
clude that the surface they live in is not 
fiat after all, because this angle is the 
angular excess of the closed curve 
formed by their paths. The region to 
their left must have a total curvature 
equal to the measure in radians of the 
angular excess. 

What happens to the pair of two
d imensional observers as they pass 
around opposite sides of the cone is sim
ilar to what happens to the pair of par
tial beams as they pass around opposite 
sides of the solenoid in the Aharonov
Bohm experiment. The two observers 
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FIBER BUNDLE of phase angles over a cross section of the Aharonov-Bohm experiment is 
almost exactly like the fiber bundle of directions on the surface of a spherically domed cone. 
Over each point in the base the fiber in the total space represents the possible phase angles 
(from 0 to 360 degrees) of the electron at that point. For an appropriate choice of magnetic
field intensity the connection defined in the bundle of phases by the magnetic vector potential 
field is identical with the connection given by parallel transport on the domed cone. The curva
ture of the connection corresponds to the magnetic field in the solenoid. The region inside the 
solenoid corresponds to the spherical dome. There the rule for lifting a path is the same as the 
parallel-transport rule on the surface of the sphere, and it can be described by the same system 
of sloping planes (not shown). The region outside the soienoid corresponds to the truncated 
cone. There the connection is flat. The sloping planes are tangent to a family of spiral ramps 
that fill up the total space. The phase shift in the base is represented by the rotating arrows. 
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initially face in the same direction. 
Analogously, the two partial beams of 
electrons are in phase immediately after 
the beam is split. If the observers mea
sure the curvature of the surface along 
either one of their paths, they will find it 
is zero because they are traveling on the 
fiat part of the capped cone. S imilarly, 
the magnetic vector potential, which 
causes the beams to be out of phase 
when they are recombined, cannot be 
detected by measurements made along 
either one of the separate paths. 

The key to the similarity of the two 
effects is the interpretation of the 

magnetic vector potential as a connec
tion in a fiber bundle. The bundle is 
called the bundle of phases. Its base 
space is the three-dimensional space in 
which the experiment takes place. The 
fiber over any point is the set of all possi
ble phases of electrons at that point, and 
so the total space is made up of all possi
ble phases of electrons at all points of 
three-dimensional space. Since a phase 
can be described by an angle measured 
in degrees or radians, the fiber over each 
point is a circle, just as it is in the bundle 
of directions on a surface. With a circu
lar fiber for every point in three-dimen
sional space, however, the total space is 
four-d imensional. 

The three-dimensional base space and 
four-dimensional total space make it 
difficult to visualize the bundle of phas
es. A picture can be drawn, however, 
of the bundle of phases over a plane 
that passes through the experiment per
pendicular to the solenoid. This bun
dle, which has a three-dimensional total 
space, is completely adequate for de
scribing the outcome of the Aharonov
Bohm experiment. 

The bundle is now a cylindrical bun
dle over a surface; it can be drawn 
with vertical fibers like the bundle of 
directions on the hemisphere or on the 
capped cone. The connection in the bun
dle is a field of planes transverse to the 
fibers. The slope of one of the planes in 
a given direction (say up or down the 
ramp) is proportional to the component 
of the magnetic vector potential field in 
that direction at the corresponding base 
point. The curvature of the connection 
is proportional to the intensity of the 
magnetic field. Hence the curvature is 
different from zero only at points inside 
the solenoid. For an appropriate choice 
of the field strength inside the solenoid, 
the picture of the magnetic-vector-po
tential connection over the plane per
pendicular to the coil is identical with 
the picture of the parallel-transport con
nection over the capped cone [see illus
tration at le/l'J. The region of the base 
inside the solenoid corresponds to the 
spherical cap on the cone. There the 
connection is identical with the connec
tion that is generated by parallel trans-
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port on a sphere. In the region of the 
base outside the solenoid the curvature 
of the connection is zero, since the mag
netic field is zero there. The connection 
planes are tangent to a densely packed 
family of ramps that spiral around the 
center. The phase difference between 
the two partial electron beams is exactly 
the height gained by following one of 
the ramps through one full rotation. 

If the curvature is calculated for the 
entire bundle of phases, it is found to be 
a tensor, since the base is three-dimen
sional. The tensor has three compo
nents, each proportional to the corre
sponding components of the magnetic 
field. The construction can be extended 
to the bundle of phases over space-time, 
where the base is four-dimensional. The 
electric potential and the magnetic po
tential taken together give a connection 
that can explain all electromagnetic in
teractions of charged particles. The cur
vature of the connection is a tensor with 
six components, corresponding to the 
three components of the electric field 
and the three components of the mag
netic field. 

Each of the quantum gauge fields can 
be understood as a connection in a fiber 
bundle where the base is space-time. 
The fiber of the bundle is the set of inter
nal symmetry transformations of parti
cles that interact by means of the gauge 
field. Fiber bundles have now been con
structed for quantum electrodynamics, 
for the weak and the strong nuclear in
teractions and for versions of theories 
that attempt to present a unified account 
of these forces. Although a complete 
scheme for the unification of all the fun
damental forces has not come forth, it is 
clear the mathematics of connections in 
fiber bundles is destined to play an im
portant role in theoretical physics. 

We believe the current usefulness 
and physical significance of such 

mathematical concepts is no accident. 
Neither mathematicians nor physicists 
are insulated from their cultural, politi
cal and physical milieu, and the ideas 
and perceptions of workers in each dis
cipline are influenced by the other disci
pline. Moreover, mathematicians and 
physicists unavoidably share unspoken 
assumptions about the everyday world 
and the logic by means of which the 
world is projected onto abstract science. 
Indeed, they share a passionate commit
ment to such rational work. What seems 
most marvelous is not what has been 
called the "unreasonable effectiveness" 
of mathematical concepts in physics, or 
the fecundity of physical intuition as 
a source of new mathematics. Rather 
one must admire the success of the com
mon intellectual approach of mathema
ticians and physicists in creating a rich, 
coherent and powerful image of the 
physical universe. 

A Beautifully Illustrated, Authoritative New Sourcebook 
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MATING FIREFLIES hang in the shelter of a leaf. The male, the 
lower of the two, is grasping the female's wing covers with both fore-

PREDATORY FEMALE of the eastern U.S. species Plio/uris I'ersi
color dismembers an alien male firefly. When alien males advertise 
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legs and has raised both middle legs. These fireflies are the eastern 
U.S. species Plio/uris lIebes. The female lures and eats alien males. 

themselves during their search for mates, P. I'ersicolor females attract 
them by mimicking responses of a female of the same alien species. 
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Mimicry in the Sexual Signals 
of Fireflies 

Male fireflies flash as they fly seeking mates at night, and females 

of the same species flash answers hom the ground. Females of other 

species also answer and devour any males they can lure within reach 

T
he myriad flashes and flickers in a 
meadow full of fireflies fills the 
spectator with a bucolic content 

that is a world removed from the reality 
of competition, deception and predation 
lying behind that twinkling facade. Lim
ited resources, among them the supply 
of unmated females and food, make 
competition an inevitable part of life. 
Such competition is more easily per
ceived among fireflies than it is among 
other insects because much of it is medi
ated by bioluminescence. 

Most of the dancing lights in a firefly 
meadow are the self-advertising signals 
of male fireflies seeking a mate. With a 
little effort an observer can learn to rec
ognize several firefly species from their 
flashes alone. As a general rule, in any 
one area each species has its own unique 
male signal and female response. The 
identifying features of the signal are the 
duration of the flash, the number of 
flashes in a signal pattern, the rate of the 
flashes in the pattern and the rate of rep
etition of the pattern. The male signals 
of some 1 3 0  firefly species around the 
world are known, at least to some de
gree, and I have analyzed the patterns of 
more than 80 species on the basis of re
cordings of free-flying males in the field. 

About 50 of the 1 3 0  signal patterns 
consist of single flashes in a continuous 
sequence, emitted at various character
istic rates. Another 30 firefly species 
have signal patterns consisting of groups 
of flashes that range from two to I I 
flashes per group. Another 30 species 
have a flickering signal pattern, usually 
with five to I I peaks of brightness, at 
rates of up to 20 peaks per second. Fi
nally, some 20 species emit flashes with 
what is called cryptic modulation be
cause their frequency (more than 30 
flashes per second) is  too high for the 
human eye to detect. 

What makes the pattern of a particu
lar species distinctive is not only the rate 
of flashes or flickering but also how the 
intensity of the flash increases and de
creases and how the intensity is modu-

by James E. Lloyd 

lated within the flash. The shortest flash 
I have observed is the 40-millisecond 
spike of Photuris potomaca, a firefly that 
lives along the Potomac River and its 
larger tributaries. Although some fire
fly species emit glows that last for min
utes, the longest true flash I have seen is 
the five-second crescendo of a Missouri 
race of Photuris /ucicrescens. The most 
rapidly modulated flicker is that of Pho
turis "D," one of several Florida spe
cies not yet named; on warm evenings 
its flicker reaches more than 40 peaks 
per second. 

With all fireflies the flashing rate 
changes predictably with the ambient 
temperature. Because of such changes 
and the subtlety of the species-specific 
elements of many display patterns posi
tive identification of male fireflies in the 
field usually calls for several addition
al kinds of information, both behavior
al and ecological. They include flight 
speed, altitude during light emission, 
maneuvers during light emission, the 
habitat, the- activity space within the 
habitat, the time of the activity and 
the season of the year. 

The flash patterns of the male firefly 
are only half of the species-specific 

code. The other half is the female re
sponse in the courtship dialogue, In 
most instances the female's responses to 
the male signal are short, unmodulated 
pulses. Among the exceptions to this 
generalization are the repeated flashes 
of the female Photinus obscurellus. a 
marsh-dwelling species of the northeast
ern U.S., and the seconds-long glow that 
Photinus tanytoxus. a species of the Flor
ida grasslands, sometimes emits after 
flashing. These elaborations offer an ap
proaching male a conspicuous target. 

The characteristic of the female flash 
that often shows significant variation 
among species, and the most critical 
characteristic of the female response, is 
its timing with respect to the male flash. 
For example, at 76 degrees Fahrenheit 
the female of the eastern U.S. firefly spe-

cies Photinus ignitus waits for three sec
onds before answering the male signal. 
(At 55 degrees the delay time is about 
nine seconds. ) The female delay times of 
other firefly species are shorter. It is the 
combination of the male signal pattern 
and the delayed female answer that con· 
stitutes the species-specific code. That 
code has long been recognized as play
ing an important part in maintaining re
productive isolation when individuals of 
different species come within signaling 
range of one another. 

On a given evening in the firefly mead
ow mate-seeking males greatly outnum
ber the females; the ratio may be 50 to 
one. As a consequence male competi
tion is keen and a male searches a long 
time before findin'g a potential mate. 
When a female shows a light, however, 
she is quickly discovered. In order to 
quantify male mating efforts and suc
cesses I have followed males of the 
species Photinus collustrans in their twi
light hunt. 

This firefly is sexually active for 1 5  
to 2 0  minutes each evening, beginning 
about 20 minutes after sunset. Its mate
seeking period is squeezed between the 
time when it is still twilight and the onset 
of sexual activity in the closely related 
firefly species Photinus tanytoxus. which 
begins its mate seeking about five min
utes after the early-flying species fin
ishes. The short duration of the P. collus
trans males' search for mates and the 
fact that their activity space in Florida 
pastures is virtually two-dimensional 
make them ideal subjects for a quanti
fied study of mate-seeking behavior. 

When I was following the males, I 
used a rolling wheel with a counter to 
measure distance. I also counted the 
males' flashes and crashes and recorded 
the duration of each flight. Over several 
seasons I have tracked 199 P. collustral1s 
males for a total distance of 1 0.9 miles. 
The males flashed 7,988 times. (Their 
flash pattern is a single .3 -second signal 
that is repeated every two seconds.) 
There were only I I crashes, each result-
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ing in the loss of up to 15 seconds of 
flight time. Of the 1 99 mate-seeking 
males only two found females of their 
own species and mated. The males' 
flashes were answered, however, by 1 1  
females of another firefly species that 
mimics the response signal of P. collus
trans females, and one of the males I was 
tracking wasted four minutes of his lim
ited time investigating the response of 
one of these mimickers. It thus appears 
that during the average mate-seeking P. 
collustrans male's evening flight the fire
fly travels a distance of .62 mile and 
emits 455 flashes. That average searcher 
has a .63 chance of a crash and a .14 
chance of finding a mate. This means 
that an average male must undertake 7.1 
evening searches if he is to find a mate. 

Female success is much quicker. Af
ter the P. collustrans female emerges 
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from her burrow at twilight she is able to 
catch a flying male's attention, attract 
him to the ground, copulate (for 90 sec
onds) and return to her burrow-all in 
about six minutes. When the female dis
appears, the male immediately returns 
to the air and to renewed competition. 
Both the male and the female run a risk 
of predator attack if they remain at the 
mating site. 

M OSt ad ult fireflies are not carnivo
rous, but among the 60-odd spe

cies of the genus Photuris the females of 
most species are an exception to this 
rule. They attract and devour the males 
of other firefly species, and their mimic
ry of the females whose males they at
tract is remarkable and versatile. The 
hunting female flies to an area where a 
prey species is active and takes a station 
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on or near the ground. When a male 
prey flashes nearby, the Photuris female 
answers with the female response char
acteristic of the prey species. The male 
flies closer and flashes again. The male 
must always hurry. If he is slow about it, 
rivals close at hand will see the court
ship and intrude on it. A mistake in iden
tification, however, could be fatal. The 
attracted male may respond by flashing 
several times, moving in close and back
ing away. Some males then leave, some 
dally and some land a few inches from 
the answering light. From my observa
tions of four prey species I estimate that 
16 percent of the attracted males are 
duped and are eaten when they land 
near the predaceous female (which may 
be several times their size). 

The females of two Florida Photuris 
species have an extensive repertory of 
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SEXUAL SIGNALS of male fireflies fall into four categories, illus
trated here by the traces of field recordings that convert photomulti
plier readings into sound on tape. The time bars on all four examples 
(color) indicate .25-second intervals. Roughness in the traces is due to 
electronic "noise" (.'alleys) or recorder overload (peaks). At the top 
left is a single flash that, emitted at various characteristic rates, is typi
cal of about 50 of the 130 species of fireflies whose male signalS are 
known. It is a recording of the species Luciola peculiaris made in 
New Guinea at a temperature of 70 degrees Fahrenheit. At the top 
right is a group of flashes; this kind of signal, which may consist of be
tween two and 11 flashes per group, is typical of 30 species of fire-

flies. The three-flash group seen here is the signal of Pholuris rers;
color, recorded in Florida at a temperature of 71 degrees F. At the 
bottom left is a flicker; this signal, with as many as 11 peaks of bright
ness at rates of up to 20 peaks per second, is typical of 30 species of 
fireflies. The multipeaked flicker shown here is the signal of Pholil/us 
eval/escel/S, recorded in Jamaica at a temperature of 71 degrees F. At 
the bottom right are the peaks of what is called a cryptic signal: rapid 
peaks of brightness that the human eye cannot resolve. Typical of 
20 species of fireflies, these cryptic signals can reach a rate of 45 
peaks per second. This is the signal of an unnamed species of Pho
luris, "D," recorded in Florida at a temperature of 76 degrees F. 
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mimicry and prey on males of more 
than one other species. The Photuris ver
sicolor female can attract males of at 
least five other firefly species, including 
members of all three of the major firefly 
genera of North America: Photinus. Py
ractomena and her own genus, Photuris. 
In modifying their false signals accord
ing to the species they seek, the females 
of these Photuris species adjust not only 
the characteristics of the flash form but 
also its timing. Depending on the male 
flash pattern they detect, the females 
switch their reply appropriately. 

For example, a Photllris versicolor fe
male responds to the half -second flash 
of a Photillus tanytoxlis male by giving 
the reply of the female of that species: 
a long flash followed by a diminishing 
glow. Presented with two short flashes 
two seconds apart (the pattern of the 
male PhotillllS macdermotti), the Photuris 
versicolor female flashes after the second 
flash just as a Photinlls macdermotti fe
male does. I have experimented with 
these females in the field, using a pen
light to simulate the flashes of various 
prey species, and when a signaling fire
fly male of a species other than the one 
I was simulating passed by, my exper
imental subjects would answer the in
truder appropriately. 

The Photllris female may have a re
serve tactic to improve her percentage 
of captures if false signals alone do not 
suffice. On several occasions when I was 
sending prey flash patterns to the preda
ceous females, they have landed on my 
hand or penlight or have flown into my 
face. Do they perhaps launch aerial at
tacks on hesitating and wary males? 

The mimicking behavior of Photuris 
females has had a profound effect 

on the mating behavior of Plzotinus'mac
dermotti males. This species of small 
firefly is preyed on by the females of 
at least three Plzoturis species. The male 
Photinus macdermotti approaches an an
swering female cautiously. Rather than 
quickly wheeling in to land beside her, 
like the male of Photinlls collllstrans. 
the attracted male may hover and flash 
several times and then land some feet 
away from the female. Such a slow pace 
leaves time for other PhotillllS macder
motti males either to discover the female 
themselves or to observe the courtship 
interaction and intrude on it. Near sin
gle P. macdermotti females I have found 
congregations of up to five males. 

Such competitors have recourse to a 
number of tactics. The commonest one 
is the "injection" of a flash between the 
first and the second of the two short 
flashes, two seconds apart, that consti
tute the pattern of the rival. The flash of 
the standard pattern has a single peak of 
intensity; the injected flash can also have 
a single peak, but often it has two peaks 
and occasionally it will have three. The 
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AMBIENT TEMPERATURE affects the timing of the male firefly's sexual signal. The 
curve traces the increased frequency of the flicker of a male of the same Pho/llris species, "0," 
from 26 cycles per second at an air temperature of 58 degrees F. to 42.5 c.p.s. at 82 degrees F. 
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DELA YEO RESPONSE of a female firefly to a male's sexual signal is also affected by the 
ambient temperature. Tbe curve traces the delay of a female of the species Pho/il/IIS igl/i/lis. 
The delay is more tban 10 seconds at 53 degrees F. but falls below four seconds at 76 degrees. 

competitor generally injects these flash
es during the latter half of the interval 
between the flashes of the rival's flash 
pattern, and at least three different tac
tics may be involved. 

When a competitor injects a single 
flash in the last quarter of the interval 
between the flashes of the rival's flash 
pattern, the effect as far as the female 
spectator is concerned is to shorten 
the interval between flashes in the male 
flash pattern. The female will often re
spond to the shorter-interval pattern and 
is more likely to do so as the pattern 
approaches the "correct" two-second 

timing. This gives an advantage to the 
flash-injecting male because the fe
male normally aims her response flash 
toward a courting male's second flash. 
Therefore the flash-injecting male may 
see a bright beacon from the female 
and the standard-flashing male may not 
see the female's response at all. In this 
way the male emitting an early second 
flash can sometimes "steal" the female's 
answer from a rival. 

The competitive advantage of such 
behavior is easy to appreciate, assuming 
that the flash-injecting male has found a 
mate and not an executioner. The fact 
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is, however, that most of the injected 
flashes are early rather than late. They 
are emitted in the third quarter of the 
standard male flash pattern, earlier than 
the injected flashes most likely to elicit 
the female's response. Could these early 
injected flashes mimic the shorter signal 
patterns

' 
of males of a related firefly spe

cies that is often present with Photinus 
macdermotti? In other words, does the 
competitor make it appear to the female 
that an alien male is only a flash away? 
Natural selection in the context of re
productive isolation has certainly re
sulted in strong female discrimination 
against the patterns of alien males. I 
have never been able to induce P. mac
dermotti females to answer my simula
tions of the patterns of related species. 

In order to determine the effect of in
jected male flashes on female re

sponses I presented simulated flash pat
terns to caged P. macdermotti females 
and put caged males of the same species 
where they could see the dialogue. The 
males sometimes injected flashes into 
my simulations. At other times I put 
a screen between the cages so that the 
females could not see any of the in
jected flashes. When the females were 
screened, they answered 98 percent of 
my simulations. When they were not 
screened, they replied to only 18 per
cent of the simulations that included 
the caged males' injected flashes. Next 
I used two artificial lights simulating 
competition between a pair of males. 
The screened females answered 94 per
cent of the un injected patterns and 18 
percent of the patterns that were inject
ed when they were two-thirds complete. 
When I injected flashes halfway through 
the pattern, however, the females an
swered more frequently: 39 percent of 
the time. The significance of the fact 
that the females are more inhibited in 
responding to the first kind of injec
tion than they are in responding to the 
second" and how this difference might 
be related to past and present selective 

EXAMPLES OF MIMICRY of female re
sponses and male rivalry by predatory fe
males of the species Photuris "ersicolor ap
pear in these traces of photomultiplier field 
recordings. Trace 0 shows the twin lIashes 
that constitute the sexual signal of the male 
firellies of the species Photil/us l1locderl1lotti, 
followed by a single lIash that is the response 
of the female P. l1locderl1lotti. In 1race b the au
thor has imitated the male lIashes with a pen
light; the response (right) is that of a Photu
ris' .. ersicolor female mimicking the female 

Photil/us l1locdermotti response. Trace c shows 
another male P. lIlocderl1lotti's twin-llash sig
nal, interrupted by the injected lIash of a ri
val male of the same species. In trace d the au
thor's imitation of a P. l1locderlllotti signal is 
interrupted by a Photuris "ersicolor female's 
injected lIash that mimics the male rival's. 
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pressures within the context of repro
ductive isolation, remain a matter for 
conjecture. 

One aspect of flash injection relates to 
the mimicking signals of female preda
tors. For example, when female Photuris 
predators mimic Photinus macdermotti 
females, they usually answer after the 
male's second flash. Sometimes, how
ever, they also answer after the male's 
first flash. This eariy answer is not a mis
take; its timing is like that of a flash in
jected by a P. macdermolli male. In effect 
the predator is simultaneously mimick
ing not only a much-sought-after fe
male but also a rival male who has al
most reached her. 

Viewed in this way the significance of 
the flashes injected by the male P. mac
dermolli appears clear. The flash-inject
ing males are actually mimicking the fe
male predators in such a way as to fur
ther retard a rival's cautious approach 
to a contested female. Such mutual (that 
is, reciprocal) mimicry is maintained in 
nature because by using their respective 
ruses individual Photuris predators en
hance their success in the acquisition of 
prey and individ ual Photinus macdermot
ti males enhance their success in mating; 
each supports the other in continuing 
codependent mimicries. But what is the 
explanation for the P. macdermotti fe
males' being variously inhibited in re
sponding to the injected flashes? It could 
lie in the fact that the females too are 
at risk of predation by Photuris females. 
If they respond infrequently both to 
flashes injected by males of their own 
species and to the mimicking flashes in
jected by female predators, that risk is 
diminished. 

Experiments with simulated flashes 
have yielded evidence of other 

forms of sexual rivalry and deceit in Pho
tinus macdermotti. For example, male 
competitors not only inject flashes but 
also flash synchronously with the sec
ond flash of their opponent's pattern. 
Such synchrony is observed in many 
firefly species, probably always in the 
context of competition for a mate. P. 
macdermotti males also mimic female 
flashes. They emit extra flashes after 
the female response flash, double and 
triple injected flashes and various com
binations of all these emissions. The sin
gle injected flash, however, is by far the 
commonest of the male tactics. 

Photuris females have mimicked the 
signals of their prey for millions of gen
erations. Their multiple-signal tuning 
is remarkable, but it represents only 
one aspect of these strained and dynam
ic relations. The mating signals of prey 
species must have twisted and side
stepped repeatedly because of the pres
sures exerted by the predaceous mimics. 
Indeed, the most important influences 
on the signals of New World fireflies 

have probably been the prey-luring ac
tions of the Photuris females. It could 
reasonably be argued that if this gen us 
existed in Asia, it would soon wipe out 
the sedentary mating swarms of Asian 
fireflies, such as certain fireflies in Thai
land that flash in unison. Some New 
World firefly species may have had sim
ilar synchronous mating protocols be
fore the advent of Photuris. After that 
they would have become, so to speak, 
sitting ducks, and they would have soon 
disappeared. 

Prey males are evidently receptive to 
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a number of clues that would enable 
them to detect predators. For example, 
my firefly-meadow observations show 
that Photinus coflusrralls males were an
swered by more than five times as many 
female predators as females of their 
own species, and yet not one male was 
caught. On the average a P. co//usrralls 
male took only 42 seconds to reach and 
couple with a female of its own species 
from the time of first sighting. None of 
the II males signaled by Plroruris fe
males, however, ventured close enough 
to be seized. What kind of clue gave the 

1.5 1.6 1.7 1.8 1.9 2.0 
INTERVAL DIVISIONS (TENTHS) 

FEMALE MIMICRY by two Photuris species is shown in these histograms; time is measured 
along the abscissa as divisions of the interval (0 to 1.0) between the twin flashes that are the sex
ual signal of Photinus macdermolli males. This allows comparison of recordings made at vari
ous temperatures. The top histogram shows the time spread of 234 female P. lI1acderll1olti re
plies to a male signal. The earliest reply came a little more than three-tenths of all interval 
after the second male flash (colored numeral 2); the latest came a little less thall eight-tenths of 
an interval after. Most replies fell on either side of half an interval. The bottom histogram 
shows the time spread of mimic replies of 85 Photllris females, P. J'ersicolor (gray) and an 
unnamed species "B" (color). Most false answers also fell 011 either side of half all interval. 
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MALE MIMICRY by the same two Photllris species is shown in these histograms. The divi
sions on the abscissa (from 0 to 1.0) measure the interval between the first and second flashes 
(colored lIumerals 1 alld 2) of a male Photillus macdermotti signal. The top histogram shows 
the time spread of 114 flashes "injected" by rival P. macdermotti males. Few of the injected 
flashes came earlier than half an interval after the first male flash or later than one full interval. 
The bottom histogram shows the time spread of 49 flashes injected by Photllris females, P. rersi
color (gray) and unnamed species "B" (color) in mimicry of flashes injected by PhotillllS mae
der/llolli males. None of the false flashes fell outside the time spread of the genuine ones. 
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predators away? Might the predators 
have been tricked by the males into be
traying themselves? 

Males probably respond to the bright
ness of answering flashes, and they cer
tainly respond to the form and timing of 
female flashes. If the level of ambient 
light allows, they may also see the an
swering insect itself. A hunting Photuris 
female, if she is visible, could readily be 
distinguished from a prospective Photi
nus mate by her size, shape and stance. 
Could this be the reason most Photinus 
males fly at twilight? (There is no evi
dence that the colors of flashes are dis-

a 

criminated, although the luminescence 
of Photuris species is usually green and 
that of most Photillus and Pyractonzena 
species is yellow.) 

The mating signals of some fireflies 
Photuris females prey on may have be
come devious, incorporating tricks that 
cause the predators to botch their false 
answers. One simple scenario for the ev
olution of such countermeasures would 
make it possible to escape from Photuris 
signal tracking because the predator is 
simultaneously exploiting other species 
with a similar code. A Photuris female 
might not be able to coevolve with a 
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VARIETY OF COMPETITION among rival Photillus maedermotti males is shown in these 
traces of photomultiplier readings. Using a penlight, the author imitated the twin-Hash male 
sexual signal of this species in the presence of both males and females. In trace a the injected 
Hash of a male competitor is seen in the two-peaked (overload) pulse midway between the 
twin Hashes; this is a typical injected Hash. In trace b the competitor synchronized its injected 
Hash with the author's second Hash, producing a ragged (overload) pulse; the single Hash at 
the right is the female's response. In trace e the competitor did not inject the two long bright 
Hashes at the right until after the author's signal had elicited a female response. In trace d the 
competitor similarly delayed its single Hash, a two-peaked (overload) pulse similar to trace a. 
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prey species that gradually changed its 
code because of the "drag" exerted by 
the predator's continued tuning to other 
species and its nutritional dependence 
on them. Or if the timing of the preda
tor's false answers began with the onset 
of its victim's flash, a prey species that 
shifted its response timing from the on
set of the flash to its termination could 
cause deceivers to delay improperly. 
Hence the flash delays of an answering 
mimic could be shifted in predictable 
ways, say by the prey species' varying 
the length of its flashes, whereas those of 
females of the same species would re
main constant. 

Another conceivable predator-detect
ing code incorporates two types of pulse 
in a single-flash pattern. For example, in 
Jamaica, where Photuris janzaicensis fe
males are versatile predators that feed 
on several other firefly species, one prey 
species of the genus Photinus flashes two 
to six times and then flickers. The pre
liminary flashes, because of their resem
blance to the patterns of other prey spe
cies, may stim ulate precipitate respon
ses from Photuris jamaicensis females. 
The male-female flash alternations that 
occur during Photinus macdermotti mate 
competition may also be of sign-coun
tersign significance. 

The genus Photuris has had a reputa
tion for presenting taxonomic diffi

culties and even downright impossibili
ties. The reason is that its confusing 
morphological variations make sorting 
out the different members of the genus 
into satisfying "cabinet species" a hope
less task. In 1951, however, on the basis 
of work done nearly 30 years earlier, 
descriptions of the species-specific flash 
patterns of the genus compiled by H. S. 
Barber of the U.S. Department of Agri
culture were published posthumously. 
Barber proposed a number of new Pho
turis species. Taking a leaf from Bar
ber's book, I have similarly found new 
species in the comparatively simple, 
well-known genus Photinus by analyzing 
their mating signals� As a result of Bar
ber's studies and others, investigators of 
fireflies have been led to a general rule: 
one habitat, one time, one signal, one 
species. To borrow from the language of 
physics, two species of fireflies orbiting 
in the same habitat at the same time 
must have different signal "spins." 

The fireflies of the genus Photuris 
dramatically break this rule. Not only 
do the predaceous females emit pat
terns like those of other firefly species 
that share habitats with them but also 
the males are mimics. For example, in 
northwestern peninsular Florida three 
species of uncommon fireflies share the 
cool evenings of very early spring, the 
pine lands and the prairies and their 
sexual signals. Photuris "VR" (Variable 
Red) males fly at high altitudes, particu· 
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larly around the tops of pines, emitting 
their slow, pulsing pattern. Pyractomena 
barberi males fly near the ground, emit
ting their ragged flicker. Pyractomena 
angustata males usually fly with P. bar
beri or a little higher, emitting their own 
long-sustained glow. When Pholuris 
"VR" males descend to the airspace of 
Pyraclomena anguslala and P. barberi. 
however, they change their signals and 
begin to luminesce like the alien species. 

The fact that the P. anguslala signal 
is a glow rather than a flash is remark
able in itself; glowers almost invariably 
belong to behaviorally primitive firefly 
genera, and all P. anguslata's congeners 
are behaviorally advanced flashers or 
flickerers. Along with this unlikely cir
cumstance anyone's curiosity must be 
aroused by the fact that Photuris "YR," 
the scion of another flashing lineage, can 
glow like Pyractomena angustata and 
flicker like P. barberi and engages in 
both mimicries not only in the Pyrac
lomena arena of activity but also in sea
son with these other species. It is certain
ly more than coincidence. 

Males of other Photuris species en
gage in similar mimicry. Photuris "AR" 
(Apalachicola Red) normally signals 
with single flashes in the tops of pines, 
but it glows like Pyraclomena angustala 
when that species is present. Once P. an
guslala 's season has passed or when Pho
turis "AR" flies outside Pyractomena an
guslala's geographic range, the Pholuris 
species no longer glows. 

Perhaps most notable for its versatili
ty is Photuris cillctipenllis. Although the 
studies are not complete, it appears that 
the male of this species, in addition to 
emitting its own spectacular and unique 
signal pattern (which takes the form of 
chains of swooping, f<lpid crescendos), 
can emit four other signal patterns. 

What could possibly give rise to 
such evolutionary convergence? 

As Barber wrote when he began to sus
pect (correctly) that Photuris lucicres
cens males may emit either long crescen
dos or short flashes: "Yarious answers 
will satisfy various persons, but no one 
knows." Students of warning coloration 
might invoke a similar explanation for 
the convergence. Those concerned with 
signal propagation might argue that par
ticular forms of signals are more easily 
propagated in certain habitats. I have 
weighed the 15 or more explanations for 
convergence that have entered my mind 
and have tentatively excluded most of 
them as being either unlikely or overly 
complicated. 

Perhaps the answer lies in the fact that 
at any one time Pholuris males greatly 
outnumber the sexually active females 
of their own species and compete vigor
ously to obtain mates. I suspect that 
in most instances the signal-mimicking 
males are hunting their own females 
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VERSATILE MIMIC, the unnamed PllOluris species "VR" (Variable Red) male, usually flies 
between 10 and 50 feet above the ground as it emits its pulsing sexual signal. The column at 
the left shows the altitude of 517 "VR" fireflies emitting pulsing signals. The males' flight 
pattern changes greatly, however, and their signal becomes a flicker when Pyraclolllel/a bar
beri, a low-flying firefly with a flickering signal is present. The second column shows the alti
tude of 257 flickering "VR" fireflies; the third column shows the altitude of 256 P. barberi 
males. When males of the low-flying species Pyraclolllel/a al/guslala, which emit a glow, are 
present, the "VR" fireflies also emit a glow and fly low. The fourth column shows the altitude 
of 135 glowing "VR" males; the last column shows the altitude of 65 P. al/guslala fireflies. 

while at the same time the females are 
busy preying on the fireflies the Photuris 
males are mimicking. Simply put, the 
predators have become the prey, al
though the males' motive is sex rather 
than food. 

The Photuris female, however, is big
ger and more powerful than the male. 
What can the male do to mate with such 
a formidable predator? My best guess is 
that in some species, such as Photuris 
"YR," when a male has located a hunt
ing female, he is sometimes able to shift 
her interest from food to mating. In ef
fect the males "seduce" the females by 

accelerating a change in behavior that 
would have come eventually. On several 
occasions I have noted that when a flick
ering or glowing "YR" male lands near 
a flashing light on the ground, he next 
emits his own species-specific treetop 
signal pattern. This fits a process of se
duction rather than one of rape. Wheth
er this explanation or some other one 
eventually proves to be correct, one fact 
is clear. The interactions of American 
fireflies are far more complex than any
one could have predicted. Are fireflies 
different or are the interactions of other 
insects also this complex? 
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Due to a variety of economic ills, 
the day has finally arrived when the 
price of a luxury automobile can rival 
that of a small house in the country. 

A disturbing trend that has forced 
many otherwise casual automobile 
buyers to scrutinize their potential 
purchases as never before. 

At BMW we are not alarmed by 
this newly enlightened consumer. 

For when one examines the fea
tures that truly matter in a luxury se
dan-performance, craftsmanship 
and resale value-no other expensive 
automobile justifies its price quite so 
thoroughly as the BMW 733i. 

Accounting, no doubt, for the fact 
that last year the demand for the 
BMW 733i outpaced even our most 
optimistic predictions. 

EVOLUTION IS PREFER ABLE 
TO REVOLUTION. 

With a certain predictability, auto
makers reacted to the realities of the 
1980's by bringing forth a plethora 
of "revolutionary" re-engineered cars. 

The 733i, however, is hardly the 
result of a single year's rush to build 
an enlightened automobile. 

Indeed, decades ago, when luxury 
car makers were building ever 
larger cars, reckless in their consump-

tion of fuel, BMW was championing 
such avant-garde concepts as six
cylinder engines, sensible piston dis
placements and impressive power-to
weight ratios. 

The BMW 733i's 3.2-liter, fuel-in
jected power plant, for example, is 
the product of millions of miles 
of testing and refinement-on and off 
the great racecourses of the world. 

Its double-pivot suspension system 
has been described by Car and Driver 
magazine as " .. the single most sig
nificant breakthrough in front suspen
sion design in this decade." 

A five-speed standard transmission 
(automatic is available) affords one 
the unique opportunity to pick and 
choose one's own gears. 

ELECTRONIC INNOVATION THAT 
GOES BEYOND 

A DIGITAL SPEEDOMETER. 
On the BMW 733i, our electronic 

computerized monitoring system 
(first installed by BMW in 1975) plays 
a far more important role than 
mere decoration: it actually improves 
the car's efficiency. 

With every engine revolution a 
computer receives and assesses sig
nals from sensors deep within the 
6-cylinder engine. Then instantly de-

termines the precise air/fuel mixture 
to be injected into the cylinder ports . 

Yet the incongruous note here is 
that BMW efficiency is not achieved at 
the expense of the sort of exhilarating 
performance one expects in a BMW
or the power reserves necessary to 
maneuver safely even under the most 
demanding conditions::' 

LUXURY NOT SUPERFICIALITY 
It would be difficult to imagine an 

appointment or an accessory that has 
been omitted in the BMW 733i. 

Yet, all facets have been biomechan
ically engineered to achieve the per
fect integration of man and machine. 

Its seats are anatomically correct 
buckets and covered in wide rolls of 
supple leather. 

All vital controls are within easy 
reach of the driver. Instruments are 
large, well-marked and totally visible. 

So impressive is the total result that 
one automotive journalist was moved 
to write of the 733i, " ... to drive it is 
to know all the wonderful things 

To arrange a thorough " 
machines can do for man& 
test drive, simply phone II � 
your nearest BMW dealer. � 11 
THE ULTIMATE DRIVING MACHINE. 

BMW MUNICH, GERMANY 
*The 7331 (With standard transmission) delivers [ffiJ EPA estimated mpg, 25 estimated highway mileage and. based on these figures. an estimated mpg range of � miles and a highway range of 
562 miles. (Naturally, our fuel efficiency figures are for comparison purposes only Your actual mileage and range may vary, depending on speed. weather and triP length. Your actual highway mileage 
and highway range will most likely be lower.) c 1981 BMW of North America, Inc. The BMW trademark and logo are registered trademarks of Bayensche Motoren Werke. A.G 
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Binocular Depth Inversion 

Sometimes a solid object seen with both eyes can seem to reverse 
perspective. A study of this geometrically irrational experience 
suggests that ordinary depth perception is somewhat precarious 

A
Visitor to the "Haunted Mansion" 

at Disneyland in California sees 
among other things a pair of hu

man faces that appear to rotate in a mys
terious and sinister way as he walks by. 
They are in fact inside-out relief masks, 
but because of the lighting and the way 
they are mounted the visitor unwittingly 
reverses their depth, perceiving them in
correctly as normal faces. This uncon
scious reversal of perspective gives rise 
to the apparent rotation. 

Besides mystifying visitors to the 
"Haunted Mansion" this illusion pre
sents a problem for theories on the per
ception of visual form. The problem is 
not the apparent rotation of the fac
es; psychologists have known for some 
time that whenever a three-dimensional 
object is perceived in reverse perspec
tive, it will seem to rotate as the observ
er's head moves. What is puzzling is the 
perspective reversal itself. Ordinarily 
people see the three-dimensional forms 
of things correctly, and reversals of per
spective occur only in special circum
stances that deny the brain its normal 
visual cues to depth. One such circum
stance is viewing the three-dimensional 
form with one eye closed, so that the 
depth cues provided by binocular vision 
are eliminated. The masks at Disney
land, however, show that sometimes ob
jects are routinely perceived inside out 
in spite of the availability of all the nor
mal depth cues, including those due to 
binocular vision. How can such a ma
jor perceptual mistake occur? And giv
en that it does happen sometimes, why 
is it so rare? 

In this article I draw a distinction be
tween the kind of perspective reversals 
produced by ambiguous pictures such 
as the famous Necker cube and those 
experienced in viewing actual three
dimensional objects, such as the masks 
in the "Haunted Mansion." I shall refer 
to the latter type of illusion as "depth 
inversion." Reversible-perspective pic
tures and their perceptual consequences 
are quite well known; drawings such as 
the Necker cube have illustrated countc 
less psychology textbooks since the 19th 
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century, and artists have explored the 
same theme for much longer. 

Depth inversion of solid objects also 
has a long scientific history. References 
to the phenomenon date from the 18th 
century, and in the 19th century it was 
studied by such notable figures as Her
mann von Helmholtz and Ernst Mach. 
In this century, however, it seems to 
have been neglected until 1970, when 
the British psychologist Richard L. 
Gregory drew attention to it again in his 
book The Intelligent Eye. Gregory's dis
cussion stimulated my interest and led 
me to devise several experiments to de
termine whether objects can be seen in 
reverse perspective when the brain is 
truly in full possession of all the depth 
information available in normal vision, 
including in particular the information 
provided by binocular vision, which 
according to classical accounts should 
make the illusion impossible. The re
sults of these experiments indicate that 
under appropriate conditions the brain 
is prepared to override all its sensory 
cues to depth and create an inside-out 
visual world that defies geometrical 
analysis but nonetheless seems just as 
realistic as normal visual experience. 

These experiments on binocular depth 
inversion are the subject of this arti

cle, but to put them in context it will be 
helpful to first consider monocular in
version, which is much easier to explain. 
Depth inversion of a three-dimensional 
object viewed with one eye can be un
derstood if one thinks of visual experi
ence as the outcome of a process in 
which the brain tests hypotheses about 
the three-dimensional shapes of objects 
against the evidence provided by their 
retinal images. With one eye alone the 
only potential source of unequivocal in-

formation about depth is accommoda
tion, or change of focus, and the brain 
normally gives this cue little or no 
weight in its judgment of distance. Ac
commodation therefore presents no bar
rier to the acceptance of an inside-out 
shape as being real. All the other mon
ocular cues to depth are intrinsically 
ambiguous. The evidence they provide 
cannot exclude inside-out hypotheses, 
although they can render such hypothe
ses statistically unlikely in the sense that, 
say, a tree rotating in synchrony with 
movements of the head is an improbable 
object. 

Apparently this is normally enough to 
enable the brain to guess correcrtly about 
the shapes of things seen monocularly. 
If sensory evidence becomes sufficiently 
impoverished, however, the brain may 
accept an inside-out hypothesis that is 
compatible with the retinal image. In 
such a case visual experience is totally 
transformed to agree with the hypothe
sis, intellectual knowledge of the correct 
form notwithstanding. Yet the inverted 
object now seen still incorporates all the 
information available on the retina, just 
as in normal vision. The only difference 
is that now every depth cue is visually 
reinterpreted in order to agree with a 
false premise. 

Now consider the situation in binoc
ular vision. The key to my explanation 
of monocular inversion (an explanation 
borrowed from Helmholtz, Mach and 
Gregory) is the fact that all the monocu
lar cues to depth can be consistently rec
onciled with an inverted-object hypoth
esis. When both eyes view an object, 
however, no such reconciliation is possi
ble. Binocular vision provides depth in
formation that is geometrically incom
patible with depth inversion, in other 
words information that should enable 

INSIDE-OUT FACE, made as the mold of a bust, is showu iu side and front views on the oppo
site page. Looked at from the front it is more easily seen as a normal face because the brain 
overrides th'e depth cues that suggest an object as improbable as an inside-out face. (The rever
sal is made easier when, as in the front view here, the lighting eliminates shadows that might 
aid the brain in making the correct interpretation.) A three-dimensional inside-out face seen 
in reversed perspective seems to rotate and to follow an observer who is moving laterally past it. 
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the brain to categorically reject invert
ed-object hypotheses. 

That information stems from the dif
ference between simultaneous retinal 
images of an object in the left and right 
eyes, a depth cue termed binocular dis
parity. Its effect is that none of the in
verted-depth hypotheses consistent with 
the left eye's view can simultaneously be 
consistent with the right eye's view. If 
the key to depth inversion is geometrical 
compatibility between retinal evidence 
and inverted-object hypotheses, binocu
lar depth inversion should be impossi
ble, or at least a most unnatural visual 
experience, quite unlike monocular in
version. 

Binocular vision actually provides not 
one new cue to depth but two cues. One 
is the muscular cue produced by the act 
of convergence, that is, the action of 
the eye muscles in aiming both eyes at 
a common fixation point. This action 
gives the brain information on the con
vergence angle of the line from each eye 
to the fixation point, and the angle gives 
a cue to the distance of that point. At 
a given instant, however, this muscular 
cue does not provide any information 
on the depth of other points that are not 
being fixated. 

That information is supplied by the 

second binocular cue to depth: binocu
lar disparity. When the eyes converge on 
a point, the images of the point fall on 
corresponding places on the two retinas, 
namely the center of each fovea (the 
small area that affords the sharpest vi
sion). Points nearer or farther than the 
fixation point necessarily fall on noncor
responding places on the two retinas. 
The magnitude of this positional dispar
ity is conventionally measured in angu
lar units. The binocular disparity of any 
nontargeted point X is the difference be
tween the convergence angle and the an
gle formed by the lines of sight to X. 
This angular measure is proportional to 
the absolute distances between the reti
nal locations of the two images of the 
point; one minute of binocular disparity 
corresponds to a six-micrometer differ
ence in the retinal positions. 

Although convergence is a better cue 
to depth than accommodation, it still 
provides rather uncertain distance in
formation. Binocular disparity, how
ever, is an extremely powerful cue to 
depth. Under experimental conditions 
normal observers can detect depth dif
ferences that give rise to disparities of 
about 10 seconds of arc, equivalent to a 
one-micrometer difference in retinal po
sition. In other words, the brain can reli-

A 

NECKER CUBE is a reversible-perspective drawing named for tbe Swiss naturalist Louis 
Necker, wbo in 1832 described tbe perceptual consequences of ambiguous perspective in pic
tures. Tbe perspective of tbe cube binds to reverse back and fortb as one stares at tbe picture. 
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ably detect disparities that are substan
tially smaller than the diameter of the 
smallest photoreceptors (about two mi
crometers). Cues furnished by binocu
lar disparity therefore seem sufficient 
in principle to rule out hypotheses of 
depth-inverted objects. 

The foregoing arguments make it 
plausible a priori that binocular 

depth inversion should not occur be
cause the brain cannot construct an in
verted visual model consistent with all 
its retinal evidence. Both Helmholtz 
and Mach apparently believed binocu
lar depth inversion is impossible. Greg
ory, studying the binocular inversions 
of a three-dimensional wire cube, noted 
that they are rare and brief, and that 
when an inversion does occur, the cube 
looks unnatural. Historically it seems 
to have been generally accepted that 
binocular depth inversion simply does 
not happen, at least in any stable way 
compared with monocular inversion. 

It is easy to show that things are not so 
simple. Under appropriate conditions 
binocular depth inversion can occur 
quite easily, yielding a stable perception 
much like the one resulting from mon
ocular inversion in spite of binocular
disparity cues that would be detected 
readily in normal vision. The trick is to 
use an object with an overwhelmingly 
improbable real form, so that it looks 
normal only when it is seen inverted in 
depth. The best example is an inside-out 
human face like the two in Disneyland. 
Such a face is the mold of a normal re
lief. The inside of an ordinary Hallow
een mask will also do. 

With a little practice one can easily 
achieve stable binocular depth inver
sions of such a face at a viewing distance 
of about an arm's length. An excellent 
stimulus is a plastic mask mounted in
side out on a sheet of cardboard and 
illuminated from behind. This arrange
ment eliminates informative shadows 
that can slow down inversion. 

With such a setup monocular inver
sion is easy. At first opening the other 
eye tends to disrupt a monocularly sta
ble inversion, just as movements of the 
head initially disrupt monocular inver
sions achieved with the head stationary. 
With practice, however, one learns to 
tolerate the new depth information pro
vided by binocular vision, and the per
ceptual result is a depth-inverted face 
that appears to be natural and stable. 

Trying the illusion for the first time, 
observers often find that the surface of 
the inside-ouf face does not invert all at 
once. Instead inversion begins in one re
gion, typically the nose, and then other 
regions gradually become incorporated 
into the inverted percept. Thus at early 
stages one may find that during a move
ment of one's own head the inverted 
nose will seem to wobble on an other
wise immobile face. 

The fact that binocular inversion 
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can occur with an ·inside-out face is not 
entirely surprising. One can simply 
say that the brain is prepared to over
ride even unequivocal sensory evidence 
when the evidence supports a highly im
probable object hypothesis. Conversely, 
when past experience is compatible with 
both an inverted and a noninverted ver
sion of an object, binocular-disparity 
cues tip the scales in favor of the correct 
hypothesis. This explains why objects 
such as three-dimensional wire cubes 
are easy to

· 
invert monocularly but diffi

cult to invert binocularly. 
When binocular inversion does occur, 

however, there still remains the critical 
question of what happens to the binocu
lar-disparity information that should, if 
it is properly incorporated into percep
tion, prevent inversion altogether. To 
put the issue another way, how can the 
retinal images in rhe two eyes be com
bined into a single three-dimensional vi
sual experience when that experience 
cannot be geometrically reconciled with 
both images simultaneously? 

Two answers suggest themselves im
mediately. The first and simplest one is 
that a binocular inversion is not truly 
binocular. Even though both eyes view 
the object, perhaps the information 
from only one eye is incorporated into 
visual experience. This would mean that 
information from the other eye is sup
pressed at some preconscious level. 

Such suppression occurs regularly in 
normal vision when the two eyes are 
exposed to quite different stimuli. The 
phenomenon is known as binocular ri
valry. It is easily demonstrated. With 
both eyes open hold your right hand 
about six inches in front of your right 
eye and look across the room at, say, a 
lighted lamp, making sure the lamp is 
visible to the left eye but not to the right 
eye. Closing your left eye, you see your 
hand, and closing your right eye, you see 
the lamp: two irreconcilable views of the 
same region of visual space. Yet when 
both eyes are open, you see only the 
lamp. Your hand is suppressed, at least 
in the region of the visual field where the 
two stimuli are in conflict. Indeed, you 
can see the lamp "through" your hand. 

Since this kind of suppression of one 
eye's view in favor of the other's is rou
tine in normal vision, one might suppose 
it could account for binocular depth in
version. If the brain discards the infor
mation from one eye, it is then free to 
construct an inverted object that is en
tirely consistent with information from 
the other eye. On this hypothesis binoc
ular inversion would be only monocular 
inversion coupled with suppression of 
the information from one eye. 

The other answer I thought of origi
nally was that binocular inversion 

might be truly binocular in the sense 
that the information from both eyes is 
incorporated into visual experience but 
with the signs of all the binocular-dis-
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MONOCULAR INVERSION is readily achieved with an experiment devised by Ernst Mach. 
A blank card snch as an index card is folded in half lengthwise and placed on a flat surface 
with the bend upward (left). If one looks at it long enough with one eye, trying to imagine that 
it is in the configuration of an upright book open for reading (right), it will appear to reverse 
and be turned inside out, so that its bend points down and the card seems to perch on one end. 

X' L 

LEFT EYE 

y 

CONVERGENCE ANGLE 

RIGHT EYE 

X' R 

GEOMETRY OF BINOCULAR VISION suggests that depth inversion should be difficult or 
impossible. Here both eyes view points X and Y, with X the nearer one; the respective retinal 
positions are designated X'L and so on. If the eyes converge on Y, the images of Y fall on 
the center of the fovea of each retina. The lines of sight projected outward from the images 
X'L and X'R meet at a unique point in space: the real location of X. Hence the combined 
retinal images in the eyes cannot be reconciled with hypothesis that X is more distant than Y. 

parity cues reversed, as though the brain 
had lost track of which eye is which and 
had interpreted the retinal image in the 
left eye as coming from the right (and 
vice versa). In experiments that present 
flashes of light randomly to one eye or 
the other, normal observers often have 
great difficulty telling which eye has 
been stimulated. Moreover, in normal 
vision involving binocular rivalry one 
is not consciously aware of which eye 
sees what. (For example, hold a finger a 
few inches above this page so that some 
letters are invisible to one eye and some 

to the other. With both eyes open you 
can read every letter, but unless you al
ternately close one eye and then the oth
er you will not be able to tell whether a 
given letter is seen by the left eye or the 
right eye.) Hence it seemed possible that 
the brain might exploit this condition in 
order to reconcile an overwhelmingly 
plausible object hypothesis with all the 
sensory evidence. Such an explanation 
would at least make binocular inver
sion a more or less direct extension of 
monocular inversion. Visual experi
ence would still incorporate all the depth 
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a b 
TWO HYPOTHESES on binocular deptb inversion are monocular 
suppression (0) and disparity reversal (b). In each case what is actual
ly seen is portrayed at the left and the inversion the hypothesis would 
explain is shown at the right. In monocular suppression the left eye's 
view is depicted as being suppressed, so that the inside-out face is 

seen depth-inverted as it would appear in a monocular inversion when 
it is viewed by the right eye alone. In disparity reversal point X is real
ly nearer the observer than point Y, but the brain treats the retinal 
image in the right eye as though it came from the left eye and vice 
versa, with the result that point Yappears to be closer than point X. 

cues available to the brain, but one cue, 
namely binocular disparity, would ap
pear to be transformed in an unjustifi
able way. 

These two potential explanations of 
binocular depth inversion can be termed 
"monocular suppression" and "dispar
ity reversal." 1 shall describe two eas
ily reproducible experiments, each of 
which tests both hypotheses simulta
neously. Both experiments lead to the 
same conclusion: neither monocular 
suppression nor disparity reversal can 
account for what one sees during binoc
ular inversion. 

a 

The first experiment makes use of a 
fascinating class of stimuli known as 
random-dot stereograms, which were 
invented in 1959 by Bela J ulesz of Bell 
Laboratories. (I did the experiment in 
my laboratory at the University of Cal
ifornia at Irvine in collaboration with 
Jerry Kaiwi, who was then a graduate 
student.) A stereogram is a pair of pic
tures designed to create a sensation of 
depth when one picture is viewed by the 
left eye and the other is viewed simulta
neously by the right eye. The sense of 
depth is elicited by discrepancies be
tween the left and right pictures that 

b 

simulate the binocular disparities a solid 
object would generate. The process of 
perceiving depth on the basis of binocu
lar-disparity cues is known as stereopsis. 

Random-dot stereograms provide a 
definitive test of whether the viewer is 
achieving stereopsis. Not everyone can; 
about 2 percent of the population is 
"stereo blind." To make such a stereo
gram one constructs a pair of identical 
pictures consisting of randomly scat
tered dots. Then all the dots in a given 
region are shifted slightly to the left in 
one picture and slightly to the right in 
the other to create a binocular disparity 

c 

RANDOM-DOT STEREOGRAM provides a basis for testing the 
monocular-suppression and disparity-reversal hypotheses. The left 
and right halves of the stereogram (0, b) are identical except that the 
dots in a square region in the center are shifted horizontally (to the 
right in the left-hand picture and to the left in the right-hand picture) 

to create a binocular disparity. An observer with normal stereoscopic 
vision, viewing the pictures in a stereoscope or by some other means 
that presents the pictures separately to the left and right eyes, per
ceives the central square as floating above the background (c). Ran
dom-dot stereograms were made by Bela Julesz of Bell Laboratories. 
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Artwork created by Frank van Herck on a Scitex Respons€-300. 
Use of original document by courtesy of Pre-Press Group DeSchutter SV Antwerp, Belgium. 

This man has forgotten his computer system. 
Deep at work as he is. the man behind this hand is oblivious 

to everything but his interactive artwork. His medium is Scitex's 
Response system. the first to prepare images by computer for 
color printing plates. The operator thinks of it as a movable 
window which lets his stylus through to paint and reshape. 
alter contrasts and colors. and generate color pages with text. 
For the printing industry �orldwide. Response systems give 
better color and detail. in less time. than conceivable before. 

This advertisement developed. like others in this magazine. 
as 20 megabytes in the memory of a Response system. 

In America. Europe. and Japan. the talent to see through 
equipment into processes is common to operators of the 

Response. At Scitex in Israel. where Response systems are 
developed. the talent to see through processes into systems 
is the common factor. Here north of Tel Aviv. scientists whose 
backgrounds range from electro-optics to real-time software. 
and span many countries. have united to win leadership in 
color image processing with a product so 
responsive it can seem transparent. 

For more information: 
Scitex Corporation - POB 330. 
Herzlia B 46 103. Israel 
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Physician� did you miss any of these 
significant developments in medical science? 

• Campylobacter fetus subsp. jejuni is 
associated with a colitis that can clini
cally and sigmoidoscopically resemble 
acute idiopathic ulcerative colitis. Stool 
cultures are in order for C. fetus before 
beginning nonspecific anti-inflamma
tory therapy. 

• Coumarin derivatives cross the pla
centa. A recent study shows that the 
consequences for the fetus can be se
vere. These include embryopathy, still
birth, and premature delivery. 

• Nonsteroidal anti-inflammatory 
drugs may produce a marked reduction 
in glomerular filtration rate; with ter
mination of the drug, GFR returns to 
normal. 

• Pittsburgh pneumonia agent (PPA) 
and atypical Legionella-like organisms 
(ALLO) are particularly dangerous in 
immunosuppressed patients. 

I F THESE ITEMS are familiar you must be 
a prodigiously energetic or prodi
giously lucky reader. With 2,000 or 

more journals published each year, in
formation that significantly affects pa-

Branches of the right and left coronary ar
teries supply blood to the A V node and in
traventricular conduction system. 

SCIENTIFIC AMERICAN Medicine is lucidly il· 
lustrated with drawings and photographs. 
Some examples are seen here and on the 
facing page. 

tient management all too easily slips by. 
Textbooks are out-of-date before they 
are published. 

SCIENTIFIC AMERICAN Medicine is the busy 
clinician's answer to this problem. 

Because its authors update SCIENTIFIC 
AMERICAN Medicine every month, it is al
ways current. Because the new informa
tion appears in a single source, it is there 
when you need it. 

This 2,000-page, innovative union of 
publishing and electronic technology is 
the work of leading scholar-practi
tioners from Harvard and Stanford. 
The editors are Edward Rubenstein, 
M.D., EA.C.P., and Daniel Federman, 
M.D., EA.C.P. 

Each month as authors update their 
contributions, revisions are entered on 
the magnetic tape on which the text and 
index are stored. The tape drives high
speed phototypesetting equipment so 
that subscribers receive about eight new 
chapters and a new index every four 
weeks; a bu�etin highlights new devel
opments. 

New material replaces old material in 
the living text, so that the information is 
there - up-to-date, at your fingertips. 

A CME program of eight patient man
agement problems offered over a 12-
month period is available at no extra 
cost. As an organization accredited for 
continuing medical education, the Stan
ford University School of Medicine des
i g n a t e s  t h i s  c o n t i n u i n g  m e d i c a l  
education activity a s  meeting the criteria 
for 32 credit hours in Category I for 
Educational Materials for the Physician's 
Recognition Award of the American 
Medical Association, provided it has 
been completed according to instruc
tions. This program is approved by the 
American Academy of Family Physicians 
for 32 Elective Hours of CME credit. 

Trial Offer 

We invite you to try SCIENTIFIC AMERICAN 
Medicine - for two months at no cost. 
Send us the coupon and you will receive 
the two-volume text and two monthly 
updates. You may also take a CME test 
for credit. At the end of 60 days, if you 
decide to continue the subscription, we 
will bill you for $185 for the full 12 
months (renewal is $160); otherwise 

just return the volumes to us. 
Please mail the coupon today and let 

us take the hassle out of keeping up. 
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Computerized scintigraphy reveals pulmo
nary thromboembolism. 

Abdominal computed tomogram reveals 
large renal carcinoma replacing part of right 
kidney. 
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Important talks in the Middle East 
Statesmen aren't the only people in 
the Middle East who have important 
talks. 

In Saudi Arabia, where we live, 
Cub Scouts have important talks with 
Den Mothers. Car owners have im
portant talks with mechanics. Batters 
have them with umpires. And school
girls have lots of them with other 
schoolgirls. 

We're Aramco, the Arabian Amer
ican Oil Company. There are 13,000 
North Americans in Saudi Arabia 
with us. And even though you hear a 

lot of news about Saudi Arabia, there 
are things that might surprise you 
about our lives there. 
1. We're doing something impor
tant. Aramco produces more oil than 
any other company. Badly needed oil. 
Including about 15 percent of the oil 
the U.S. imports. 
2. Aramco is working on some in
credibly large energy projects. And 
on huge .communications networks, 
electric utilities, and more. 
3. Our people are glad to be in 
Saudi Arabia with Aramco. They came 

for excellent pay and professional 
challenge. 
4. After 46 years in Saudi Arabia, 
Aramco is still growing fast. So is the 
number of interesting and rewarding 
jobs we offer. 
5. The model airplane took off on 
the first try. 

ARAMCO 
SERVICES COMPANY 

llOO Milam Building FS • CA 
Houston:Texas 77002 

(713) 750-6965 
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in that region. When the two pictures are 
viewed separately with both eyes, the 
regions of shifted and unshifted dots 
seem to lie in different depth planes. 
Through either eye alone one sees only a 
flat field uniformly speckled with dots. 

To present the left and right halves of 
a random-dot stereogram (or any other 
stereogram) separately to the two eyes a 
convenient technique is to print one pic
ture in green ink and the other, super
posed, in red and to view the composite 
through glasses equipped with a red fil
ter for one eye and a green filter for the 
other. Through the red filter green dots 
look black and red dots are invisible; 
that eye therefore sees only the green 
half of the stereogram. Conversely, the 
eye covered by the green filter sees only 
the red half. This kind of stereogram is 
called an anaglyph. 

The next step is to project an anaglyph 
version of a random-dot stereogram 
onto an inside-out face mask and to 
view the combination through red-green 
glasses. If the stereogram properly per
ceived seems to show a central square 
region floating in front of a plane back
ground, what will it look like when the 
face is seen in depth inversion? Accord
ing to the monocular-suppression hy
pothesis, no depth should be seen in the 
stereogram (that is, the central square 
should be invisible) because stereopsis 
requires the integration of the view from 
both eyes. On the other hand, accord
ing to the disparity-reversal hypothesis, 
depth should be seen in the stereogram 
but with its direction reversed from the 
normal perception. The central square 
should seem to be recessed behind its 
random-dot surround instead of float
ing in front of it. 

The experiment therefore provides a 
straightforward test of both hypothe
ses, and both turn out to be wrong. Ev
ery observer reports that depth can be 
seen in the stereogram while the face is 
perceived as being depth-inverted. Thus 
monocular suppression cannot be a fac
tor. Every observer also reports that the 
direction of depth in the stereogram is 
the one implied by the actual disparities 
of the dots, not the opposite as predicted 
by the disparity-reversal hypothesis. 

The second experiment exploits an il
lusion of depth known as the Pulfrich 
effect (after the German physicist Carl 
Pulfrich, who described it in 1922). To 
demonstrate the illusion one needs a 
pendulum that swings in a plane arc. A 
weighted yardstick swinging on a nail 
works well enough. The observer stands 
in front of the pendulum and views it 
binocularly with one eye covered by a 
light-attenuating filter, such as one lens 
from a pair of dark sunglasses. 

Seen with either eye alone the end of 
the pendulum appears correctly to be 
swinging back and forth in a plane. 
Viewed with both eyes, however, the 
end of the pendulum appears distinctly 
to be swinging back and forth in an el-

TEST OF HYPOTHESES was made by the author with a setup in which an anaglyph version 
of a random-dot stereogram (in which the left and right pictures are superposed, with one print
ed in green and one in red, and viewed through a hand-held filter that is green for one eye and 
red for the other) is projected onto an inside-out face mask. Because of the color each eye sees 
only half of the stereogram. According to the monocular-suppression hypothesis, no depth 
should be seen; according to the binocular-disparity hypothesis, depth should be seen but with 
its direction reversed. Observers do see the depth, however, and its direction is not reversed. 

lipse. If the filter covers the observer's 
right eye, the pendulum seems to swing 
outward toward him as it moves from 
left to right and away from him as it 
moves in the opposite direction. If the 
filter is placed over the other eye, the 
direction of this apparently elliptical 
movement is reversed. The magnitude 
of the illusion (the bulge of the ellipse) 
increases with viewing distance and also 
as the filter is made darker, provided 
that the observer can still see through it. 

The accepted explanation for the 
Pulfrich illusion was proposed initial
ly by Pulfrich himself, apparently fol
lowing a suggestion from an associate. 
(Pulfrich was blind in one eye and there
fore could not see his own illusion.) The 
explanation is that the eye covered by 
the filter has a slower response time than 
the uncovered eye and that the delay 

gives rise to what is in effect a binocular 
disparity between the left and right reti
nal images as registered at some high
er level in the brain. As the pendulum 
moves across the visual field its momen
tary position on each retina is the same, 
but the signal sent to the brain from the 
covered eye indicating the presence of 
the pendulum at any given retinal loca
tion lags behind the corresponding sig
nal from the uncovered eye. Hence at 
the level of the brain where simulta
neous left and right retinal images are 
compared it seems there is a disparity 
between the two eyes' images of the 
swinging end of the pendulum, and the 
"disparity" is interpreted in the usual 
way to signify depth. Pulfrich's original 
explanation has subsequently been con
firmed by many experiments. 

My variation was to mount an inside-
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TWO ASPECTS of binocular depth inversIon of a random-dot stereogram on an inside-out 
face are depicted. In the panel at the left ab represents the face, cd the stereogram and ef the 
central square. During depth inversion of the face (a'b') the stereogram appears convex 
(c'd') and the central square floats in front of it (e'f'). Panel at the right shows how the 
inverted-face-stereogram combination rotates when the observer moves his head to the right. 

out face mask on the end of a pendulum 
and then carry out Pulfrich's demon
stration in the usual way. Here again 
the basic question is whether binocular 
depth inversion of the face can occur at 
the same time as stereopsis. According 
to the monocular-suppression hypothe
sis, the Pulfrich effect should be absent 
when the face is seen as being invert
ed, because that effect depends on the 
brain's registering binocular-disparity 
cues and incorporating them into visual 
experience. On the other hand, the dis
parity-reversal hypothesis implies that 
the Pulfrich effect should arise during a 
depth inversion of the face but that the 
apparent direction of the illusory ellipti
cal arc should be reversed, as though the 
filter had been shifted to the other eye. 

Neither prediction stands up. Instead 
one finds that the face can be seen as 
depth-inverted and can still appear to 
swing in an elliptical arc. The monocu
lar-suppression hypothesis is therefore 
ruled out. And since the direction of 
the movement is the one normally seen, 
the disparity-reversal hypothesis can be 
ruled out too. 

What do these experiments reveal 
about depth perception and about 

the perception of form in general? The 
central result is that inversion can oc
cur even when the brain mechanism re
sponsible for constructing visual expe
r'ience has demonstrably registered all 
the depth information available in nor
mal vision, including the geometrically 
unambiguous information provided by 
binocular disparity. On this point, then, 
Helmholtz and Mach were wrong; mon-
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ocular vision, with its inherent three
dimensional ambiguity, is not a prereq
uisite for seeing things inside out. Evi
dently binocular vision can be equally 
precarious when the stimulus offers suf
ficient provocation. 

This finding raises two questions. 
How is the apparent three-dimensional 
form of a binocularly depth-inverted 
object related to the two retinal images 
that give rise to it? What prevents inver
sion in ordinary vision? 

The first question is perplexing be
cause, according to the standard geome
try of binocular vision, depth inversion 
creates an impossible object. What one 
sees in the mind's eye cannot be geo
metrically reconciled with the retinal 
images. The brain appears to ignore 
this paradox, presenting consciousness 
with a seemingly coherent visual object. 
Apparently depth-inverted percepts are 
constructed from sensory evidence ac
cording to definite perceptual rules, but 
it is not obvious what the rules are. 

Initially I was inclined to look for the 
rules among variations on the disparity
reversal theme. That idea now seems to 
me to be increasingly implausible. For 
one thing the theme's geometrical impli
cations for the apparent shapes of bin
ocularly inverted objects do not seem to 
agree well with what one actually sees in 
the illusion. 

Moreover, the brain appears not to 
reverse disparity readily, even when the 
provocation is strong. Mark Georgeson 
of the University of Bristol has tested 
this point by creating reliefs of human 
faces in which the depth is given entire
ly by binocular disparity; they are fac-

es sculptured by the three-dimensional 
surfaces seen in random-dot stereo
grams. Depending on which eye sees 
which half of such a stereogram, the dis
parities may create a face that is either 
normal or inside out. 

When the stereogram actually depicts 
an inside-out face, one might expect per
ceptual depth inversion to develop easi
ly if the brain is geared to create invert
ed percepts by reversing binocular dis
parities. This does not happen. George
son finds that these purely stereoscopic 
faces are always s.een in correct depth 
(that is, inside out, as is implied by their 
actual disparities), notwithstanding the 
normal human bias for seeing faces the 
other way. The finding suggests that dis
parity reversal is not a trick the brain 
performs easily, and so it seems to be an 
unlikely basis for understanding the per
ceptual geometry of binocular depth in
version. The architectural key to this 
novel visual world remains to be found. 

The second question raised by binoc
ular depth inversion is more general. If 
one can sometimes see objects as being 
inverted in spite of the availability of 
every possible cue to depth, why is the 
mistake so uncommon in normal vision? 
One thought might be that binocular in
version is an anomaly confined to the 
special case of inside-out human faces. 
Perhaps the perception of faces invokes 
unique mechanisms that do not apply to 
the perception of other objects. 

This idea is easily disposed of, be
cause one can achieve binocular inver
sion with a broad range of familiar ob
jects. The critical factor seems to be not 
"faceness" but rather a lifelong habit of 
seeing certain classes of objects in stan
dard three-dimensional configurations. 
Thus to explain why inversion is rare 
one can only say that most of the time 
the object hypotheses favored by per
ceptual biases turn out to be correct. 

To say that is to say not enough. The 
basic problem is to understand precisely 
how mental preconceptions mesh with 
immediate sensory input to create visual 
experience. The metaphor of the brain 
as a tester of hypotheses does not carry 
one very far. 

For example, it is clear that before the 
visual system can decide to interpret its 
sensory data according to some specif
ic object hypothesis it must be guided 
to a roughly appropriate class of hy
potheses, otherwise each new object 
would present an impossible problem in 
searching. (One could spend a lifetime 
testing cow-shaped hypotheses against 
retinal trees.) This guidance must come 
primarily from immediate sensory evi
dence, and so the key problem in percep
tion is how the visual system manages so 
successfully to pull itself up by its own 
bootstraps. 

The question of how much of what a 
person sees is forced on him by immedi
ate sensory stimulation and how much is 
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PULFRICH ILLUSION provides the basis for another test of the two hypotheses on binocular 
depth inversion. In the illusion a pendulum that is in fact swinging in a flat plane appears to fol
Iow an elliptical path when one of the observer's eyes looks through a dark but not opaque filter. 
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SECOND TEST of hypotheses involved mounting an inside-out face mask on a pendulum. 
The heavy black lines denote the face and its real arc, and the curved arrows show its apparent 
arc when the right eye is covered by a light-attenuating filter. The colored shapes indicate the 
apparent orientation of the inverted face along the illusory arc. According to the monocular
suppression hypothesis, the Pulfrich effect should not occur when the face is seen inverted; ac
cording to the binocular-disparity hypothesis, the Pulfrich effect should be observed during 
depth inversion of the face but the apparent direction of the illusory arc should be reversed, as 
though the dark filter had been shifted to the other eye. Neither prediction proves to be correct. 

supplied by the imagination is a long
standing issue in visual science, and this 
is not the place to discuss it at length, 
One point, however, does seem to 
emerge from the study of depth inver
sion: the critical role of unconscious per
ceptual learning. 

After achieving depth inversion with 
many different objects one gains the im
pression that in order to achieve a stable 
inversion of any object the brain must 
construct a complete visual model of the 
object in inverted form: a model that 
assigns a three-dimensional interpreta
tion to all the idiosyncratic features of 
the object This process is evidently 
much easier with some objects (such as 
faces) than it is with others. 

Nevertheless, it does not seem that the 
real-world plausibility of the inverted 
model is really a decisive factor, Plausi
bility does determine the amount of 
time and mental effort required to 
achieve inversion, but my impression is 
that there is no sharp division between 
objects that can be inverted in depth and 
those that cannot be inverted in depth. 
Instead it seems to be just as likely that 
the critical factor is the time required 
to construct an appropriate visual mod
el. Some objects can be inverted in a rea
sonable period of time and others sim
ply take too long to be inverted. In oth
er words, it may be that you could learn 
to see everything inside out if you only 
had time to practice. 

There's a lot 
worth saving 

in this country. 
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who value the best of yester
day are working to extend the 
life of a special legacy . 

Saving and using old 
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The Architecture 
of Christopher Wren 

He was a prominent man ofscience and a renowned architect at 

the height of the Scientific Revolution, but he did not exploit 

principles of theoretical mechanics in designing his buildings 

In the crypt of St. Paul's Cathedral in 
London is a tombstone with the in
scription (translated from the Lat

in): "Reader, if you wish to see my mon
ument, look around you." The epitaph 
marks the tomb of Sir Christopher 
Wren, who designed the cathedral and 
some 50 parish churches as well as li
braries, hospitals and royal residences in 
England. Wren was also one of Britain's 
most renowned men of science in the era 
of Isaac Newton, Robert Hooke and 
Robert Boyle. Newton described him 
as one of "the greatest Geometers of 
our times." Hooke, who contended with 
Newton for preeminence and generally 
praised no one, put Wren in a class with 
Archimedes. 

Wren's dual eminence in architecture 
and science stemmed from a paradoxi
cal career. Although Wren was a profes
sor of astronomy, Charles II appointed 
him surveyor general, or chief architect 
of England. He achieved his scientific 
reputation (and the presidency of the 
Royal Society) in spite of having pub
lished almost nothing. As an architec
tural theorist he repudiated exposed fly
ing buttresses, yet in St. Paul's he em
ployed them freely. He called for the 
application of statics to building, but 
!he principles of ,applied mechanics he 
recommended were incorrect; indeed, 
their application would have resulted in 
structural failure. He often objected to 
useless ornamentation in architecture. 
Nevertheless, his most impressive tech
nical accomplishment-the brick cone 
that carries the lantern, the ball and the 
cross of St. Paul's-is hidden by an orna
mental domical shell that has no struc
t ural purpose. 

What is perhaps most perplexing 
about Wren's career is the elusiveness of 
demonstrable connections between his 
science and his architecture. Because 
Wren worked at the peak of the Scientif
ic Revolution, in the second half of the 

17th century, it has sometimes been as
sumed that he employed principles of 
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theoretical mechanics in designing his 
buildings. Indeed, the Scientific Revo
lution seemed to promise a merger of 
the science of mechanics and the art of 
building. In Galileo Galilei's Dialogues 

Concerning Two New Sciences the first sci
ence is not dynamics, for which the book 
is now better known, but rather the 
strength of materials, which Galileo had 
recognized 30 years earlier as a "science 
that is very necessary in making ma
chines and buildings of all kinds." In 
1624 Henry Wotton, the British am
bassador to Venice, published a book 
on architecture in which he analyzed in 
a rudimentary way the structure of a 
stone arch. Moreover, in the 17th centu
ry it was people who would now be 
called scientists who were awarded the 
commissions to design and build mon
umental structures. In Turin, Guarino 
Guarini, a mathematician, devised the 
plans for such celebrated buildings as 
the church of St. Lorenzo, the Sindone 
Chapel and the Palazzo Carignano. In 
Paris, Claude Perrault, a physician and 
an anatomist, designed the facade of 
the Louvre and the observatory of the 
French Academy. In London it was 
Wren and Hooke who collaborated as 
chief architect and city surveyor after 
the city was devasted by the Great Fire 
of 1666. 

We have reviewed several of Wren's 
structural solutions with the aid of mod
ern engineering techniques. On the basis 
of our investigation and through consid
eration of Wren's writings and career we 
have undertaken to find Wren's place 
and the place of his architecture in the 
Scientific Revolution. 

Wren was born on October 20,1632, 
in East Knoyle in Wiltshire. At an 

early age he was exposed to ecclesiasti
cal tradition, a circumstance that would 
later influence his architecture. His fa
ther became dean of Windsor and an 
uncle was bishop of Ely. At the Univer
sity of Oxford, which Wren entered in 

1649, his college warden was John Wil
kins, who later became bishop of Ches
ter. In his youth Wren also took an in
terest in mechanical contrivances and 
instruments. At Oxford he prepared an 
exhibition of some 50 devices, almost 
all of them of a pra

'
ctical nature, includ

ing "New Designs tending to Strength, 
Convenience and Beauty in Building." It 
was at Oxford that he also began to 
show the mathematical ability for which 
Newton would praise him. 

In 1657, when Wren was 25, he be
came professor of astronomy at Gresh
am College in London, and four years 
later he was elected Savilian professor 
of astronomy at Oxford, a chair he held 
until 1673. In 1662, when the Royal So
ciety was formally established, Wren 
became one of its charter members and 
leading lights, and indeed he wrote a 
draft of the preamble to the society's 
charter of incorporation. The utilitari
an emphasis of the draft indicates that 
Wren's attitude toward science was al
ready skewed toward the promotion of 
the practical arts. Among the functions 
of the society, he wrote, would be "the 
Advancement of Natural Experimental 
Philosophy, especially those parts of it 
which concern the Encrease of Com
merce, by the Addition of useful In
ventions tending to the Ease, Profit, or 
Health of our Subjects." 

Wren's experience in architecture 
spanned almost 50 years. It began in 

1662, when he was commissioned to 
design the Sheldonian Theatre at Ox
ford, and it ended in about 1710, with 
the completion of St. Paul's Cathedral. 
These two buildings are thought to in
clude his most impressive solutions to 
engineering problems, and they exhibit 
two chief characteristics of his approach 
to architecture. The first characteristic is 
his reliance on classical sources, which 
resulted in a conservative architectural 
style and generally massive structures. 
In extreme cases, such as in parts of St. 
Paul's, the structure is so excessively 
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PORTRAIT OF CHRISTOPHER WREN shows him surrounded 
by scientific instruments, books and artwork. The text at his feet is 
open to a drawing of the Sheldonian Theatre at the University of 
Oxford, the first building he designed. He is holding a plan for St. 
Paul's Cathedral, which he rebuilt after it was demolished follow-

ing the Great Fire of 1666. The London skyline in the background 
includes some of Wren's parish churches and a building that ap
pears to represent one of Wren's early designs for St. Paul's Cathe
dral. The portrait, which is currently in the Sheldonian Theatre, was 
painted by Antonio Verrio, lames Thornhill and Godfrey Kneller. 
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SHELDONIAN THEATRE, which Wren designed in 1662, departed from the Gothic tradi
tion of the buildings at Oxford. He based the design on the theater of Marcellus in Rome. 

H�A VENL Y SCEN� is painted on the ceiling of the Sheldon ian Theatre. The flat ceiling, whIch spans 70 feet, Impressed Wren's contemporaries because it was not supported by columns. The resemblance of the Sheldonian Theatre to the Roman theater of Marcellus is enhanced by cords attached to the painting, which shows an unfurled canvas; the Roman theater I ha� a
. 
can

.
vas

. 
roof that could be �urled on supporting cords to open the theater to the sky. The I pamtmg IS htled Truth .Descelldll1g UpOIl the Arts alld Sciellces; the figures represent the triumph of the Arts and SCIences over Envy, Rapine and Ignorance. The artist was Robert Street. 
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heavy that it diminishes the integrity 
and durability of the building fabric. 

The other characteristic of Wren's 
design is his predilection for novel 
structural elements. It is these elements 
that have contributed to the belief that 
Wren's architecture is substantially in 
debt to his science. In the Sheldonian 
Theatre the novel structural elements 
were timber trusses supporting the ceil
ing above the auditorium. In St. Paul's 
Cathedral, which is Wren's most ad
mired building, the innovative element 
was the towering dome composed of 
three concentric shells. Thus these two 
buildings provide the subject matter for 
a study of the relation between Wren's 
science and his architecture. 

The Sheldon ian Theatre was named 
for Gilbert Sheldon, who was warden of 
All Souls College at Oxford until he was 
expelled during the rule of Oliver Crom
well. Sheldon returned to Oxford with 
the restoration of Charles II, and al
though Sheldon's second tenure was a 
short one (because he was soon ap
pointed bishop of London), it was long 
enough for him to discourage the prac
tice of holding secular gatherings in the 
university's church. Sheldon provided 
£12,000 for a secular hall. In selecting 
Wren as the architect Sheldon chose a 
fellow of his own college who was also 
the nephew of a bishop. 

Wren based his design for the Shel
donian Theatre on the Roman the

ater of Marcellus as it was depicted in 
the 16th century by Sebastiano Serlio, a 
Bolognese painter and architect. The 
Roman prototype had the shape of a 
horseshoe and was open at the top, cov
ered only by a canvas awning. Wren's 
design was a polygonal approximation 
to the shape of the Roman theater and 
had a permanent roof. Wren also pro
vided for multiple uses of the building: 
the basement had to house the presses 
of the university and the attic had to 
store the books printed there. 

The design was notable mainly as a 
departure from the Gothic tradition 
of the buildings at Oxford. Although 
biographers of Wren have generally 
found that the design lacks the quality of 
his mature style, they have admired the 
flat auditorium ceiling constructed with
out supporting columns. Support for the 
ceiling is provided by the heavy trusses 
concealed in the attic. The originality of 
employing a truss to create a long, unob
structed ceiling can be judged from the 
fact that in 1663 Wren displayed a mod
el of the theater at the Royal Society. 
The structure of the truss, however, is 
disappointing. The truss bears a greater 
resemblance to a medieval king-post 
truss than it does to the more efficient 
triangulated truss, which minimizes 
bending forces. The Venetian architect 
Andrea Palladio had described the role 
of the triangulated truss in bridge con
struction in The Four Books 0/ Architec-
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lure, published in 1570. Wren had access 
to Palladio's work, and so we have con
cluded that either he did not appreciate 
the greater efficiency of the triangulated 
form or he did not make the connection 
between the structure of bridges and the 
structure of buildings. 

Our conclusions were confirmed by 
an analysis of Wren's truss by photo
elastic methods, iIi. which a model of 
the truss made of transparent plastic is 
placed between crossed polarizing fil
ters. The interference pattern that re
sults from passing light through this 
sandwich of materials can be interpret
ed as a contour map of stress intensity 

[see "The Structural Analysis of Gothic 
Cathedrals," by Robert Mark; SCIEN
TIFIC AMERICAN, November, 1972]. We 
found, however, that the deficiency of 
Wren's design would not result in severe 
distress under normal loading. The orig
inal trusses were replaced in 1802, so 
that perhaps the weight of the stored 
books was greater than anticipated. 

Whatever the quality of Wren's ceil
ing design, the trusses owe nothing to 
theoretical analysis. The theory of the 
truss, even of relatively simple config-· 
urations, remained far in the future. 
There is no indication either in Wren's 
notes or in the testimony of his con tem-

poraries that the design of the Sheldoni
an trusses was anything but empirical 
and traditional. If any of the theoretical 
novelties of the Scientific Revolution en
tered into Wren's approach to design, 
they cannot be detected in the Sheldo
nian Theatre. Therefore we looked for 
them in the design of the structure that 
was the summit of Wren's career. 

The Great Fire of 1666 had two salu
tary consequences. It halted the plague 
that had been sweeping through London 
and it gave Wren an opportunity to de
ploy his genius as an architect. One of 
the most pressing needs was the rebuild
ing of the parish churches, which had 

TIMBER BRIDGE TRUSS, described in 1570 in The Four Books 
of Architecture by tbe Venetian arcbitect Andrea PaIIadio, is effi
cient because it is made up of triangular segments. Tbe truss is rein-

forced near tbe supports so tbat it will bold up under tbe increased 
forces tbere. Wren bad access to PaIIadio's work but did not adopt 
tbe triangulated truss in bis desigu of tbe ceiling of tbe Sbeldonian. 

TRUSS CONCEALED IN THE ATTIC of tbe Sbeldonian Tbeatre 
supports tbe ceiling. Tbe Sbeldonian truss bears more resemblance 

PHOTO ELASTIC MODEL of tbe Sbeldonian roof truss indicates 
tbat tbe stress is not distributed evenly. Tbe transparent plastic model 
is viewed between crossed polarizing filters. Tbe interference pattern 
of tbe Iigbt is a map of stress intensity. Eacb color represents a dif-

to a medieval king-post truss tban it does to tbe triangulated truss 
PaIIadio described, wbicb keeps tbe bending forces at a minimum. 

ferent degree of interference, wbicb corresponds to a degree of stress. 
Tbe magenta areas of upper cbords near tbe supports are subject to 
about twice as mucb stress as tbe blue areas of upper cbords. Tbere 
is almost no stress in tbe diagonals, wbicb bardly sbow interference. 
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(or Gothic) style of the building. He not
ed that the piers were visibly out of 
plumb as a result of shoddy building, 
and he condemned the flying buttresses 
exposed to the weather. He also pro
posed replacing the central tower with a 
dome and spire. 

The most interesting structural fea
ture of this early scheme is the light, 
high outer dome constructed of timber 
and supported by an inner masonry 
shell. The concept of this relatively sim
ple domical structure may have corne 
directly from the much smaller dome of 
the church of the Sorbonne in Paris, 
built by Jacques Lemercier some 30 
years earlier, which Wren probably saw 
in 1665. This kind of double-shell con
struction can be traced back through a 
sequence of buildings to the high domes 
of St. Mark's Cathedral in Venice, built 
in the 13th century. 

PLAN OF A DOME for St. Paul's Cathedral is shown in a sketch Wren made some months be
fore the Great Fire. He proposed replacing the main tower with a double-shelled dome and 
a spire. The inner dome would have been made of masonry and the outer dome of timber. 

After the fire, when it was eventually 
agreed that the old cathedral could not 
be salvaged, Wren evidently considered 
himself free to draw on Roman prece
dent in planning the new cathedral, as he 
had done in designing the Sheldon ian 
Theatre. The ease with which he had 
broken with architectural tradition at 
Oxford, however, was not to be repeated 
with his ecclesiastical clients in London. 
Even with the backing of Charles II he 
was not able to prevail against the cler
gy, who insisted that the plan of the new 
building follow "cathedral fashion," 
namely that it have the cruciform plan 
of a medieval church. In order to resolve 
the conflict Wren submitted a series of 
designs and ultimately made conces
sions to the ecclesiastical authorities 
(and to popular taste) before he was 
allowed to proceed with the rebuilding 
in 1675. 

What Wren initially had in mind for 
the cathedral can be surmised from two 
city plans he drew up soon after the fire. 
Both show a structure resembling the 
Pantheon in Rome and consisting chief
ly of a domed rotunda joined to a rec
tangular hall. Some commentators have 
dismissed these plans as casual sketches 
rather than serious proposals. Neverthe
less, the plans already show Wren's de
termination to build a domical structure 
and his rei uctance to follow the tradi
tional cruciform plan. Moreover, the 
early designs may reflect his Protestant
ism in that they would bring the clergy 
and the laity closer than they were in a 
medieval church, where the laity in the 

formed the backbone of the social and 
spiritual life of the city. Within days 
Wren developed a plan for reconstruct
ing London. Although his plan was not 
adopted, he was soon appointed the 
principal architect for the rebuilding of 
the city. In that capacity, and later as 
surveyor general, he attended to the 
reconstruction of the parish churches, 
which constitute a major part of his ar
chitectural legacy. At the same time 
Wren directed much of his interest to 
the prospect of rebuilding St. Paul's Ca
thedral, which had been heavily dam
aged in the fire. 

wren had served an apprenticeship 
that prepared him for his role as 

architect of the new cathedral. Before 
the civil war of the 1640's the exterior 
of the old St. Paul's had been the ob
ject of a campaign of classical restora
tion under the direction of Inigo Jones. 
The 11 th-century Norman nave and the 
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13th-century Gothic choir were largely 
covered with stone facing in the style of 
the Renaissance and the west facade was 
reconstituted into a Corinthian portico. 
A few months before the fire Wren had 
been asked to suggest further recon
struction. He called for rebuilding the 
interior so that it would correspond to 
the Renaissance exterior and for re
placing the pointed medieval vaults 
with lighter, domical vaults. Wren found 
fault with what he termed the "Saracen" 

SEQUENCE OF GROUND PLANS for St. Paul's illustrates the compromises Wren had to 
make before Charles II granted him permission to proceed with construction. At the upper left 
is the old St. Paul's Cathedral, which had a traditional cruciform configuration. At the upper 
right is Wren's Greek Cross Design of 1672. The main featnre of the design is a domed, circu
lar space :it the center. The centralized strncture seems to reflect Wren's Protestant beliefs in 
that it brought the clergy and the congregation closer than they were in a medieval church. At 
the lower left is the Great Model Design, named for an 18-foot model built by Wren. The plan 
is similar to the Greek Cross Design except for the elongated east-west axis. At the lower right 
is the actual cathedral, which was begun in 1675. The final plan represents a compromise be
tween Wren's original centralized plan and the medieval basilica plan of the old cathedral. 
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nave are separated from the clergy and 
the choir in the chancel. 

Wren had a high regard for the lit
urgy of the English prayer book, and 
he conceived of a church as an "audito
ry" where the congregation would hear 
as well as see the preacher. He estimat
ed the maximum distance the preach
er's voice might carry and designed 
churches accordingly. The Protestant 
expectation that the clergy and the laity 
participate jointly in the service called 
for a compact meeting room unclut
tered by screens. The city-plan sketches, 
with a domed rotunda for ceremonial 
occasions and a simple, rectangular hall 
for ordinary services, were evidently de
signed to meet the ecclesiastical require
ments of English Protestantism. Indeed, 
the city-plan designs may represent not 
casual sketches but Wren's uncompro
mised ideas on the design of a Protes
tant cathedral. 

The influence of Protestantism can 
also be seen clearly in some of Wren's 
designs of parish churches. "It would 
be vain," he wrote, "to make a Parish 
church larger than that all who are pres
ent can both hear and see." In designing 
the parish church of St. James's, Wren 
tried to build the ideal auditorium, with 

the nave and the chancel in a single 
room and with balconies to increase the 
seating capacity without enlarging the 
hall. "I can hardly think it practicable," 
he wrote, "to make a single Room so 
capacious, with Pews and Galleries, as 
to hold 2,000 Persons, and all to hear the 
Service, and both to hear distinctly, and 
see the Preacher. I endeavoured to effect 
this in building the Parish Church of St. 
James's, Westminster, which I presume 
is the most capacious, with these Quali
fications, that hath yet been built." 

The city-plan sketches of St. Paul's 
Cathedral were forerunners of the 

next series of designs, on which Wren 
began to work in earnest in 1670. These 
designs too were based on a structure 
whose chief space was domed and circu
lar. One version, the Greek Cross De
sign, incorporated a great raised central 
dome that resembles a design for St. Pe
ter's in Rome that had been proposed by 
the architect Donato Bramante in the 
early 16th century. In the case of Bra
mante's plan as in that of Wren's the 
central-dome design was rejected by 
the clergy, who remained committed to 
the cruciform configuration. 

In 1673, in an attempt to placate his 

ecclesiastical CrItiCS, Wren offered the 
Great Model Design, whose plan was 
similar to the Greek Cross Design ex
cept for an elongation that he grudging
ly introduced along the east-west axis to 
form a short nave and a rudimentary 
choir. The name of the design comes 
from a large model Wren built in such a 
way that the interior is seen from the 
same perspective as the interior of the 
building would have been. In making 
the model he went to considerable trou
ble and expense to impress his patrons 
with what he thought was a satisfactory 
compromise. Nevertheless, the design 
was rejected, and he resolved "to make 
no more Models, or to publicly expose 
Drawings." 

Wren's next effort was the awkward 
Warrant Design of 1674. It has been 
interpreted as Wren's exasperated and 
contemptuous reply to his critics. It rep
resented a retrogression almost to the 
old cathedral as modified by Jones. The 
drawings of the Warrant Design are 
known to have been prepared in some 
haste, which suggests that Wren relied 
on existing designs; his biographers cite 
as the source a number of earlier build
ings described in 16th- and 17th-century 
architectural literature. It is also possi-

W ARRANT DESIGN done by Wren in 1674 was approved by 
Charles II on March 14, 1675. Wren was granted the right to make 

changes of certain kinds, and he exercised that right by building a ca
thedral quite different from the one specified in the Warrant Design. 
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ble the Warrant Design is one of Wren's 
own early plans, rehabilitated from his 
file. In any event the design served his 
immediate purpose. Charles II signed 
the warrant allowing construction to be
gin, with the understanding that Wren 
would be free to make certain alter
ations. Wren evidently interpreted his 
freedom quite broadly, and it seems to 
have been his intention from the outset 
to use the warrant as a cover under 
which he could restore many of the ele
ments of his earlier plans. 

In the cathedral as it was finally con
structed Wren in effect created two 

buildings. The interior is modeled on the 
plan and elevation of a medieval basili
ca, with a high center-aisle vault flanked 
by lower side-aisle vaults and flying but
tresses intended to support the clere
story walls (the interior walls that ex
tend above the adjacent side-aisle roofs). 
None of these structural details, how
ever, are apparent from the outside, 
where the great central dome appears to 
rise from a massive two-story base. This 
effect was accomplished by raising the 
perimeter walls so that they conceal 
both the inner features of the building 
and the flying buttresses. The conceal-

ment has led to charges of architectural 
fraud. It has been said that the perimeter 
walls, which even have false windows, 
are nothing more than screens meant to 
hide the Gothic clerestory and the flying 
buttresses of which Wren disapproved 
in his theoretical writings. 

The perimeter walls are quite heavy, 
however, and Wren's design has been 
defended on the ground that such mas
sive walls could not have been intend
ed merely as screens. In 1923 Somers 
Clark, who had overseen the upkeep 
of the cathedral, denied that Wren had 
built "one half of the church to hide the 
other." Clark rationalized that the pe
rimeter walls were not screens but but
tresses. He argued that they not only sta
bilize the great bastions that help to 
support the dome but also serve as but
tresses "to receive the thrust of the aisle 
vaults and of the flying buttresses which 
maintain the high vaults." 

To confront the question of Wren's 
purposes, with an eye toward the possi
bility that he employed theoretical prin
ciples, we analyzed the structure of a 
typical bay of St. Paul's with the aid of 
photoelastic techniq ues. A model of the 
bay was tested first under loadings that 
simulate the actual dead weight and 

then under loadings that represent the 
effects of wind, which were determined 
from local meteorological data and 
from wind-tunnel tests. Then we re
moved the flying buttresses from the 
model and tested it again under the two 
kinds of loading. Stresses in the piers 
increased when the flying buttresses 
were removed, but we ascertained that 
well-constructed piers of solid masonry 
(or at least piers with a firm outer shell 
composed of several layers of coursed 
masonry) could have successfully resist
ed the thrusts of the vaulting and the ef
fects of high winds. 

The test results suggest that the flying 
buttresses were unnecessary. In view of 
Wren's earlier warning that flying but
tresses "are the first Thing that occasion 
the ruin of Cathedrals," it is ironic he 
adopted them in St. Paul's. It is of course 
possible that Wren believed the perime
ter walls were necessary for structural 
integrity and therefore he may have in
tended them not as screens but as but
tresses. Nevertheless, even this defense 
is questionable, because if Wren was 
thinking only of structural necessity, 
he could have provided discrete piers 
to receive each flying buttress rather 
than continuous, massive walls along 

ST. PAUL'S CATHEDRAL looks today almost as it did when Wren 
built it. The balustrade was added over Wren's protest in 1717, when 

he was 85 and no longer in charge of the construction. Isaac N ew

ton was consulted and it is believed he visited Wren to mollify him. 
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the nave and the choir. Discrete piers 
supporting flying buttresses, however, 
would have given St. Paul's the decid
edly Gothic look that Wren deplored 
(ostensibly on functional and structur
al grounds, although his Protestantism 
may also have influenced his judgment). 
As for Clark's suggestion that the perim
eter walls buttress the side-aisle vaults, it 
should be noted that the thrust of these 
vaults reaches the walls well below the 
top. Even if one allows for the possibili
ty that Wren thought the additional 
height (and hence the additional weight) 
would increase stability, the height to 
which he carried his massive (and ex
pensive) walls suggests he was employ
ing them chiefly as screens. 

To deal with Clark's further assertion 
that the perimeter walls help to sta

bilize the bastions that form part of the 
buttressing system of the great dome, we 
did a separate analysis of the dome and 
its supporting structure. Wren hesitated 
for many years before committing him
self to a particular design for the dome. 
As late as 1694 there are references in 
his notes to experimental models of the 
dome, and sketches of it made under his 
direction as late as 1703 are different 
from the final plan. Wren's hesitation 
may have been caused by alarming re
ports of structural defects in the dome 
of St. Peter's in Rome. The high dome 
of St. Peter's, constructed between 1585 
and 1590, was plagued with structural 
problems from the beginning. The ma
jor source of the problems is revealed by 
comparing St. Peter's with the Pantheon 
in Rome, constructed in about A.D. 120. 
In the ancient building the outer profile 
is relatively flat and the outward thrust 
of the dome is met by a low, massive 
ring of masonry. In St. Peter's the cen
tral, upper portion of the dome exerts a 
similar outward thrust, but there is only 
the more vertical portion of the dome 
itself to provide resistance, which has 
proved to be inadequate. The dome has 
cracked along meridians as it spread 
outward. Over the years some 10 iron 
chains have been placed around the 

SECTION OF THE CHOIR of the old St. 
Paul's (upper left), on which construction be
gan in 1258, is compared with that of Wren's 
cathedral (upper right). Wren's cathedral is 
much heavier. The perimeter walls make the 
central dome appear to have a classical base. 
A model of the choir structure (lower pho
tograph), stressed by dead-weight loading, 
shows that the upper story of the perimeter 
walls, which hides the flying buttresses, hard
ly contributes to structural stability. Analy
sis shows that the bottom section of the build
ing, which is heavier than the corresponding 
section of many Gothic cathedrals, is ade
quately braced under both dead-weight and 
high-wind loadings; it would remain secure 
even if the flying buttresses were removed. 
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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-thin king-understanding· 

remembering-and-Iearning 

The new Speed Learning Program 
shows you step-by-proven-step how to 
increase your reading 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 fulf semester hour credits for course 
UJ 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 " a .. ociation 01 p,ol''''onol manag."

.

s. awards 3.0 CEU'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 ilOd government agencies offer Speed Learning 
as a wholly·paid or tuition reimbursement program. Consult 
your Training or Personnel Director 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·learn at your own pace 

This is a practical, easy-to-Iearn 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, Business Week, Wall Street 
Journal, Family Circle, N. Y. Times and 
many others, make the program 
stimulating, easy and fun . . . and so 
much more effective. 

Executives, students, 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 115 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 lull or partial payment 
lor college credit programs. 

I n most cases, the enti re cost of 
your Speed Learning Program 
Is Tax Deductible. 
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SCIBNCB/SCOPB 

The first of a new breed of communications satellites is providing secure voice, 
video, high-speed data, and electronic mail services for U.S. business firms and 
industries. The powerful SBS satellite is the first domestic communications 
spacecraft to operate at frequencies of 12 to 14 gigahertz. This means that 
small antennas with diameters of 5.5 to 7.7 meters can be used in urban areas 
for business communications without causing interference to terrestrial micro
wave systems. The satellite has an outer cylindrical panel of solar cells that 
drops down in orbit to expose an inner panel. The telescoping feature nearly 
doubles the power. Hughes built SBS for Satellite Business Systems, a company 
owned jointly by Aetna Life & Casualty, Comsat General Corp., and IBM Corp. 

More than 15 years after its launch, NASA's Pioneer 6 spacecraft still transmits 
data via a Hughes traveling-wave tube. The interplanetary probe measured the 
sun's corona, studied solar storms, and measured a comet's tail. It also made 
many discoveries about the sun, solar wind, solar cosmic rays, and solar magnet
ic field. Pioneer 6 's primary TWT operated more than 122,000 hours from launch 
in December 1965 until February 1980. Then, due to a low voltage condition, the 
backup TWT was switched on. The Hughes Model 214H TWT, which operates in the S 
band with 8 watts of power, was developed under contract to TRW. 

Passengers flying on a number of airlines between Miami, the Caribbean, and 
South America are enjoying smoother flights because of a weather satellite. 
Although tropical thunderstorms develop and die quickly through much of the 
area, airlines can avoid them and take advantage of beneficial winds by studying 
pictures from a GOES (Geostationary Operational Environmental Satellite) space
craft. The airlines can even determine when turbulence will be at a minimum and 
then advise cabin attendants to serve in-flight meals. GOES was built by Hughes 
and is operated by the National Oceanic and Atmospheric Administration. 

Career growth opportunities exist at all levels at Hughes Support Systems for a 
variety of.engineers qualified by degree or extensive work experience. They 
include systems engineers and software and hardware design engineers for major 
simulation and test equipment programs. Also, field engineering posts through
out the U.S. and the world offer travel, autonomy, and responsibility for the 
life cycle of Hughes electronic systems. Phone collect (213) 670-1515, Ext. 
5444. Or send your resume to Professional Employment, Dept. SA , Hughes Aircraft 
Company, P.O. Box 90515, Los Angeles, CA 90009. Equal opportunity employer. 

NASA's Pioneer Venus Orbiter continues to gather information after more than two 
years above the cloud-shrouded planet. Since arriving in December 1978, the 
spacecraft has relayed more than 40 million bits of data to Earth and transmit
ted nearly 1000 ultraviolet pictures of the planet's clouds. The radar mapper 
on board the Orbiter has mapped 93 percent of the surface to show a terrain of 
mountains, high plateaus, and great plains. The Hughes-built spacecraft is now 
being allowed to drift from its precise orbit to look at Venus from new vantage 
points. In the drift mode the Orbiter will drop into the atmosphere and burn up 
in 1992. Mission activities are planned to last through 1986. 

Creating a new world with electronics 
r------------------, 
, , 

i HUGHES: 
, , 
L __________________ � 
HUGHES AIRCRAFT COMPANY 
CULVER CITY. CALIFORNIA 90230 
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dome to prevent the spreading, but the 
problem is aggravated by the great mass 
of the masonry dome itself, which gen
erates extremely large forces. 

In designing the dome of St. Paul's, 
Wren faced problems of another kind. 
He had constructed the central piers 
of the cathedral before he designed the 
dome. Building records indicate that the 

piers had spalled, or chipped, as early as 
1691 and that in 1696 they had been 
noted to have settled to different depths 
in the ground. Wren finally produced an 
elegant solution: an extraordinarily light 
triple dome. The majestic outer dome is 
a light shell of lead-sheathed timber. 
The middle dome, which cannot be 
seen either from outside or from inside 

the cathedral, is a thin, chain-girdled 
brick cone that supports the outer dome 
and an 850-ton stone lantern. The in
ner dome, which is also made of brick, 
forms an attractive hemispherical ceil
ing. Unlike the outer dome of St. Peter's, 
the brick cone of St. Paul's, which car
ries the greatest part of the load, is ac
tually stabilized by the heavy central 

PROBLEM OF HIGH-RENAISSANCE DOMES' is brought out in 
a cross-sectional comparison of the dome of St. Peter's Cathedral in 
Rome (left) with that of the Pantheon (right). The exterior surface of 
the dome of the Pantheon is comparatively flat, and the great outward 
thrust of the dome is resisted by massive, low circular walls. The up-

per part of the dome of St. Peter's, which supports a lantern, exerts 
a similar outward thrust. To resist tbe thrust, however, there are no 
massive walls but only the lower, steeper part of the dome itself. Some 
10 iron chains have been wrapped around tbe dome to help prevent 
it from spreading, but cracking of the structure is still a problem. 
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INTERIOR VIEW of St. Paul's Cathedral shows the heavy structure that is characteristic of 
the Baroque style. The massiveness of the building is evident in the piers of the nave arcade. 
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lantern. The conical structure, instead 
of being subject to destructive bending 
forces, acts mainly in compression. 

A single chain around the brick cone 
of St. Paul's has proved sufficient to 
maintain the integrity of the compara
tively light structure against outward 
thrust. Studies of the triple-dome config
uration we have done with the aid of a 
computer indicate that stresses within 
the supporting masonry are generally 
low under both gravity and wind loads 
and that the single chain is well placed. 
There have been problems with the 
dome's supporting structure, but they 
are unrelated to the structure of the 
dome itself. If Wren had completed the 
design of the dome at an earlier stage of 
the project, before he began construc
tion of the central piers, he might have 
realized the piers could have been light
ened, in which case some of the distress 
resulting from their differential settle
ment might have been avoided. 

Our analysis refutes Clark's assertion 
that the perimeter walls are needed to 
buttress the dome-supporting bastions. 
Our verdict is that the walls serve main
ly to create an appropriate stylistic ef
fect and that the triple dome is both a 
visual and an engineering triumph. 

I f Wren failed to achieve the elusive 
merger of theory and practice in his 

architecture, it was not through lack of 
purpose. In several commentaries and 
in the fragmentary Tracts his son and 
grandson compiled in the family Paren

talia. Wren asserted unambiguously that 
the science of statics must form the basis 
of building. In 1713 he summed up his 
attitude in a report on Westminster Ab
bey: "It is by due Consideration of the 
Statick Principles, and the right Poising 
of the Weights of the Butments to Arch
es, that good Architecture depends." In
deed, he went beyond this programmat
ic endorsement and made the practical 
suggestion that where a column cannot 
be made stout enough to resist the hori
zontal thrust of an arch, its resistance 
can be increased by making it taller and 
hence heavier. 

Wren's views on the place of theoreti
cal mechanics in architecture and on the 
priority of the utilitarian over the orna
mental are set out most clearly in an 
undated fragmentary work designated 
Tract II. It began with a discussion of the 
five classical orders of column design 
(Doric, Ionic, Corinthian, Tuscan and 
Composite). They had been reduced, he 
wrote, to "Rules, too strict and pedan
tick, and so as not to be transgressed, 
without the Crime of Barbarity; though 
in their own Nature, they are but the 
Modes and Fashions of those Ages 
wherein they were used." 

Wren turned next in Tract II to an 
analysis of the arch. "It seems very un
accountable that the Generality of our 
late Architects dwell so much upon this 
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ornamental, and so slightly pass over the 
geometrical, which is the most essential 
Part of Architecture. For Instance, can 
an Arch stand without Butment suffi· 
cient? If the Butment be more than 
enough, 'tis an idle Expense of Materi
als; if too little, it will fall; and so for any 
Vaulting: And yet no Author hath given 
a true and universal Rule for this; nor 
hath considered all the various Forms of 
Arches." Wren concluded that the "true 
and universal Rule" can be deduced 
only from the science of mechanics. 
"What is true," he wrote, "will be shown 
to be only determinable by the Doctrine 
of finding the Centers of Gravity in 
the Parts of the proposed Design." Al
though the actual rule that Wren then 
formulated is incorrect because it ne
glects (among other things) the horizon
tal th rust of the arch, his  anal ysis was a 

response in terms of the science of me
chanics to the foremost structural prob
lem of the time. 

It is only anachronism that has led 
some to believe Wren's joint interest in 
science and architecture must have re
sulted in the successful application of 
theoretical principles to the solution of 
building problems. He belonged to the 

17th century with its flourishing renewal 
of the sciences and its practical, enter
prising spirit, but he came closest to ap
plied science not in his actual building 
but in his tracts and fragmentary notes. 
The program of the Scientific Revolu
tion can be seen in Wren's attempt to 
formulate a theory of the arch based on 
statics, in his emphasis on function and 
utility and in his intellectualized Protes
tantism that emphasized both hearing 
and seeing. 

THREE-LA YERED DOME of St. Paul's is shown in a cutaway view. The brick cone that 
constitutes the middle layer supports the outer dome and the heavy lantern. Because the mid
dle layer is conical it is stabilized by the lantern. The forces generated by the lantern on the con
ical structure do not thrust outward, as they do in the dome of St. Peter's Cathedral, but act 
mainly in compression. The colored line superposed on the interior of the cathedral has the 
shape of an inverted catenary (the curve formed by a chain suspended from its ends). Robert 
Hooke, who was Wren's architectural collaborator after the Great Fire as well as a fellow 
member of the Royal Society, had noted that an inverted catenary acts only in compression, as 
a catenary acts only in tension. Since the 1 9th century several investigators have tried to dem
onstrate that Wren was guided by Hooke's work on the catenary, but evidence is inconclusive. 

SURPRISED BY LIFE 
OCEANUS FOLLOWS 

DEEP-DIVING SCIENTISTS 
TO A NEW FIND 

Most of the ocean floor a mile and a half down 
is not crawling with life. But some of it is. as 
scientists aboard the tiny submersible Alvin 
discovered recently when they hovered over 
a wann-water vent in the Galapagos Rift off 
the western shoulder of South America. 
Under them were colonies of large clams, 
mussles. crabs and-most surprising of alI
a type of giant, red-tipped sea worm never 
seen before. Here, near waters sailed by 
Charles Darwin, was a food web sufficient to 
support a few meters of riotous life on ·the 
otherwise desolate bottom. 
This is the sort of development OCEANUS is 
in business to cover. Through our pages. 
investigators in the vi,lnguard of the marine 
sciences report directly to you in language 
anyone seriously interested in the sea can 
understand. We. are published by Woods 
Hole Oceanographic Institution, one of the 
leading centers of ocean research in the 
world--and home base for Alvin as well as 
large surface vessels designed for exploration 
anywhere in the ocean. We search out 
scientists and policy experts around the 
world and organize most of their material in 
thematic issues. Recent topics have included 
energy and the sea. food from the sea. 
pollution. climate. estuaries. 
I f  you' re drawn to the sea and what it means 
to al l  of us. you ' ll want to read OCEANUS. 
the i l lustrated magazine of marine research 

Oce anus 
SUBSCRIPTION DEPT. BOX SC 
1 1 72 COMMON WEALTH AVE. 
BOSTON, MASS. 02 134 
Please enter my subSCription to OCEANUS 
for' 
o one year four issues: $ 1 5 . 00 
o two yearsl save $5 .00: $25. 00 
o check enclosed' (we request prepayment )  
o bi l l  me 
( outside of  U . S  and Canada add $2 per  year 
to these rates ) 

Name 

Address ___________ _ 

City State ___ Zip __ _ 

' Please make check payable to Woods Hoi" 
Oceanographic Institution. Checks 
accompanying foreign orders must be 
payable in U . S. dollars and drawn on a U S 
bank. 
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Blood, sweat and software 
America in cris is .  A time for hue , cry and 

J-\. stirring rhetoric . 
Yet ,  if America is to recapture its forward 
momentum- its sense of destiny- galvan
izing words may be spoken in the halls of 
Congress and on street corners . But the true 
language of the second industrial revolution 
will be written in software . 

A software manifesto 
An overstatement? Perhaps .  There is no 
question, however, that fortune has brought 
together at precisely this moment both the 
tools and craftsmen of America's renewal . 
Computer hardware today is both powerful 
and affordable .  And the flood of new, young 
management into the decision making ranks 
of business is ,  itself,  "programmed" for elec
tronics . A stage is set. 

Wi l l  our resolve be the match of our 
technology? Wil l  we meet the challenge cast 
by an era of l imited natural resources but un
l imited human potential? In brief, what wil l  
be the message of the software manifesto? 
What will we , as businessmen and patriots , 
have the vision to do? 

Forging the future 
Manufacturing and Consulting Services ,  Inc . 
(MCS) is vital ly concerned with answers to 
these questions . Nter al l ,  our business is the 
future and we are proud of our reputation 
as "The Computersmiths™,'' helping to forge 
that future with Anvil CAD/CAM (computer
aided design and manufacturing) software , 
hardware and services.  

MCS can also take pride in the fact that at 
least 75% of al l  3-D CAD/CAM software now 
in use is based on concepts developed by 
MCS personne l - helping to make CAD/CAM 
the most dynamic growth area in computer 
technology. But more important , both for 

ourselves and our nation, are the philosoph
ical concepts which have made MCS the only 
ful l - l ine CAD/CAM source in the country. 

A chance to excel 
MCS believes that the wel lsprings of the 
American spirit are imagination and oppor
tunity. That is why MCS is now introducing its 
new Anvil-4000™ software package as a 
significantly enhanced replacement for its 
AD-2000®- the most widely accepted,  com
puter independent CAD/CAM software ever 
developed . The earl ier system had more than 
proved its worth, al lowing a single person at 
a computer terminal to produce at the rate of 
up to three product designers , mechanical 
draftsmen,  or manufacturing engineers . 

But the new Anvi l-4000 program has loft
ier objectives-not just cost reduction and 
increased productivity, but a full release of 
creative innovation; not fewer designers , 
but an opportunity for each designer to ex
plore more alternatives ,  to perform a more 
thorough analysis of the results,  to produce 
a better product. 

Anvi l-3000 Graphic Resource Stations and 
the new time-sharing MCS Graphic Resource 
Centers expand on this theme . As a com
pany, MCS believes that the imagination
releasing potential of CAD/CAM should not 
be the exclusive preserve of those few con
cerns which can afford an initial investment 
of $ 1 50 ,000 or more . America will succeed 
only if  every individual and organization, 
large or smal l ,  has an opportunity to suc
ceed . By making the ful l  power of Anvil-4000 
software avai lable at per-station costs of just 
a few thousand dol lars a month, MCS is 
doing its part to revital ize one of the nation's 
historic strengths .  

These are stirring times,  and we 
invite you to join us as , together, we design 
America's future . 

Manufacturing and Consulting Services ,  Inc . ,  1 7942 Cowan, Irvine , CA 92 714 (714) 540-392 1 
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The Anvil Chorus 
Anvil-4000L 
The largest ,  most advanced CAD/CAM soft
ware package avai lable to industry . . .  an 
integrated design, management information 
and manufacturing system. It provides all the 
capabi l ities for engineers to ful ly automate 
the design and manufacturing of a product . 

Unlike pre-packaged turnkey systems, 
Anvil4000L can run on most of the world 's 
wide-word C24-bit to 64-bit) computers and 
use virtual ly any of the new graphics display 
tools .  It wil l  easily adapt to new technology 
as it comes along . Your current hardware 
may be just fine . At the least you 're assured 
of maximum flexibi l i ty . . .  no lock into hard
ware that may soon become obsolete . 
Anvil-4000S 
A modularized version of the Anvil4000L 
designed for 1 6-bit minicomputers. 
Anvil-3000 Systems 
Complete mid-range turnkey CAD/CAM sys
tems which deliver most of the power of the 
Anvil4000 software at a hardware/software 
price of less than $100,000 . The system 
includes a powerful Hewlett-Packard 1 000 
computer and all of the basic interactive 
and data-storage peripherals required for 
CAD/CAM operation. The computer itself 
has excess capacity for other data process
ing tasks. 

Anvil-3 000 Graphic Resource Stations 
Semi-autonomous units operating under 
Anvil software . They have enough local 
CAD/CAM capabil i ty to reduce the host com
puter I/O traffic by as much as 80%. They 
can be used to expand existing CAD/CAM 
systems and serve as the basis for dis
tributed CAD/CAM processing networks . 
Anvil Graphic Resource Centers 
Time-sharing faci l i ties which bring the ful l  
capabi l i ties of  the most advanced CAD/CAM 

system to the smal l-to-medium user. A time
sharing installation can also serve as a test 
bed for companies who are evaluating the 
work of CAD/CAM in their own operations. 
The investment is l imited to the leasing of a 
Graphics Resource Station and the computer 
time used . 

We need swords and plowshares 
CAD/CAM software is creativity-squared: 
creative computer programs which foster 
the creative process. The writing of 
CAD/CAM software is also a "future 's 
business "- directed toward tomorrow 's 
products, processes, productive facilities, 
and technology. 

Add those two facts together and you can 
see why the current debate over "guns or 
butter " is of more than passing interest to 
us. We feel that the choice is dangerously 
misleading, that we need both swords and 
plowshares if America is to fulfill its poten
tial as a creative force in the world. 

Creativity can flourish only when there 
is hope in the future and anticipation that 
individual accomplishments will be re
warded. There can be no hope when the 
only alternatives seem to be a weakened 
America, unable to protect its vital interests. 
We need to stake out a middle ground of 
selfconfidence and strength. 

But not at the cost of a reduction in the 
quality of American life. We need to reward 
individuals and segments of our society for 
exceptional performance, for above-and
beyond achievements. The profit motive is 
just as powerful a force at the personal 
level as it is for corporations - and nations. 

We need both, and we can have both.  
We simply need to be even more imagina
tive, more creative, more 
productive. Which �. _ � 
is what CAD/CAM CT c:JV �  
is all about. Dr. Patrick 1. Hanratty 

President, MeS, Inc. 

Its time to put America on the Arwil. 
1 7 5 
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THE AMATEUR 
SCIENTIST 

Anamorphic pictures: distorted views 
from which distortion can be removed 

by Jead Walker 

I
n an anamorphic picture the image 

of what is represented is distorted 
so that it can be perceived only 

by viewing it in an unusual way. Some 
paintings and photographs of this kind 
must be viewed almost from the edge 
or by means of a reflecting cylinder or 
cone. Such pictures were an amusement 
in the Renaissance and remain largely a 
curiosity today. The methods of creat
ing and viewing them are interesting as 
part of the larger subjects of the nature 
of perspective and of vis ual perception. 

Recently I received several examples 
of anamorphic photography made by 
David G. Stork., a graduate student of 
visual perception at the University of 
Maryland at College Park. He employs 
a black-and-white negative or a color 
slide to make a print that is anamorphic. 
Normally a print is made by placing the 
negative in an enlarger. Light directed 
through the negative passes through a 
lens and falls on the print paper, which 
is developed for the final photograph. 
Stork mounts a shiny cone in the path of 
the light so that it reflects the rays to 
parts of the print paper where they 
would not normally go. At the center 
of such a print, of course, is an empty 
area corresponding to the circular base 
of the cone. 

Usually the resulting print is unrecog
nizable, but the original perspective can 
be regained with the aid of the same 
cone. It is placed at the center of the 
print and the observer looks down from 
an appropriate height, usually with one 
eye. The sides of the cone show a reflec
tion of the print with the perspective of 
the original scene restored. 

The image from the negative is dis
torted in the print in two ways. The parts 
of the image near the center of the nega
tive appear near the outside of the print. 
Conversely, the parts near the outside of 
the negative appear near the base of the 
cone in the print. This radial inversion 
of the center and the perimeter gives rise 
to the curious pattern in the print. 

The other type of distortion of the im
age affects its angular width around the 
center of the print. The parts of the im-
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age cast near the outside boundary of 
the print are spread in a circle around 
the center of the print more than the 
parts cast near the base of the cone. As a 
result most of the normal clues to per
spective are lost. 

The equipment needed for Stork's 
anamorphic photography ::;,;;r; be quite 
simple. Stork works with a heavy met
al cone machined to size. You could 
substitute a sheet of reflecting My
lar formed into a cone. (These sheets 
are available at hobby shops and kite 
stores.) In addition to the standard 1-
stop diaphragm of the enlarger you need 
a means of controlling the width of the 
light beam above the cone. Another 1-
stop diaphragm mounted on a ring stand 
will do. A substitute can be a series of 
cardboard sheets each with a hole of 
different diameter in it. By changing 
sheets appropriately the photographer 
can control the exposure almost as well 
as he could with an I-stop diaphragm. 

The cone must be positioned properly 
over the print paper while the photogra
pher is working in the dark. Stork made 
a cardboard mask to fit into the holder 
for the paper. At the center of the mask 
is a hole of the same diameter as the 
base of the cone. By feel Stork can posi
tion the cone in the hole and then lift the 
mask off without disturbing the cone. 

The procedure for exposing the paper 
is as follows. Put the negative into the 
enlarger, turn off the lights, remove a 
piece of print paper from its box and put 
it in the holder of the enlarger. Lay the 
mask for the cone over the paper. After 
you have positioned the cone in the hole 
lift the mask off the paper without mov
ing the cone. Turn on the light in the 
enlarger to expose the paper. 

Several exposures are needed for one 
print because the light falling on the pa
per near the base of the cone is more 
concentrated than the light that strikes 
the outer boundary of the paper. The 
time of exposure for the paper near 
the base is normal; for the paper near 
the outer boundary the time should be 
between 15 and 20 times longer. Stork 
manages to achieve approximately the 

right exposures by making the first one 
with a relatively large aperture that he 
has mounted on the ring stand. The ap
erture is either the variable I-stop dia
phragm or a piece of cardboard with 
a large hole in it. The last exposure is 
made with a comparatively small aper
ture that confines the light to the apex of 
the cone. Since that region sends light 
toward the outer boundary of the print 
paper, only the perimeter of the paper is 
exposed. 

Starting with the large aperture, Stork 
steadily red uces the aperture size so that 
less of the cone is illuminated. (Either 
the variable I-stop diaphragm is nar
rowed or the cardboard is replaced with 
another piece having a smaller hole.) He 
continues until the exposed region is 
confined to the perimeter of the paper. It 
is important that in the first exposure the 
circle of light not extend beyond the 
base of the cone. If the circle is larger, 
light can reach the area on the paper 
around the cone without having been 
reflected from the cone. The print would 
be ruined, since it would not be a true 
image resulting solely from reflection. 

A fair amount of practice is needed to 
master varying the size of the aperture 
and making the exposures. Beginners 
should work with black-and-white print 
paper so that experimenting with the 
exposures does not become too expen
sive. Stork recommends that when you 
are ready to make color prints from col
or slides, you work with Ilford Ciba
chrome color print paper. 

According to Stork, almost any scene 
will do for a color slide. A good goal is 
to achieve an anamorphic print that 
resembles something totally different 
from the original scene. Better prints 
result if the slide has a relatively dark 
central area. Light from that area of 
the slide falls mainly on the apex of the 
cone. No cone, not even a machined 
one, will have a perfect point. Hence 
light reflected from the apex will be dis
torted in an uncontrolled way. 

If you could place the cone on the 
finished photograph exactly as it stood 
on the print paper during the exposure, 
you could undo this distortion. Such 
precise repositioning is arduous and not 
worth the trouble. Another difficulty 
with the apex is that the light reflected 
from it to the print paper is compara
tively faint. You can avoid both prob
lems by having a slide with a relatively 
dark central area so that what is reflect
ed from the apex makes less difference 
in the print. 

Stork suggests that if you are unable 
to machine a heavy metal cone or get 
one machined, you should mount My
lar on a solid wood cone. You can add 
weight to the cone by drilling a hole 
into the base and inserting a short length 
of metal rod into it. It is obviously im
portant that the cone not move in the 
course of the repeated exposures. 
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A recent article in this magazine 
described similar distortions produced 
by reflections from plane and curved 
mirrors [see "Mirror Images," by Da
vid Emil Thomas; SCIENTIFIC AMERICAN, 
December, 1980]. Thomas presented a 
classification of the distortions that de
pends on the type of mirror employed. 
He defined two perpendicular axes on 
the surface of a mirror. The type of re
flection from the surface can be classi
fied by the type of curvature the axes 

have. For example, the side of a reflect
ing cylinder has one axis along the 
straight section of the surface (the axis 
runs along the side from one base to the 
other) and another axis (perpendicular 
to the first one) that travels around the 
circumference of the cylinder. The sur
face is a combination of a plane mir
ror (the straight axis) and a convex mir
ror (the curved axis). The reflections 
along the straight axis behave as they 
would with a plane mirror, and the ones 

along the curved axis are the same as 
those from a convex mirror. 

In Stork's setup the light is reflected 
from the side of a shiny cone, which can 
also be considered a combination of a 
plane mirror and a convex one. The axis 
for the plane mirror lies along the side, 
running from the base to the apex. The 
axis for the convex mirror runs around 
the cone, perpendicular to the other axis 
and parallel to the base of the cone. 

The cone introduces a complication, 

David G. Stork's allamorphic photograph of hot-air balloolls 
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T hese  are the first four notes 
of Beethoven's Fifth Symphony. 
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You've never seen musical notes like these 
before, because they've never been record
ed like this before. The 3M Digital Mastering 
System actually uses a computer to 
record every nuance of the music. So when 
reproduced, every note can be heard 
with uncanny crispness and clarity. 

Hearing is something we pay a great 
deal of attention to at 3M. It's not just the 
technology of hearing that concerns us, 
but the business of hearing. 

By listening to people's needs, we've 
responded with new ideas and innovative 
products like our Digital Mastering System. 
It's a product that not only advances the 
recording industry but is a step forward in 
computer technology. 

I n fact, 3M has advanced over 400 products 
in the communication arts field alone. 

If you think you might have an application 
for our technologies and products, write us 
today for a free 3M Communication Arts 
Brochure: Department OS0707/3M, 
P.O. Box 4039, St. Paul, MN 55104. 
Or better yet, let us hear from you right now. 
Call toll-free: 1-S00-323-171S, Operator 
368. (Illinois residents call 1-800-942 -8881 ) 
3M hears you ... 

3NI 
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however, which is that the curvature 
of the convex axis changes along the 
side. Toward the apex the axis is high
ly curved but toward the base it is less 
curved. Still, the reflections leaving any 
small area on the side of the cone can be 
thought of as coming from a combina
tion of a plane mirror and a convex one. 
The axis for the plane mirror is responsi
ble for the exchange of the center and 
the perimeter of the slide when the print 
is made. The axis for the convex mirror 
is responsible for the spread of the im
age into a circle around the center. 

Thomas demonstrated how a mirror 
can invert and reverse an image with 

respect to the object casting the image. 
Inversion refers to an exchange of place
ment between the object and its image. 
The exchange can be of far and near, left 
and right or top and bottom. Plane and 
convex mirrors invert only far and near. 

Suppose you hold a meter stick per
pendicular to a plane mirror in such a 
way that the end with the zero mark 
touches the mirror. When you stand at 
the other end of the stick, the end closest 
to you in the mirror image is the one 
with the zero mark. The reflection from 
the plane mirror inverts far and near. A 
convex mirror does the same. 

A plane mirror does not invert left 

and right or top and bottom. You might 
think left and right are inverted, but they 
are not. Face the mirror and hold a me
ter stick with your left hand on the zero 
mark and your right hand on the one
meter mark. Look at the reflection of the 
stick. The image of the zero mark is also 
on your left (yours, not the image per
son's) and the one-meter mark is on your 
right. Nothing has been exchanged. 

Left and right are exchanged in the 
image person. The zero mark is held by 
the right hand, the one-meter mark by 
the left. Thomas calls such an exchange 
a reversal. Plane and convex mirrors 
cause a reversal and one inversion (of 

Stork's allamorphic photograph of a womall, made with a reflectillg calle 
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far and near). Any mirror that gives rise 
to an odd number of inversions reverses 
handedness. 

I applied Thomas' analysis to the set
up by Stork. In place of the slide I visual
ized a large letter Fheld by a small per
son. The variations in handedness could 
be followed by noting how the image of 
the Fappears in the image of the person. 
For this purpose I darkened a square in 
one corner of the F. In my imaginary 
demonstration light rays traveled from 
the F and the person through the lens 
of the enlarger and were then reflected 
from the surface of the cone onto the 
print paper. 

The orientation of the F is altered by 
the lens. (I shall continue to use for 
the lens the terminology employed by 
Thomas for mirrors.) The lens inverts 
left with right and top with bottom. The 
result is an image of the F rotated 180 
degrees from its normal orientation. (I 
am not being fully precise here. The im
age is not really present in the space be
tween the lens and the cone because the 
rays of light passing through the lens 
have not yet crossed one another to cre
ate a focused image. If the image were in 
focus on a card inserted into the light, 
you would see what I have described.) 
The image also has a reversal of handed-

Photograph 
enlarger 
With 51ide 

Variable j-5top 
or cardboard with 

ness. The darkened square is held by the 
left hand of the person in the initial ar
rangement, but it is held by the right 
hand in the image of the person cast by 
the lens. 

The reflection of the F by the cone 
is essentially the same as the reflection 
from a combination of a plane mirror 
and a convex one except in one impor
tant respect: the reflection falls on a flat 
surface before the image reaches you. 
The rules governing inversion and re
versal of an image of yourself in a mir
ror must be modified. The final image is 
still inverted top with bottom compared 
with the original orientation. The left
right inversion caused by the lens, how
ever, is canceled by the reflection from 
the mirror onto the photographic paper, 
as is the reversal of handedness. The fi
nal image has the person holding the 
darkened square with the left hand just 
as in the initial setup. In sum, the image 
has had one inversion (top-bottom) and 
no reversal. 

When the final print is viewed by 
means of a reflection in the side of the 
cone, the reflection is in effect from a 
combination of a plane mirror and a 
convex one. The rules governing the re
flection, however, are not the same as 
those that hold when you see a reflection 

aperture ����������============i 

A setup for making anamorphic prints 
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of yourself with such a combination of 
plane and convex mirrors. The reflected 
image is a virtual one, since the rays that 
are reflected do not cross to form a real 
image. Instead they diverge when they 
leave the side of the cone. 

The observer's eye collects the diverg
ing rays and focuses them onto the reti
na. The virtual image created by the 
cone does not have the same orientation 
as the image in the photographic print. 
Left and right are inverted. The reflec
tion also reverses handedness. In the 
print the person is holding the darkened 
square with his left hand. When the im
age is reflected in the side of the cone, 
the square is held by the image per
son's right hand. 

Stork has made anamorphic prints 
with two other setups. In one he reflects 
the light from the enlarger with a plane 
front-surface mirror so that the rays fall 
obliquely across the print paper, which 
is placed off to the side rather than di
rectly under the enlarger. The result is 
a distorted print, similar to some ana
morphic paintings, that must be viewed 
almost from the edge in order to re-cre
ate the proper perspective. For example, 
the hot-air balloons in the illustration on 
page 177 are clearer if the photograph is 
viewed (with one eye) from a slant angle 
or reflected in a plane mirror held tilted 
at one edge of the photograph. The se
quence of inversion and reversal of an 
image in the exposure of the photograph 
is the same as it is with the cone. 

To make the proper exposures on the 
anamorphic print made with a plane 
mirror you must adjust their duration 
across the width of the print paper. The 
areas farther from the mirror require 
more exposure than the areas closer to 
it. Stork adjusts the exposure by insert
ing a sheet of cardboard between the 
mirror and the paper. He begins the ex
posure with the cardboard fully block
ing the light. Then he gradually with
draws the cardboard until finally the 
edge of the paper nearest the mirror is 
exposed. In this way the farther regions 
are exposed longer than the nearer ones. 

Stork cautions that much experimen
tation and patience are required with 
both a reflecting cone and a plane mirror 
to make a satisfactory print. The focus
ing is never quite right. If one part of the 
paper is in focus, another part will not 
be. Stork generally adjusts the focus for 
the middle of the anamorphic print or 
for any particularly important feature 
of the print. 

He also adjusts the I-stop diaphragm 
in the enlarger. A small aperture (a larg
er I number) gives more depth of focus. 
The smallness of the aperture means 
that longer exposures are needed be
cause less light is reaching the print 
paper, but the improvement in focus 
is worth the extra effort. 

Stork also employs a shiny cylinder to 

© 1981 SCIENTIFIC AMERICAN, INC



Bowers can tell a life and death story. 
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Everything about David Plastowrepresents his 
companys philosophy. Which is why he we ars  a Rolex. 
David Plastow is the cus

todian of a long and famous 
engineering tradition. 

He is the Chief Execu
tive of Rolls-Royce Motors, 
and indeed,his manner and 
personal appearance exact-
1y reflect the ethos of that 
company. That of the skilled 
engmeer. 

Plastow takes a personal 
interest in any modification, 
however small. 

"All our developments 
at Rolls-Royce are always 
evolutionary rather than 
revolutionary," he says. 

"We are a highly personal business, and 
both our craftsmen and our customers have 
dearly defined ideas about what a Rolls
Royce should be. But while we don't tamper 
with those fundamental ideas, we are, of 
course, constantly searching for improve
ment. For instance, years ago, the gear 
selection on a Rolls-Royce car became com
pletely electronic. But, a driver likes to 'feel' 

that the gear selection lever 
is doing something ... so 
we engineered the 'feel' 
back into it - so it's satisfying 
to use." 

David Plastow recog
nizes the similar philosophy 
behind the watch he wears. 

"It's a Rolex Oyster 
Datejust. I'm told that the 
engineering concept of the 
Oyster case first appeared 
in 1926. 

"Obviously this watch 
has changed and improved 
over the years but Rolex 
has stayed with the basic 

idea because it was a very good one. It's ex
tremely tough, very reliable, and superbly 
engineered. After 50 years of development 
it's almost perfect': 

Which, from the man who makes the 
finest cars in the world, is quite a compliment. 

� 
ROLEX 

Write for brochure. Rolex Watch. U.S.A . •  Inc .• Dept. 294. Rolex Building. 665 Fifth Avenue. New York. N. Y. 10022. 
World headquarters in Geneva. Other offices in Canada and major countries around the world. 
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reflect the light rays to the print paper. 
The light from the enlarger is reflected 
from a plane mirror and then from the 
cylinder before it falls on the paper. To 
make the light from the plane mirror 
fall only on the cylinder and not direct
ly on the paper, Stork blocks off part 
of the light so that only the cylinder is 
illuminated. 

The procedure for exposing the paper 
is similar to that for making an exposure 
with a cone. In darkness Stork mounts 
the paper in its holder and lays on the 
paper a placement mask that has a semi
circular cutout into which he positions 
the cylinder. Then he lifts the mask off 
the paper before he illuminates the cyl
inder. If the mask is shaped so that it 
does not block any of the light reflected 
from the cylinder, it can be left on the 
paper during the exposure. 

The geometry of the cone setup is sim
ple. Consider a cone that has an apex 
with a known angle. I shall call the half 
angle of the apex <I> (phi). It should be 
less than 45 degrees; a half angle of 30 
degrees works well. Next consider a ray 
of light that is initially vertical. It strikes 
the side of the cone at an angle to the 
surface that is also <1>. A light ray always 
reflects from a surface at the angle of its 
approach. Therefore in the cone setup 
the angle between the reflected ray and 
the surface is also <1>. 

Suppose the center of the cone's base 
is considered as being the center of a 
coordinate system. If the cone had not 
been in the way, the vertical ray would 
have struck the paper at a distance r 
from the center. With the cone in place 
the reflection redirects the ray so that it 
now strikes the paper at a distance great
er than r from the center. The new dis
tance is given by the equation in the top 
illustration on the next page. 

One can predict the appearance of the 
anamorphic print by plotting the new 
positions of each section of the original 
scene in the slide. With the cone dis
placed focus the slide on a sheet of ordi
nary paper. Choose a small area of the 
image and measure its distance r from 
the center point (where the center of the 
cone's base will be once it is positioned 
on the paper). Then use the equation to 
determine the new distance r' for that 
section of the scene. A simple proce
dure for measuring the half angle of the 
cone's apex is to take the inverse sine of 
the radius of the base divided by the 
distance along the side of the cone (from 
the apex to the base). 

To map the original scene into the an
amorphic one completely position a cir
cular grid on the paper. Choose a sec
tion of the original scene that is at a dis
tance r from the center and lies within 
a certain angle around the center. That 
area of the picture should be reproduced 
at a new distance r' and within the same 
angular extent around the center. If the 

new location is adjacent to the base of 
the cone, the new area will resemble the 
original area. If the new location is away 
from the base, the new section will ap
pear to be stretched out along a sec
tion of a circle around the center. This 
procedure for mapping normal draw
ings into anamorphic ones has been de
scribed in these pages by Martin Gard
ner [see "Mathematical Games," SCIEN
TIFIC AMERICAN, January, 1975]. 

A faster way is to have a computer 
plot the anamorphic pattern. The input 
must include the coordinate positions of 
all the sections of the original scene: the 
initial radius R and the angular extent of 
the section, say one degree. The comput
er will compute the new positions and 
(if a plotter is attached) plot the results 
within one degree at the new radius. 

Waldo Tobler of the University of 
California at Santa Barbara created 
an anamorphic computer-graphical pic
ture from a drawing of a woman Stork 

Print paper 

had made on graph paper. Patricia S. 
Irle, one of Tobler's students, entered 
1,450 data points for the drawing into a 
Tektronix 4051 computer. The original 
drawing was printed out by the comput
er. Then the program effectively reflect
ed the image from a cone by applying 
the transformation equation to deter
mine the new distance of each point 
from the center of the picture. Finally 
the distorted picture was printed out by 
the computer. When Stork positions his 
cone at the center of the printout and 
peers down into the reflecting surfaces 
of the cone, he sees an image of the 
original drawing. Without the aid of 
the cone he would see only the anamor
phic version. 

The same kind of transformation can 
be done with a home computer. If you 
do not have a printer, the transforma
tion can be displayed directly on the 
monitor screen. Write a program that 
"draws" a design close to the center of 
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R = radius of cone'::, box 

r' = r + 
2(R-r) 
1-tad¢ 

The geometry of the reflectiol/ 

the screen. The pattern will actually be 
composed of many small rectangular el
ements that are turned on by the com
puter. Since the positions of these ele
ments will have to be remembered by 
the computer, you must store the posi
tions of the rectangles. 

" , . : . ' 

. . . 
. 

. . 

Bose 
of cone. 

.
.

. . . : 

For each rectangle have the progn.m 
apply the equation for the transforma
tion by a cone. New rectangles, farther 
from the center of the screen, will be 
turned on. This new set constitutes the 
anamorphic picture. Place a cone at the 
center of the screen and look into its 
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sides. In the reflections you will see a 
likeness of the original drawing. 

The reproduction is not complete be
cause the monitor lights up rectangles, 
not small dots. Some of the details of a 
curve are lost. The rectangularity of the 
elements also means that the angular ex
tent of part of the design will not be 
mapped faithfully at the new radius. 
Still, the speed of the computer makes it 
possible to analyze many patterns. Oth
er anamorphic pictures can be studied if 
the equation for the transformation is 
altered. Examples can be found in the 
article by Andy A. Zucker listed in the 
bibliography for this issue [page 188]. 

Some types of anamorphic distortion 
are particularly interesting. For exam
ple, Stork sent me the results of three 
simple drawings that had been distort
ed anamorphically in a cone. In one he 
had drawn a heart (in Valentine style). 
He colored the heart red and the area 
around it white. After the transforma
tion what he saw was an inverted white 
heart with a red surround. The color and 
orientation were reversed because the 
cone exchanged the center of the sketch 
for the perimeter and vice versa. 

For another example Stork drew a 
"happy face": a circle with two dots for 
eyes and a semicircle for the mouth. The 
transformation results in another happy 
face of the same orientation. I noted that 
if the mouth was originally almost a 
straight line, the transformation to the 
anamorphic version made the face hap
pier. Can you think of any design for 
which transformation by a cone results 
in a recognizable design with a trans
formed meaning? 

T ast November I described a visual illu
L sion that arises when you scan a tel
evision screen horizontally. When you 
scan the screen properly, several images 
of the picture on it can be seen float
ing in the air off to the side of the set. 
The illusion depends primarily on two 
things: the persistence of vision and the 
rapid creation and disappearance of the 
picture on the screen. 

Brian Glassner, a student at Cleve
land State University, pointed out that 
the same ill usion can be seen in the elec
tronic displays on some types of calcula
tor and on many of the newer pinball 
machines and other electronic games. 
If the display consists of light-emitting 
diodes, it is likely to be pulsed. The pul
sation is too fast for the eye to detect, 
but it does mean the display is constant
ly appearing and disappearing . 

If you sweep your eyes rapidly across 
your field of view, the flashing light will 
excite a series of areas on your retina. 
After the sweep each area in the series 
provides a separate image of the display. 
As a result you perceive the images as 
floating to the side of the actual display. 

I described another visual illusion in 
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this department for March, 1978. If 
a swinging pendulum is viewed while 
one eye is covered with a dark but not 
opaque filter, the pendulum appears to 
move in an ellipse. This illusion, known 
as the Pulfrich ill us ion, has been attrib
uted by some investigators to the delay 
of perception by the covered eye. Ap
parently the reduced intensity of the 
light reaching that eye results in a delay 
of the signal transmitted to the brain. 
The resulting discrepancy of informa
tion from the two eyes forces the observ
er to interpret the pendulum as being 
closer or farther away than it actually 
is. The difference between the apparent 
distance and the true distance varies 
with the speed of the pendulum, be
ing less when the pendulum slows as it 
reaches the end of a swing. 

Recently Jerry Harris of Worthing
ton, Ohio, describe.d a related illusion 
that can be produced with a display of a 
Lissajous figure on an oscilloscope. He 
connected a signal generator to the ver
tical input of the oscilloscope and an
other signal generator to the horizontal 
input. Sine-wave signals from the gener
ators swept the oscilloscope trace verti
cally and horizontally. 

When the freq uencies of the signals 
were adjusted properly, the trace on 
the screen formed a Lissajous figure. If 
the frequencies were slightly displaced 

o 
o 

from the optimum values, the figure still 
appeared, but it gradually varied. An 
observer will often interpret the vary
ing display as a three-dimensional ob
ject revolving slowly about a fixed axis. 
The perspective of the seemingly three
dimensional object appears to vary. 

When the frequencies match, the fig
ure might be a circle. With a slight 
mismatch the circle appears to revolve 
about an axis on the screen. Sometimes 
the full plane of the circle is seen. At 
other times the circle is seen on edge. 
The direction of the rotation is arbi
trary; some observers can switch rapid
ly from one interpretation of the direc
tion to the other. 

Harris modified this classic demon
stration by holding a dark filter (a pair 
of partly crossed polarizing filters) over 
one eye to delay that eye's perception of 
the oscilloscope display. The delay in
troduced depth into his interpretation 
of the object, presumably as it does in 
the Pulfrich illusion. The appearance of 
depth removed the ambiguity of the ro
tation of the apparent three-dimension
al object, which was seen to rotate about 
a vertical axis in the plane of the screen. 
When Harris tilted his head so that his 
eyes were along a vertical axis, the ro
tational axis of the object appeared to 
be horizontal. If he shut either eye, the 
three-dimensional effect disappeared. 

o 
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