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How Mercedes-Benz 

harnesses the wind. 

This 30050 measures 
almost 17 ft. long, weighs 
3,780 lbs., affords 108. 8 cu. 
ft. of interior volume. But 
the wedge-shaped body 0 
is so skillfully contoured, 
that its 0.36 Cd is bettered 
by no other 4-door sedan 
sold in the U.S. today. 

Brake-generated heat 
buildup is dissipated into 
airstream fJ via heavily 
slotted alloy wheels. 

Inlet at windshield base 
�diverts measured airflow 
to help cool sensitive elec­
tronic components under 
the hood. 

Channels integrated with 
windshield posts II inter­
cept rainwater dispersed by 
wipers, conduct it upward 
onto roof area � and away 
from side windows. 

Outside mirror shelllEJ 
shaped to deflect swirling 
water, slush from mirror 
surface. 

Fine aerodynamic detail­
ing of cabin exterior 61 
keeps wind turbulence and 
noise at minimum. 

Channels set into roof m 
help guide rainwater rear­
ward and away from side 
window area. 

Grooves trap streaming 
rain and duct it around rear 
window frame m to exit at 
rear of car. 

Ventilation gills ml, 
placed in a controlled low­
pressure area at rear quarter 
panel, efficiently draw stale 
air from cabin. Air in cabin 
is completely exchanged 
every 20 seconds. 

"Washboard" ribbing of 
taillights m helps keep their 
lenses clean, even in foul­
weather driving. 
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The difference between aerodynamics 
and Mercedes-Benz aerodynamics. 

The Mercedes-Benz sedan sweeps 
through the stormy night along a 

rainswept highway. Inside the car, 
stereo music muffles the rhythmic 
slap-slap-slap of the wipers and 
everything is normal. 

But outside the car, everything is 
not normal. 

The rain is heavy, but the side 
windows remain oddly unstreaked. 

The surface of the driver's outside 
mirror is almost free of swirling water. 

Sheets of rain should be streaming 
down and over the rear window 
glass, but they aren't. 

Enough grime is kicked up as the 
car whisks along to cake the tail­
lights. But the taillights still glow ruby 
red. 

Something strange and wonder­
ful-and aerodynamic-is happening 
to this Mercedes-Benz. 

0.36 not enough 
It is happening by design. 
There is, of course, no more aero­

dynamically pure four-door sedan 
sold in America than the Mercedes­
Benz 300S0 Sedan. Its 0.36 drag 
coefficient eclipses many exotic 
sports cars and coupes in sheer wind­
cheating efficiency-a crucial feat, 
when every gain of 10 percent in aero­
dynamic efficiency can yield a gain of 
three to four percent in fuel economy. 

But for Mercedes-Benz engineers, it 
is only step one in the exploitation of 
aerodynamics. They look beyond the 
numbers game of low drag coeffi­
cients, to the way a moving car and 
the moving air around it interact. 
They use the flow of onrushing air, as 
it passes over and around the car, to 
perform vital extra functions. 

In brief, they put aerodynamics to 

work. Extending the science of cheat­
ing the wind to include the idea of 
harnessing the wind. 

Study the diagram at left. As that 
Mercedes-Benz sedan forges ahead 
through the storm, aerodynamic 
science is being used to sluice rain­
water away from its side and rear 
window glass. 

The shell of its outside mirror has 
been aerodynamically shaped to help 
conduct swirling rain and slush away 
from the mirror surface itself. 

The taillight lenses are deeply 
ribbed to resemble washboards: not a 
styling trick but an aerodynamic trick, 
meant to keep the recessed grooves 
clean by sheltering them from the 
vortices of airborne water (and mud 
and slush) in the car's slipstream. 

Aerodynamically stable 
Wet weather or dry, aerodynamics 

helps to exert a constant downforce on 
the front axle of a Mercedes-Benz as it 
moves along-countering a natural 
tendency of the front end to "lift" as 
speeds rise and more firmly bonding 
the tires to the road. 

The car's body side configuration is 
aerodynamically critical. Correct 
shaping can help resist the sudden 
force of violent sidewinds, invisible 

blows that could jar a car off its 
true path. 

A Mercedes-Benz utilizes aero­
dynamics to continuously cool 
specific heat-sensitive electronic com­
ponents under its hood. To feed fresh 
air into the cabin while silently extrac­
ting stale air. To prevent irritating 
drafts and pressure imbalances in the 
occupants' ears, by maintaining a 
constant level of cabin air pressure at 
all speeds. To draw exhaust gases 
away into the airstream behind the car. 

A Mercedes-Benz also employs 
aerodynamic science to help calm its 
driver's nerves. Even the outside mir­
ror is shaped to generate minimal 
wind noise; if the driver experiences 
an almost eerie absence of wind 
buffeting and howling as he drives 
along, credit the presence of rigorous 
aerodynamic detailing. 

Mercedes-Benz believes that cheat­
ing the wind in the cause of more 
fuel-efficient driving is good. But 
Mercedes-Benz believes that both 
cheating the wind in the cause of fuel 
efficiency and harnessing the wind 
in the cause of driving efficiency 
is better. 

And that is the difference between 
aerodynamics and Mercedes-Benz 
aerodynamics. 

<1:>1983 Mercedes-Benz N.A., Inc., Montvale, N.). 

Engineered like no other car in the world 

© 1983 SCIENTIFIC AMERICAN, INC



AMAJIIO 
ONNO� 

© 1983 SCIENTIFIC AMERICAN, INC



Established 1845 

SCIENTIFIC 
AMERICAN May 1983 

ARTICLES 

Volume 248 Number 5 

53 SMART WEAPONS IN NAVAL WARFARE, by Paul F. Walker 

Precision-guided weapons call into question plans to add costly surface ships to the U.S. fleet. 

62 VIBRATIONS OF THE ATOMIC NUCLEUS, by George F. Bertsch 

The nucleus can quiver, ring or even "breathe"; six modes of vibration have been detected so far. 

74 MICROBODIES IN THE LIVING CELL, by Christian de Duve 

They are organelles that look alike but are different. Each incorporates its own array of enzymes. 

96 MODERN PORK PRODUCTION, by Wilson G. Pond 

The interaction 'of economics and the biology of the pig has created a new kind of husbandry. 

104 NEW INORGANIC MATERIALS, by J. D. Birchall and Anthony Kelly 

Novel materials made out of sand, clay and other minerals require comparatively little energy. 

116 COMPUTER-INTENSIVE METHODS IN STATISTICS, by Persi Diaconis and 

Bradley Efron They replace assumptions about unknown data with prodigious calculations. 

132 THE SOCIAL INFLUENCE OF THE MOTTE-AND-BAILEY CASTLE, by Michel Bur 

The appearance of this type of fortification late in the 10th century diminished central authority. 

144 SUDDEN CARDIAC DEATH: A PROBLEM IN TOPOLOGY, by Arthur T. Winfree 

The cause of fibrillation may lie in a sequence of events described by a mathematical theorem. 

DEPARTMENTS 

7 LETTERS 

10 50 AND 100 YEARS AGO 

15 THE AUTHORS 

16 MET A MAGICAL THEMAS 

45 BOOKS 

88 SCIENCE AND THE CITIZEN 

162 THE AMATEUR SCIENTIST 

170 BIBLIOGRAPHY 

BOARD OF EDITORS Gerard Piel (Publisher), Dennis Flanagan (Editor), Brian P. Hayes (Associate Editor), Philip Morrison (Book Editor), 
John M. Benditt, Peter G. Brown, Michael Feirtag, Diana Lutz, Jonathan B. Piel, John Purcell, James T. Rogers, 
Armand Schwab, Jr., Joseph Wisnovsky 

ART DEPARTMENT Samuel L. Howard (Art Director), Steven R. Black (Assistant Art Director), Ilil Arbel, Edward Bell 

PRODUCTION DEPARTMENT Richard Sasso (Production Manager), Carol Hansen and Leo J. Petruzzi (Assistants to the Production Manager), 
Carol Eisler (Senior Production Associate), Karen O'Connor (Assistant Production Manager), Carol Albert, 
Lori Mogol, Martin O. K. Paul, Julio E. Xavier 

COPY DEPARTMENT Sally Porter Jenks (Copy Chief), Debra Q. Bennett, Mary Knight, Dorothy R. Patterson 

GENERAL MANAGER George S, Conn 

ADVERTISING DIRECTOR C, John Kirby 

CIRCULATION MANAGER William H, Yokel 

SECRETARY Arlene Wright 

SCIENTIFIC AMERICAN (ISSN 0036-8733), PUBLISHED MONTHLY BY SCIENTIFIC AMERICAN, INC., 415 MADISON AVENUE, NEW YORK, N.Y. 10017. COPYRIGHT ® 1983 BY SCIENTIFIC AMER· 

ICAN, INC. ALL RIGHTS RESERVED. PRINTED IN THE U.S.A. NO PART OF THIS ISSUE MAY BE REPRODUCED BY ANY MECHANICAL, PHOTOGRAPHIC OR ELECTRONIC PROCESS, 
OR IN THE FORM OF A PHONOGRAPHIC RECORDING, NOR MAY IT BE STORED IN A RETRIEVAL SYSTEM, TRANSMITIED OR OTHERWISE COPIED FOR PUBLIC OR PRIVATE USE WITH· 

OUT WRITIEN PERMISSION OF THE PUBLISHER. SECOND·CLASS POSTAGE PAID AT NEW YORK, N.Y .. AND AT ADDITIONAL MAILING OFFICES. AUTHORIZED AS SECOND· 
CLASS MAIL BY THE POST OFFICE DEPARTMENT, onAWA, CANADA, AND FOR PAYMENT OF POSTAGE IN CASH. SUBSCRIPTION RATE: $21 PER YEAR IN THE U.S. AND ITS 

POSSESSIONS; $27 PER YEAR IN ALL OTHER COUNTRIES. POSTMASTER: SEND ADDRESS CHANGES TO SCIENTIFIC AMERICAN, 415 MADISON AVENUE, NEW YORK, N.Y. 10017. 

3 © 1983 SCIENTIFIC AMERICAN, INC© 1983 SCIENTIFIC AMERICAN, INC



SCIENTIFIC 
AMERICAN 

CORRESPONDENCE 

Offprints of more than 1,000 selected articles 
from earlier issues of this magazine, listed in 
an annual catalogue, are available at 75 cents 
each. Correspondence, orders and requests for 
the catalogue should be addressed to W. H. 
Freeman and Company, 4419 West 1980 
South, Salt Lake City, UT 84121. Offprints 
adopted for classroom use may be ordered di­
rect or through a college bookstore. Sets of 
10 or more Offprints are collated by the pub­
lisher and are delivered as sets to bookstores. 

Photoc0l'ying rights are hereby granted by 
Scientific American, Inc., to libraries and oth­
ers registered with the Copyright Clearance 
Center (Ccq to photocopy articles in this issue 
of SCIENTIFIC AMERICAN for the flat fee of$2 per 
copy of each article or any part thereof. Such 
clearance does not extend to the photocopy­
ing of articles for promotion or other commer­
cial purposes. Correspondence and payment 
should be addressed to Copyright Clearance 
Center, Inc., 21 Congress Street, Salem, MA 
01970. Specify CCC Reference Number ISSN 
0036-8733/83. $2.00 + 0.00. 

Editorial correspondence should be ad­
dressed to The Editors, SCIENTIFIC AMERICAN, 
415 Madison Avenue, New York, NY 10017. 
Manuscripts are submitted at the authors' risk 
and will not be returned unless they are ac­
companied by postage. 

Advertising correspondence should be ad­
dressed to C. lohn Kirby, Advertising Direc­
tor, SCIENTIFIC AMERICAN, 415 Madison Ave­
nue, New York, NY 10017. 

Subscription correspondence should be 
addressed to Subscription Manager, SCIENTIFIC 
AMERICAN, P.O. Box 5969, New York, NY 
10017. The date of the last issue on your 
subscription is shown in the upper right-hand 
corner of each month's mailing label. For 
change of address notify us at least four weeks 
in advance. Please send your old address (if 
convenient, on a mailing label of a recent is­
sue) as well as the new one. 

Name 

New Address 

Street 

City 

State and ZIP 

Old Address 

Street 

City 

State and ZIP 

4 

THE COVER 

The painting on the cover shows a rotary feeder for pigs (see "Modern Pork 
Production," by Wilson G. Pond, page 96). The feeder is one of several in a 
"finishing operation," that is, a farm that buys pigs when they weigh from 30 
to 50 pounds and feeds them until they reach the marketing weight of 220 
pounds or more. The feed is a mixture of cornmeal and soybean meal, with 
supplements of protein, minerals and vitamins, all precisely determined to meet 
the nutritional needs of pigs of a certain size. On this farm pigs of the same size 
are fed together regardless of their age. The feed mixture is delivered to the 
rotary feeders by a conveyor system running overhead. The notches in the ears 
of the pigs tell where the animals were born; the colored ear tags indicate the 
auction at which each pig was bought. A strong trend in modern pig farming is 
toward "farrow to finish" operations, where the pig stays from birth to market. 
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The air in this room must be 
lOOO tilDes cleaner than that 

in an operating roOID. 
I 

What kind of work de­
mands such an immaculate 
environment? 

The development of spe­
cialized, highly sophisticated 
microchips - done here at 
the Advanced Technology 
Center in Shelton, Connecti­
cut, by engineers from ITT. 

A microchip is, in essence, 
a tiny electronic brain, etched 
into a piece of silicon half the 

size of a fingernail. Eventually, this research 
The circuits on this kind will produce new, more ad-

of chip are so fine (a fraction . vanced ways for people to 
as thick as a human hair) that communicate with each other. 
a single speck of dust can Helping people communi­
damage a chip beyond repair. cate has always been one of 

At Shelton, the microchips the main ways we've helped 
made with such care and pre- people. 
cision are prototype models, And that was long before 
bemg tested for future use m we started coming up with 
ITT telecommumcatIons sys- some of our best ideas in 
terns and other applIcatIons. Shelton. 

The best ideas are the Imm 
ideas that help people. .L.L 

© 1983ln ter national
-

Teiephoneand Telegraph Cor poration, 320 Park Avenue, New York, N. Y 10022. 
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The inventor of VisiCalc� the world's leading software product, introduces 
TK!Solver'· -the revolutionary way to crunch problems on a personal computer. 

With VisiCalc, Software Arts'" created an 
entirely new application for personal 
computers-the electronic spreadsheet. 

Now Software Arts has developed 
TK!Solver, another entirely new and 
different application for personal com­
puters-the problem solver. Business and 
financial problems. Scientific and engi­
neering problems. Architectural and build­
ing design problems. Any kind of problem 
you can dream up, in any area. 

What's so revolutionary about that? 
Simply this: the power of the TK!Solver 
program comes from the ease with which 
you can set up problems, vary assumptions, 
find solutions, and display results. All the facilities 
needed to solve the problems-simple or complex­
are built-in, and need not be developed. Once you 

have stated your problem, simply enter 
the known values, then solve the problem 
with a single keystroke. 

For even easier problem solving use 
a TK!SolverPack'" in which models for 
solving common problems in such areas 
as finance, engineering and education 
have already been formulated by 
professionals in these fields. 

There is no software product in exis­
tence that solves problems as quickly, flex­
ibly, and easily as TK!Solver-The Problem 
Cruncher'� In fact, no other software prod­

uct even works the way TK!Solver does. It 
is a necessity for personal computer owners. See 

for yourself. Visit your nearest computer store for a 
demonstration ,and find out how much you can do with 
a personal computer when it thinks as flexibly as you do. 

27 Mica Lane, Wellesley, MA 02181 
TK!Solver, TK!SolverPack and TK!Solver- The Problem Cruncher are trademarks of Softv;are Arts, Inc. Software Arts is a trademark of 

Software Arts, Inc. and Software Arts Products Corp. VisiCalc is a trademark of VisiCorp. Copyright © 1983. Software Arts, Inc. All rights reserved. 
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. LETTERS 

Sirs: 
I read with interest the article titled 

"Orphans in the Marketplace" ["Science 
and the Citizen," SCIENTIFIC AMERICAN, 

January]. 
I should like to add another orphan 

disease and drug to your list-this time 
a success story in that the drug has 
reached the marketplace. The disease 
is erythropoietic protoporphyria (EPP), 
an inherited defect of porphyrin metab­
olism, in which protoporphyrin accu­
mulates in the patient's blood and skin. 
The accumulation causes itching and 
burning sensations of the skin when the 
patient is exposed to sunlight, in some 
cases making even brief excursions out­
doors during the day extremely distress­
ful, if not impossible. I hypothesized, on 
the basis of work done by others as well 
as by me on the function of carotenoid 
pigments in bacteria, that perhaps the 
administration of such pigments to pa­
tients with light-sensitivity skin diseases 
might prevent the annoying symptoms 
associated with these diseases. After 
successful animal testing I organized a 
clinical trial to test my hypothesis: we 
administered the carotenoid pigment 
beta-carotene to patients suffering from 
EPP. We found that in the majority of 
patients the administration of beta-car­
otene did enable them to spend signifi­
cantly longer times outdoors before de­
veloping the symptoms of light sensi­
tivity than they could before they took 
beta-carotene. Our findings have been 
confirmed by other investigators. Hoff­
mann-La Roche, Inc., which had pro­
vided gratis the beta-carotene for our 
study, then went through the laborious 
process of having the pigment approved 
as a new drug by the Food and Drug 
Administration. Thanks to Hoffmann­
La Roche's efforts and the cooperation 
of the FDA, approval was obtained, and 
beta-carotene, marketed as Solatene, is 
now available for physicians to pre­
scribe for the relief of the symptoms 
of light sensitivity associated with EPP. 
Judging by the letters I have received 
from EPP patients who have benefited 
from the use of Solatene, I can definite­
ly say that the efforts of both the phar­
maceutical company and the Govern­
ment agency are much appreciated. 

MICHELINE M. MATHEWS-RoTH, M.D. 

Harvard Medical School 
Boston, Mass. 

Sirs: 
Walter C. Leedy, Jr., in his interesting 

article on the ceilings of certain Goth­
ic cathedrals, expressed in one sentence 
two popular misconceptions about ig-

loos ["Fan Vaulting," by Walter C. 
Leedy, Jr.; SCIENTIFIC AMERICAN, Feb­
ruary]. He wrote: "The carved stones 
were then fitted together to form the 
vaulting much as blocks of ice are fitted 
to form an igloo" (italics mine). 

Most masonry is constructed so that 
the boundary between one layer of 
blocks (called a course) and the next is 
horizontal. The diagrams of cathedrals 
in the article show concentric rings of 
blocks piled on each other in horizontal 
courses� Some independent method of 
support such as scaffolding would have 
been required until the keystone was in­
stalled. Scaffolding would not be avail­
able to the lone hunter building an igloo 
in a windy environment. 

Virtually every artistic rendering of 
igloos shows the line between courses to 
be exactly horizontal. If an igloo were 
built that way, one horizontal course 
would be completed, then a new course 
would have to be started. The hunter by 
himself would have difficulty support­
ing the first block of a new course while 
lifting the second block. This problem 
would be insurmountable near the top 
of the igloo dome, where the blocks 
slope inward. 

The Inuit of the Canadian Arctic start 
an igloo by laying a complete circle of 
blocks on the snow. These blocks are 
about three feet long, two feet high and 
four inches thick. Then about a fourth 
of the blocks are trimmed down to form 
a ramp. A notch is created between the 
sloping ramp and the vertical face of the 
adjoining untrimmed block. The builder 
sets the next block into that notch. Since 
the blocks are roughly rectangular, a 
new notch is automatically formed for 
the next block. 

Viewed from above, an igloo looks 
like a spiral; viewed from the side, the 
lines between courses slope slightly up­
ward with respect to the snow surface 
(which is seldom horizontal). 

When a block has been fitted, it must 
be firmly tapped once. A surprisingly 
strong bond is then developed between 
the block and the rest of the structure. A 
block will remain in place even in strong 
winds. I think that much of the strength 
of an igloo comes from this bond. A 
completed igloo of blocks four inches 
thick is strong enough to stand on. One 
can crawl up the side of a partially com­
pleted one. 

Ice has several drawbacks as a mate­
rial for igloos, even though ice blocks 
would be stronger than snow blocks. Ice 
would be much harder to shape than 
snow. Also the essential bond between 
blocks would not form. Ice blocks could 
slip out easily unless water were poured 
into the cracks. Liquid water is scarce at 
40 below. 

RONALD A. MACNAUGHTON, P.ENG. 

Kettleby, Ontario 
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How �eutron scattering 
entIrely new polymer 

Exxon Chemical's 
David Lohse can 
obser ve the structure 
and behavior of 
polymer molecules. 

From easy-care fabrics to the nose 
cones of space vehicles, the long chain 
molecular structures called polymers 
have become, both literally and figur­
atively, woven into the fabric of 20th 
century life. Now, Exxon's David Lohse 
is exploring the characteristics of 
polymers to extend the potential of 
these remarkable materials. 

Polymer Blends 
Combinations of polymer molecules 

can produce materials with better 
properties than those of the individual 
components. Exxon Chemical devel­
oped and is currently marketing, for 
example, a blend of plastic and syn­
thetic rubber polymer material which 
has the formability of plastic and the 
elasticity of rubber. Used in automobile 
bumpers, this material helps reduce 
damage from minor "fender-benders" 

by absorbing impact and then returning 
to its original shape. 

In order to develop more sophisti­
cated blends, David Lohse and others 
in Exxon Chemical's Long Range Poly­
mer Research Group are developing 
the use of Small Angle Neutron Scatter­
ing (SANS), a technique that subjects 
these molecules to detailed scrutiny 

Small Angle 
Neutron Scatlering 

Conventional electron microscopy 
techniques allow scientists to study the 
structure of a polymer blend at room 
temperature. But the technique, used 
by Exxon at the National Center for 
Small Angle Scattering Research (Oak 
Ridge National Laboratory) and at the 
National Bureau of Standards in Mary-
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is helpin Exxon create 
materia s. 
land, permits scientists to study poly­
mer molecules at temperatures of 
180°C or higher. This is crucial, since it 
requires high temperatures for the poly­
mer to melt and be processed. In this 
melt state, the molecules are most 
mobile and the structure of the blends 
is formed. 

Seeing Polymer 
Structure by SANS 

Small Angle Neutron Scattering in­
volves the same basic physics as other 
types of scattering such as light or 
X ray. A well-collimated beam of neu­
trons is directed onto the sample. Some 
of the neutrons are scattered due to inter­
actions with the atoms in the sample. 
The angle of the scatter is determined 
by the size of the molecular structures. 
Different structures can be labeled by 
substitutintg deuterium for hydrogen 
atoms, which allows a single polymer 
chain to be "seen" in its environment. 

Using SANS, David Lohse can 
determine the dimensions not only 
of individual polymer molecules 

(10-100 angstroms) but also the dimen­
sions of the phase domains of the 
blends (greater than 1000 angstroms). 
More importantly, while the blends are 
being heated, he can measure changes 
in the sizes of the individual molecules 
and the domains. It is these changes 
which determine the physical properties 
of the materials. 

The information obtained using SANS 
will be used to develop new polymer 
blends that may find important commer­
cial applications in the home, in industry, 
medicine, science and space. 

Exxon Chemical 
Company 

Long Range Polymer Research is just 
one of many programs of Exxon 
Chemical Company's Technology 
Department. A division of Exxon 

� 50VTJ 
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Corporation, Exxon Chemical is the 
world's ninth largest chemical company 
Its research activities are diverse, with 
2,000 scientists, researchers and tech­
nicians located in 10 countries working 
in advanced fields of catalysis and 
polymer science, and on ways to pro­
duce chemicals from new feedstocks or 
from more efficient processes. 

.' 

.• . . 
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50 AND 100 
YEARS AGO 

SCIENTIFIC 
AMERICAN 

MA Y, 1933: "A unit volume of water 
has long been regarded as having a defi­
nite weight, but E. W. Washburn of the 
National Bureau of Standards has dem­
onstrated very clearly that water can be 
as heavy as you make it. Two flasks of 
pure water, each containing exactly the 
same volume, were exhibited on a deli­
cate balance, proving very conclusively 
that Dr. Washburn's water was heavier 
than any other pure water. This phe­
nomenon is due to the fact that the 
heavy water was made from heavy hy­
drogen-or, in chemical parlance, from 
the isotope of hydrogen that has an 
atomic mass about twice that of ordi­
nary hydrogen. In nature one out of 
about 30,000 atoms of hydrogen is dou­
ble weight. When water is dissociated 
into hydrogen and oxygen by passing an 
electric current through it, the hydrogen 
given off contains more of the lighter 
hydrogen than normal. When this light 
hydrogen is burned, it yields a water of 
lower specific gravity than the water 
of nature. The water left in the electro­
lytic cell contains increasing amounts 
of heavy hydrogen as the electrolysis 
continues. In this way water that is one 
part in 1,000 heavier than ordinary wa­
ter was obtained." 

"On any cloudless, moonless spring 
evening, as the long western twilight 
fades, the sky remains brighter in one 
region than the rest. Rising from the 
point of sunset is a tapering wedge of 
faint light. This 'zodiacal light' has been 
known from ancient times. With good 
skies. it can be seen to run on until its 
morning and evening halves meet or are 
joined by a faint 'zodiacal band.' Upon 
this band, and directly opposite the sun 
in the heavens, is a brighter spot called 
the Gegenschein, or zodiacal counter­
glow. Few if any measures of its bright­
ness have ever been made. This gap in 
our observational data has recently been 
filled by C. T. Elvey of the Yerkes Ob­
servatory, working with a very delicate 
photoelectric photometer. The total 
brightness of the Gegenschein is surpris­
ingly great. Elvey's measures on three 
nights give an average equal to the light 
of Arcturus. It is only because the light 
is so widely spread out and fades away 
so grad ually that we find it difficult to 
see. The Gegenschein, the zodiacal band 
and the zodiacal light find a simple ex­
planation in the assumption that a lens-

10 

shaped swarm of particles surrounds the 
sun and extends beyond the earth's or­
bit, but not very far." 

"When Lindbergh flew to Japan, 
some newspaper comments had it that 
he was not flying the shortest route from 
the West Coast to Japan. He flew across 
Canada and via Alaska and the Aleutian 
Islands. Lindbergh was perfectly right. 
Our notions of distances are often based 
on maps in which distances are distort­
ed. If we look down on a globe from 
above the North Pole, we see that the 
shortest way from the United States to 
China is over the Arctic region. The 
shortest way from San Francisco to En­
gland is not via New Y or k and the North 
Atlantic but across Canada, Greenland, 
Iceland and the Faroe Islands. We must 
revise our notions of the shortest routes 
to other continents. When the United 
States is connected by regular airlines to 
China, Japan, Siberia and Europe, it 
may well be that these airlines will all go 
near the Pole. Mankind is never daunted 
by difficulties if a worthwhile objective 
is to be obtained, and plane designers, 

• inventors and airplane flyers and opera­
tors may eventually transform the wild 
regions of the North into a busy sea of 
aerial activity." 

JUNE, 1883: "The liquefaction of 
oxygen gas and nitrogen, and the freez­
ing of alcohol and sulphide of carbon, 
are the latest achievements of chemical 
science. This news comes to us from the 
laboratory of M. Wroblewski in Cra­
cow, Poland. By the use of liq uefied 
ethylene M. Wroblewski and K. Olszew­
ski obtained the remarkably low tem­
perature of -136° C., equal to -212.8° 
F. Oxygen gas subjected to about this 
temperature and compressed to about 
25 atmospheres, or 375 pounds to the 
square inch, was readily liquefied in 
glass tubes and formed a colorless and 
transparent liquid, very mobile and re­
sembling carbonic acid. Nitrogen was 
also liquefied, forming a colorless liq­
uid. Alcohol was solidified at -130S 
C., or -202.9° F., forming a white body. 
Sulphide of carbon froze at about 
-116° C., or -176.8° F. The difficulty 
heretofore experienced in the liquefac­
tion of oxygen and nitrogen has been to 
obtain a sufficiently low temperature in 
conjunction with compression. This ob­
stacle now appears to be removed, and 
a variety of new and valuable observa­
tions concerning the nature of gaseous 
substances can be expected." 

"The underground electric railway in 
London, whose construction has been 
authorized by act of Parliament, will 
commence near the north end of North-

umberland Avenue opposite the Grand 
Hotel and pass under that avenue find 
the Victoria Embankment to a tunnel 
under the Thames, thence by College 
Street and Vine Street to Waterloo Sta­
tion, wher.e it will form a connection 
with the platforms of the London and 
Southwestern Railway. A separate ap­
proach to the Waterloo terminus of the 
line will, however, be built at York 
Road. The line will be double and will 
be worked by a stationary engine at Wa­
terloo. The cars will run singly and will 
start as soon as they are filled, like omni­
bus cars. The journey will occupy about 
three and a half minutes. A contract for 
the supply of the electrical plant has 
been entered into with Messrs. Siemens 
Brothers, and a tender for the construc­
tion of the permanent way in 18 months' 
time has also been accepted." 

"There are several kinds of torpedoes. 
The one that is most used in the French 
navy is called the 'carried' torpedo (tor­
pille portee), so named because the torpe­
do boat literally carries it right under the 
sides of the enemy's ship. It consists of a 
cartridge of about 20 kilogrammes of 
gun cotton, placed at the extremity of an 
iron rod, 12 meters in length, projecting 
in a downward direction from the fore 
part of the boat. The charge is fired by 
an electric spark by means of an appara­
tus placed in the lookout compartment. 
The water spout produced by the explo­
sion sometimes completely covers the 
torpedo boat, and the latter would be 
sunk if it were not that all apertures were 
closed so as to make her a true buoy. 
The attack on an 'ironclad is a perilous 
operation, and one that req uires men of 
coolness, courage and experience." 

"The age in which we live is pre-emi­
nently regardful of the rights of man. 
Constitutions are framed and statutes 
enacted for the protection of the weak 
against the possible encroachments of 
the strong. In an age and a country such 
as ours the very weakness of mental dis­
ease is its safeguard. A major right of the 
insane is the right to medical inquiry, in 
lieu of the ordinary trial by jury, into the 
question of their insanity, before com­
mitting them to asylum care and custo­
dy-such a thorough, unimpassioned 
medical inquiry as would certainly 
reach the true nature and needs of the 
malady, and such an inquiry is best se­
cured by men competent from experi­
ence to investigate the nature of men­
tal disease. An incidental right of the 
insane is to have proper instruction, in 
regard to insanity, provided for in the 
medical schools, and we make this de­
mand for them: that henceforth no med­
ical college shall be chartered that does 
not provide a chair of psychiatry. The 
true friends of the insane are in the 
medical profession, and its members 
should understand them." 
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captured on Ultra High �ed Type 612 111m. 

Landsat weather image on Polacolor ER Type 809 8 x 10" film. Recorded by: 
GOES· West Satellite. Courtesy: International Imaging Systems. 

With Polaroid Instant Photography, there's no limit 
to what you can explore. In seconds you can have color hard copies of 
computer-generated images that contain more information than you'll find on even the 
highest resolution raster-scan display. Or capture events not visible to the naked eye . 

. Instantly. Easily. On-the-spot. 
It's all possible with our 32 different Polaroid instant professional rums. They range in 

speed up to ISO 20,000/82°. In sizes up to 8 x 10". They have several different spectral 
sensitivities. And can be used in the most sophisticated laboratory instruments, as well as in 
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brake on PoIacolor ER Type SS9 film. 
Courtesy: Gray I.orlglRaster 1tthnologles. Inc. 

simple, hand-held cameras. No matter what you're exploring,chances are you can record it. 
Polaroid instant photography gives you sharp, detailed photographic records in 

transparencies or prints. You don't have to wait for processing, pay a premium for rush 
service, employ photographic help, or use valuable space and money for darkrooms. And 
you can be sure you have the image you need immediately. For documentation, reports, 
analysis and presentations. 

On the following page, you'll find more information on how the images above were 
produced. Because Polaroid photography 

POL A R 0 I D is a discovery every scientist should make. 
. 
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Instant Technolol!V: The images on the preceding pages show just a small segment 
of the range of explorations possil5i� when Polaroid self-developing films are used. They also show only 
5 of the 32 different Polaroid instant professional film types available. 1. Color photomicrograph of 
polymer taken on PoLaroid self-developing Time-Zero Type 778 film (ISO 150/23°) with the SX-70 
Microscope Adapter; which features automatic exposure control. 2. Instant 8 x 10" color hard copy or 
Colorgraph overhead projection transparencies of computer graphics produced in just minutes on 
Polaroid VideoPrinter Model 8. 3. Oscilloscope trace taken in just 30 seconds with hand-held Polaroid 
CU-5 Close Up Camera and recorded on Type 612 Ultra High Speed 3 1/4 x 4 114" black and white film 
(ISO 20,000/82°)' 4. Polaroid 3114 x 41/4" color or black and white print of 35mm slide made at the 
touch of a button with the portable Polaprinter Slide Printer. 5. Instant color 4 x 5" or 3 118 x 3 1/8" 
working size hard copies, and conventional or new Polaroid 35mm Autoprocess* transparencies of 
computer-generated images can be produced on-the-spot using Polaroid's VideoPrinter Model 4. 

2. 

'Polaroid; 'Polacolo!;" "ColoW"pb; "nme·Ztro; ·SX· 70" and "Polaprintec"· 'Scheduled for availability later tbis yeu 

Instant Response: 
If you have any specific questions on the uses or 
performance of Polaroid films, or would like infor- , 

mation on how to adapt your equipment to accom­
modate our films,call us, toll-free in the continental 
U.S.: 800-225-1618. (In Massachusetts, call collect: 
617-547-5177.) 

For more general information see your 
Polaroid Photographic Dealer or use the coupon. 

POLAROID 

r --------------I 
I Polaroid Corporation, Industrial Marketing Dept. 567. P.O. BQx5011. I Clifton. NJ 07012 

I Please send me appropriate literature. I am interested in: I 
I I 
I Name: I 
I 

Company: 

I Address: _______________ _ 

I City: I 
State: Zip: ______ _ 

I Phone: I 
.L ____________ ..!,A::.:!3..J 
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METAMAGICAL 
THEMAS 

Computer tournaments of the Prisoner's 

Dilemma suggest how cooperation evolves 

by Douglas R. Hofstadter 

r'fe is filled with paradoxes and di­
lemmas. Sometimes it even feels 
as if the essence of living is the 

sensing-indeed the savoring-Of para­
dox. Although all paradoxes seem some­
how related, some seem abstract and 
philosophical whereas others touch on 
life directly. A very lifelike paradox is 
the Prisoner's Dilemma, discovered in 
about 1950 by Merrill M. Flood and 
Melvin Dresher, and later formalized by 
Albert W. Tucker. I shall present it first 
as a metaphor and then as a formal 
problem. 

The original formulation in terms of 
prisoners is a little less clear to the un­
initiated, in my experience, than the fol­
lowing one. Assume you possess large 
quantities of some item (money, for ex­
ample) and want to obtain some amount 
of another item (stamps, groceries, dia­
monds). You arrange a mutually agree­
able trade with the only dealer of that 
item known to you. You are both satis­
fied with the amounts you will be giving 
and getting. For some reason, though, 
the exchange must take place in secret. 
Each of you agrees to leave a bag at a 
designated place in the woods and to 
pick up the other's bag at the other's 
designated place. Suppose it is clear to 
both of you that you will never meet 
or have further dealings with each oth­
er again. 

Clearly there is something for each of 
you to fear, namely that the other one 
will leave an empty bag. Obviously if 
you both leave full bags, you will both 
be satisfied, but equally obviously it is 
even more satisfying to get something 
for nothing. You are therefore tempted 
to leave an empty bag. In fact, you can 

Dealer 

Cooperates Defects 

Cooperate (2,2) (-1,4) 
You 

Defect (4,-1) (D,D) 

even reason it through with seeming rig­
or this way: "If the dealer brings a full 
bag, I'll be better off having left an emp­
ty bag, because I'll have got all I wanted 
and given away nothing. If the dealer 
brings an empty bag, I'll be better off 
having left an empty bag, because I'll 
not have been cheated. I'll have gained 
nothing but lost nothing either. Thus 
it seems that no matter what the deal­
er chooses to do I'm better off leaving 

an empty bag. And so I'll leave an emp­
ty bag." 

The dealer, meanwhile, being in more 
or less the same boat (although at the 
other end of it), thinks analogous 
thoughts and comes to the parallel con­
clusion that it is best to leave an empty 
bag. And so both of you, with your im­
peccable (or seemingly impeccable) log­
ic, leave empty bags and go away emp­
ty-handed. How sad, because if you had 
both just cooperated, you could each 
have gained something you wanted to 
have. Does logic prevent cooperation? 
That is the issue presented by the Pris­
oner's Dilemma. 

In case you are wondering why it is 
called the Prisoner's Dilemma, here is 
the reason. Imagine that you and an ac­
complice (someone you have no feelings 
for one way or the other) committed a 
crime; now you have both been caught 
and jailed and are apprehensively await­
ing trials. You are being held in separate 
cells with no way to communicate with 
each other. The prosecutor offers each 
of you the following deal (and tells you 
both that the identical deal is being of­
fered to each of you-and that you both 
know it): "We have a lot of circumstan­
tial evidence on you both. So if you both 

Where (x,y) means you get x points and the 
dealer gets y points. 

A payoff matrix for the Prisoner's Dilemma 

16 

claim innocence, we'll convict you any­
way and you'll both get two years in 
jail. But if you'll help us out by admit­
ting your guilt and making it easier for 
us to convict your accomplice-pardon 
me, your alleged accomplice-why then 
we'll let you out free. And don't worry 
about revenge-your accomplice will be 
in for five years. How about it? " War­
ily you ask, "But what if we both say 
we're guilty? " "Ah, well, my friend­
I'm afraid then you'll both get four­
year sentences." 

Now you are in a pickle! Clearly you 
do not want to maintain your inno­

cence if your partner has confessed, be­
cause then you are going to jail for five 
long years. It is better you should both 
confess; then you will get only four. On 
the other hand, if your partner main­
tains innocence, then the best possible 
thing for you to do is to confess, since 
then you go scot-free. Hence at first it 
seems obvious what you should do: sing. 
What is obvious to you, however, is 
equally obvious to your partner, and so 
now it looks as if you both ought to sing, 
which means-Sing Sing for four years! 
At least that is what logic tells you to do. 
It's funny, since if both of you had been 
illogical and had maintained your inno­
cence, you would both be in for only 
half as long. Ah, logic does it again. 

Let us now go back to the original 
metaphor and slightly alter its condi­
tions. Suppose both you and the dealer 
very much want to have a regular supply 
of what the other has to offer, and so 
before conducting your first exchange 
you agree to carry on a lifelong ex­
change once a month. You still expect 
never to meet face to face. In fact, nei­
ther of you has any idea how old the 
other is, so that you cannot be sure how 
long this lifelong agreement will last, 
but it seems safe to assume it will last for 
a few months anyway, and quite likely 
for years. 

Now, what do you do on your first 
exchange? Bringing an empty bag seems 
fairly nasty as the opening of a relation­
ship; hardly an effective way to build up 
trust. Suppose you bring a full bag and 
the dealer brings one too. All is bliss­
for a month. Then you both must go 
back. Will your next bag be empty or 
full? Each month you have to decide 
whether to "defect" (bring an empty 
bag) or to "cooperate" (bring a full one). 
Suppose one month, unexpectedly, your 
dealer defects. Now what do you do? 
Will you decide that the dealer can nev­
er be trusted again and that from now on 
you will always bring an empty bag, in 
effect totally giving up on the entire 
project? Or will you pretend you didn't 
notice and continue being friendly? Or 
will you try to punish the dealer by some 
number of defections of your own? One? 
Two? A random number? An increasing 
number, depending on how many defec-
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tions you have experienced? Just how 
, mad will you get? 

This is the Iterated Prisoner's Dilem­
ma, It is a very difficult problem, It can 
be, and it has been, rendered more q uan­
titative and in that form studied with the 
methods of game theory and comput­
er simulation, How does one quantify 
it? One builds a "payoff matrix" pre­
senting point values for the various al­
ternatives, A typical matrix is shown 
on page 16, 

In this matrix mutual cooperation 
earns both parties 2 points (the subjec­
tive value of getting a full bag of what 
you want and giving up a full bag of 
what you have). Mutual defection earns 
you both zero points (the subjective val­
ue of gaining nothing and losing noth­
ing, apart from making a vain trip out to 
the woods that month). Cooperating 
while the dealer defects stings: you get 
-1 point whereas the rat gets 4 points. 
Why so many? Because it is so pleasura­
ble to get something for nothing. And, 
of course, if y ou happen to be a rat some 
month when the dealer has cooperated, 
then you get 4 points and he gets -1. 

I t is obvious that in a collective sense it 
would be best for both of you to al­

ways cooperate. We are assuming, how­
ever, that you have no regard whatso­
ever for the other person. There is no 
"collective good" you are both working 
for. You are both supreme egoists. Then 
what? The meaning of "egoist" can per­
haps be made clear by the following. 
Suppose you and your dealer have de­
veloped a trusting relationship of mutu­
al cooperation over the years, but one 
day you receive secret and reliable in­
formation that the dealer is quite sick 
and will soon die, probably within a 
month or two. The dealer has no reason 
to suspect you have heard. Are you not 
powerfully tempted to defect all of a 
sudden, in spite of all your years of co­
operating? You are, after all, looking 
out for yourself and no one else in this 
cruel world. And since it seems this may 
well be the dealer's last month, why not 
profit as much as possible from your 
secret knowledge? Your defection may 
never be punished, and at the worst it 
will be punished by one last-gasp defec­
tion by the dying dealer. 

The surer you are that this next turn is 
to be the very last one, the more you feel 
you must defect. Either of you would 
feel that way, of course, on learning the 
other one was nearing the end of the 
line. This is what is meant by "egoism." 
It means you have no feeling of friendli­
ness or good will or compassion for the 
other player; you have no conscience; all 
you care about is amassing points, more 
and more and more of them. 

What does the payoff matrix for the 
other metaphor, the one involving pris­
oners, look like? You will find it at the 
top of the page. 

Stay mum 

You 

Sing 

Your accomplice 

Stays mum Sings 

(-2,-2) (-5,0) 

(0,-5) (-4,-4) 

Where (-x, -y) means you get x years in jail 
and your accomplice gets y years. 

A payoff matrix for actllal prisoners in the Prisoner's Dilemma 

The equivalence of this matrix and 
the preceding one is clear if you add a 
constant-namely 4-to all terms in this 
one. Indeed, we could add any constant 
to either matrix and the dilemma would 
remain essentially unchanged. And so 
let us add 5 to this one to get rid of all 
negative "payoffs." We get the "canoni­
cal" Prisoner's Dilemma payoff matrix 
at the bottom of the page. 

The number 3 is called the "reward 
for mutual cooperation," or R for short. 
The number 1 is called the "pun­
ishment," or P. The number 5 is T, the 
"temptation," and 0 is S, the "sucker's 
payoff." The conditions that make a 
matrix represent a Prisoner's Dilemma 
situation are these: 

( 1) 

(2) 

T>R>P>S 

T+ S 
< R 

2 

The first condition simply makes the ar­
gument go through for each of you that 
it is "better for me to defect no matter 
what my counterpart does." The second 
one simply guarantees that if the two 
of you somehow get locked into out­
of-phase alternations (that is, "You 
cooperate, I defect" one month and 
"You defect, I cooperate" the next), 
you will not do better-in fact, you will 
do worse-than if you were cooperat­
ing each month. 

Well, what would be your best strate­
gy? It can be shown quite easily that 
there is no universal answer to the q ues­
tion. That is, there is no strategy better 
than all other strategies under all cir­
cumstances. Consider the case where 
the other player is playing ALL D: the 
strategy of defecting on every round. In 
that case the best you can possibly do is 
to defect every time, including the first 
time, yourself. On the other hand, sup­
pose the other player is using the Mas­
sive Retaliatory Strike strategy, which 
means "I'll cooperate until you defect 
and thereafter I'll defect forever." In 
that case if you defect on the very first 
move, you will get one T and all P's 
thereafter until one of you dies. If you 
had waited to defect, you could have 
benefited from a relationship of mutual 
cooperation, amassing many R's before­
hand. Clearly that bunch of R's will add 
up to more than the single T if the game 
goes on for more than a few moves. This 
means that against the ALL D strate-

gy the best counterstrategy is ALL D, 
whereas against Massive Retaliatory 
Strike the best counterstrategy is "Al­
ways cooperate unless you learn that 
you or the other player is just about to 
die, in which case defect." This simple 
argument shows that how you should 
play depends on the other player. 

The entire concept of the "q uality" of 
a strategy takes on a decidedly more 

operational and empirical meaning if 
one imagines an ocean populated by 
dozens of little organisms swimming 
around and playing Prisoner's Dilemma 
over and over with each other. Suppose 
each time two such organisms encoun­
ter each other they recognize each other 
and remember how previous encounters 
have gone. This enables each one to de­
cide what it wants to do this time. Now, 
if each organism is continually swim­
ming around and bumping into the 
others, eventually each one will have 
met every other one numerous times 
and therefore all strategies will have 
been given the opportunity to interact 
with one another. By "interact" what is 
meant is certainly not that any one or­
ganism knocks any other one out of the 
ocean, as in an elimination tournament. 
The idea is simply that each organism 
gains zero or more points in each meet­
ing, and if enough time is allowed to 
elapse, each organism will have met 
with every other one about the same 
n umber of times, and now the only q ues­
tion is: Which organism has amassed the 
most points? 

It does not help organism X if it has 
"beaten" organism y, in the sense that 
X gained more from interacting with Y 
than Y gained from interacting with X. 
That kind of "victory" is irrelevant here. 
What matters is not the number of "vic­
tories" rung up by any organism but the 
organism's total point count-a number 
that measures its overall viability in this 
particular "sea" of many strategies. It 
sounds nearly paradoxical, but an ore 

Player B 

Cooperates Defects 

Cooperates (3,3) (0,5) 
Player A 

Defects (5,0) (1,1) 

Canonical Prisoner's Dilemma payoff matrix 
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ganism could lose many, indeed all, of 
its individual skirmishes with other or­
ganisms and still come out the over­
all winner. 

As the image suggests, the situation is 
relevant to questions in evolutionary 
biology. Can totally selfish and uncon­
scious organisms living in a common en­
vironment come to evolve reliable co­
operative strategies? Can cooperation 
emerge in a world of pure egoists? In a 
nutshell, can cooperation evolve out 
of noncooperation? If it can, it has rev­
olutionary import for the theory of evo­
lution, because many critics of evolu­
tionary theory have maintained that this 
was one place where it was hopeless­
ly snagged. 

As it happens, it has now been de­
finitively demonstrated that such coop­
eration can emerge, and it was done 
through a computer tournament con­
ducted by Robert Axelrod of the De­
partment of Political Science and the In­
stitute for Public Policy Studies at the 
University of Michigan at Ann Arbor. 
More accurately, Axelrod first studied 
by means of a computer tournament the 
ways cooperation evolved, and when 
general trends emerged, he was able to 
perceive the underlying principles and 
to prove theorems that established the 
facts and conditions of the rise of coop­
eration out of nothing. Axelrod has writ­
ten a remarkably thought-provoking 
book on his findings: The Evolution 0/ 
Cooperation, soon to be published by Ba­
sic Books. Furthermore, he and William 
D. Hamilton, an evolutionary biologist, 
have worked out and published many 
of the implications of these discoveries 
for evolutionary theory. Their work has 
won much notice-including the 1981 
Newcomb Cleveland Prize, which is 
awarded annually by the American As­
sociation for the Advancement of Sci­
ence for "an outstanding paper pub­
lished in S cience." 

There are really three aspects of the 
question "Can cooperation emerge 

in a world of egoists? " The first aspect is: 
How can cooperation get started at all? 
The second is: Can cooperative strate­
gies survive better than their noncooper­
ative rivals? The third is: Which cooper­
ative strategies will do best, and how 
will they come to predominate? 

To make these issues vivid let me de­
scribe Axelrod's tournament and its as­
tonishing results. In 1979 Axelrod sent 
out invitations to a number of profes­
sional game theorists, including people 
who had published studies of the Pris­
oner's Dilemma, telling them that he 
sought to pit many strategies against one 
another in a round-robin Prisoner's 
Dilemma tournament, with the overall 
goal for each strategy being to amass 
more points than any other strategy. He 
asked for strategies to be encoded as 
computer programs that could respond 
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to the C (cooperation) or.D (defection) 
of another player, taking into account 
the remembered history of previous 
meetings with that same player. A pro­
gram should always reply with a C or a 
D, of course, but its choice need not be 
deterministic. That is, consultation of a 
generator of random numbers was al­
lowed at any point in a strategy. 

Fourteen entries were submitted to 
Axelrod, and he introduced into the field 
one more program, called RANDO M, 
which in effect flipped a coin (computa­
tionally simulated, to be sure) on each 
move: cooperating if heads came up, de­
fecting if tails came up. The field was a 
rather diverse one, consisting of pro­
grams ranging from as few as four lines 
to as many as 77 (of the computer lan­
guage Basic). Every program was made 
to engage every other program (and a 
clone of itself) 200 times. The tourna­
ment was actually run five times in a 
row, so that pseudoeffects caused by 
statistical fluctuations in the random­
number generator would be smoothed 
out by averaging. 

The program that won was submitted 
by an old hand at the Prisoner's Dilem­
ma: Anatol Rapoport, a psychologist 
and philosopher at the University of To­
ronto. His was the shortest of all pro­
grams submitted, and it is called TIT 
FOR TAT. TIT FOR TAT has a very 
simple tactic, which one might call a 
tacfortic: Cooperate on move 1; there­
after do whatever the other player did 
on the previous move. That is all. It 
sounds outrageously simple. How in the 
world could such a program defeat the 
complex stratagems devised by other 
experts? 

Well, Axelrod maintains that the 
game theorists in general did not go far 
enough in their analysis. They looked 
"only two levels deep," when to do bet­
ter they should have looked three levels 
deep. What precisely does this mean? 
Axelrod takes a specific case to illustrate 
his point. Consider the entry called 
JOSS (submitted by Johann Joss, a 
mathematician in Zurich). JOSS's strat­
egy is quite similar to TIT FOR TAT's 
in that it begins by cooperating, always 
responds to defection by defecting and 
nearly always responds to cooperation 
by cooperating. The hitch is that JOSS 
uses a random-number generator to 
help it decide when to pull a "surprise 
defection" on the other player. JOSS is 
set up so that it has a 10 percent proba­
bility of defecting right after the other 
player has cooperated. 

In playing with TIT FOR TAT, JOSS 
will do fine until it tries to catch TIT 

FOR TAT off guard. When JOSS de­
fects, TIT FOR TAT retaliates with a 
single defection, whereas JOSS "inno­
cently" goes back to cooperating. Thus 
we have a DCpair. On the next move the 
C and the D will switch places, since 

each program echoes the other's latest 
move, and so it will go: CD, then DC, 
CD, DC and so on. There may ensue a 
long reverberation triggered by JOSS's 
D, but sooner or later JOSS will random­
ly throw in another unexpected D after a 
C from TIT FOR TAT. At this point 
there will be a DD pair, and that de­
termines the rest of the match. Both 
strategies will now defect forever. The 
echo effect resulting from JOSS's first 
attempt at exploitation and TIT FOR 
TAT's simple punitive act leads ulti­
mately to complete distrust and lack of 
cooperation. 

This may seem to imply that both 
strategies are at fault and will suffer for 
it at the hands of others, but in fact the 
one that suffers from it most is JOSS, 
since JOSS tries the same trick on part­
ner after partner, which in many cases 
leads to the same type of breakdown 
of trust, whereas TIT FOR TAT, never 
defecting first, will never be the initial 
cause of a breakdown of trust. Axelrod's 
technical term for a strategy that never 
defects before its opponent does is 
"nice." TIT FOR TAT is a nice strategy, 
JOSS is not. It should be noted that 
"nice" does not mean that a strategy 
never defects. TIT FOR TAT defects 

when it is provoked, but that is still 
considered being nice. 

Axelrod summarizes the first tourna­
ment: "A major lesson of this tourna­
ment is the importance of minimizing 
echo effects in an environment of mutu­
al power. A sophisticated analysis must 
go at least three levels deep. First is the 
direct effect of a choice. This is easy, 
since a defection always earns more 
than a cooperation. Second are the indi­
rect effects, taking into account that the 
other side may or may not punish a de­
fection. This much was certainly appre­
ciated by many of the entrants. But third 
is the fact that in responding to the de­
fections of the other side one may be 
repeating or even amplifying one's own 
previous exploitative choice. Thus a sin­
gle defection may be successful when 
analyzed for its direct effects, and per­
haps even when its secondary effects are 
taken into account. But the real costs 
may be in the tertiary effects when one's 
own isolated defections turn into un­
ending mutual recriminations. Without 
their realizing it, many of these rules 
actually wound up punishing them­
selves. With the other player serving as 
a mechanism to delay the self-punish­
ment by a few moves, this aspect of 
self-punishment was not perceived by 
the decision rules . . . .  

"The analysis of  the tournament re­
sults indicates that there is a lot to be 
learned about coping in an environment 
of mutual power. Even expert strategists 
from political science, sociology, eco­
nomics, psychology and mathematics 
made the systematic errors of being too 
competitive for their own good, not for-
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Once the koala 
roamed The Outback un­
restrained. The eucalypti 
were lush. Life was serene. 

Then came Qantas. 
And on Qantas came 

)!eople.Business people. 
1.burist people.lOo many 
people. 

'Ibday Qantas 
� more people to 
Ausfralia than any other 
airline in the worlCl. 
Because Qantas has 
more fliglits to Australia 
than 8.!lY other airline. 

Qimtas flies every 
day from San Fran-
cisco. Five day s a ' .. 
week from LOs 
Angeles.1\vice a 
weeK from Vancouver. 

a week 

Which means they're coming into Sydney daily. 
And into Melbourne ctaiI-y! And all too often into 
Brisbane, Perth, lbwnsville and Darwin. 

We demand Oantas cut back this unreasonable 
schedule. Unite willi us. Koalas A2ainst QantaS.(The Australian Airline.) 
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KING fAISAl 
INTERNATIONAL PRIZE 

General Secretariat 

AN INVITATION TO THE NOMINATION 
FOR THE KING FAISAL INTERNATIONAL PRIZE 

IN SCIENCE 
The General Secretariat of The King Faisal International Prize, at Riyadh, 

Kingdom of Saudi Arabia, has the honour to invite the Universities, Academies, 
Educational Institutions and Research Centres all over the World to nominate 
qualified candidates for The King Faisal International Prize to be awarded in 
Science which has been postponed to Rabi-al-Awal 1404 AH. i.e. January 1984. 

(a) The topic of the prize will be "PHYSICS". 

(b) Selection shall be according to the discretion and decision of a Committee 
consisting of National and International assessors selected by The Board of 
King Faisal International Prize. 

(c) More than one person may share \he prize. 

(d) The winner's names will be announced in January 1984, and the prize will 
be awarded in an official ceremony to be held for that purpose in Riyadh, 
Kingdom of Saudi Arabia. 

(e) The prize consists of : 

(1) A certificate in the name of the winner containing abstract of his 
work that qualified him for the prize. 

(2) A precious medal. 

(3) A sum of two hundred fifty thousand Saudi Riyals (S.R. 250,000). 

(f) Nominees should satisfy the following conditions: 

1. A nominee must have accomplished an outstanding academic work in 
the subject of the prize leading to the benefit of mank ind and enrich­
ment of human thought. 

2. The work submitted with the nomination of the prize must have 
already been printed and published. If possible an abstract in Arabic 
should be attached if the work is published in any other language. 

3. The prize will be awarded for specific original research but the life­
time background of work will be taken into account. 

4. The specific work submitted must not have been awarded a prize by 
any international educational institution, scientific organization, or 
foundation. 

5. The nomination must be sUbmitted by leading members of recognised 
educational institutions and of world-fame such as Universities, 
Academies and Research Centers. The nominations of other indivi­
duals and pOlitical parties will not be accepted. 

6. The nominations must give full particulars of the nominee's academic 
background, experiences and/or his publications, copies of his 
educational certificates, if available, and three 6 x 9 cm photographs. 
The nominee's full address and telephone number are also requested. 

7. The nominations and works in ten copies are to be sent by registered 
air mail to the address stated below. 

8. The latest date for receipt of the full nominations with copies of 
works is the 12th of Dhu AI-Qe'dah, 1403 AH. i.e. the 20th of August 
1983. 

9. No nomination papers or works will be returned to the senders. 

10. Enquiries should be made, and nominations should be sent, to the 
Secretary General of the King Faisal International Prize, P. O. Box 
224 7 6, Riyadh 11495, Kingdom of Saudi Arabia , Telex 204 667 
PRIZE SJ. 

giving enough and too pessimistic about 
the responsiveness of the other side." 

Axelrod not only analyzed the first 
tournament; he even performed a num­
ber of "subjunctive replays" of it, that 
is, replays with different sets of entries. 
He found, for instance, that the strate­
gy called TIT FOR TWO TATS, which 
tolerates two defections before getting 
mad (but still only strikes back once), 
would have won, had it been in the 
lineup. Similarly, two other strategies 
he discovered, one called REVISED 
DOWNING and one called LOOK­
AHEAD, would have come in first if 
they had been in the tournament. 

The summarized lesson of the first 
tournament seems to have been that 

it is important to be nice ("Do not be the 
first to defect"), and forgiving ("Do not 
hold a grudge once you have vented 
your anger"). TIT FOR TAT has both 
qualities. 

After this careful analysis Axelrod 
felt that significant lessons had been 
unearthed, and he was convinced that 
more sophisticated strategies could be 
concocted based on the new informa­
tion. Therefore he decided to hold a 
larger computer tournament. For this 
tournament he not only invited all the 
participants in the first round but also 
advertised in computer-hobbyist maga­
zines, hoping to attract people who were 
addicted to programming and who 
would be willing to devote a good deal 
of time to working out and perfecting 
their strategy. To each person who en­
tered Axelrod sent a detailed analysis of 
the first tournament, along with a dis­
cussion of the "subjunctive replays" and 
the strategies that would have won. He 
described the strategic concepts of nice­
ness and forgiveness that seemed to cap­
ture the lessons of the tournament, and 
also strategic pitfalls to avoid. Naturally 
each entrant realized that all the other 
entrants had received the same informa­
tion, so that everyone knew that every­
one knew that everyone knew that. . . .  

There was a large response t o  Axel­
rod's call for entries. Entries were re­
ceived from six countries, from peo­
ple of all ages and from eight different 
academic disciplines. Rapoport entered 
again, resubmitting TIT FOR TAT (and 
was the only one to submit it, even 
though it was explicitly stated that peo­
ple could enter any program they want­
ed). A lO-year-old entered, as did one of 
the world's experts on game theory and 
evolution: John Maynard Smith, pro­
fessor of biology at the University of 
Sussex, who submitted TIT FOR TWO 
TATS. Two people independently sub­
mitted REVISED DOWNING. All told 
62 entries were received, and general­
ly speaking they were of a considera­
bly higher degree of sophistication than 
those in the first tournament. The short­
est was again TIT FOR T AT; the long-
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est was a program from New Zealand, 
consisting of 152 lines of FORTRAN. 
Once again RANDOM was added to the 
field, and with a flourish and a final car­
riage return the horses were off! Several 
hours of computer time later the results 
came in. 

The outcome was nothing short of 
stunning: TIT FOR TAT, the simplest 
program submitted, won again. What is 
more, the two programs submitted that 
had won the subjunctive replays of the 
first tournament now turned up way 
down on the list: TIT FOR TWO TATS 
came in 24th, and REVISED DOWN­
ING ended up buried in the bottom half 
of the field. This may seem horribly 
nonintuitive, but remember that a pro­
gram's success depends entirely on the 
environment in which it is swimming. 
There is no single "best strategy" for all 
environments, so that winning in one 
tournament is no guarantee of success in 
another. TIT FOR TAT has the advan­
tage of being able to "get along well" 
with a great variety of strategies, where­
as other programs are more limited in 
their ability to evoke cooperation. 

Axelrod puts it this way: "What seems 
to have happened is an interesting inter­
action between people who drew one 
lesson and people who drew another les­
son from the first round. Lesson One 
was 'Be nice and forgiving.' Lesson Two 
was more exploitative: 'If others are go­
ing to be nice and forgiving, it pays to try 
to take advantage of them.' The people 
who drew Lesson One suffered in the 
second round from those who drew Les­
son Two." 

Hence the majority of participants 
in the second tournament really 

had not grasped the central lesson of the 
first tournament: the importance of be­
ing willing to initiate and reciprocate 
cooperation. Axelrod feels so strongly 
about this that he is reluctant to call two 
strategies playing against each other 
"opponents"; in his book he always uses 
neutral terms such as "strategies," "play­
ers" and so on. He even does not like 
saying they are playing against each 
other, preferring "with." I have tried to 
follow his usage in this article, with oc­
casional departures. One striking fact 
about the second tournament is the suc­
cess of "nice" rules: of the top 15 fin­
ishers only one (which came in eighth) 
was not nice. Amusingly, a sort of mir­
ror image held: of the bottom 15 finish­
ers only one was nice. 

Several non-nice strategies featured 
rather tricky probes of the opponent 
(sorry!), sounding it out to see how much 
it "minded" being defected against. Al­
though this kind of probing by a pro­
gram might fool occasional opponents, 
more often than not it backfired, causing 
severe breakdowns of trust. Altogeth­
er it turned out to be very costly to try 
to use defections to "flush out" the oth-

er player's weak spots. It proved to be 
more profitable to have a policy pf co­
operation as often as possible togeth­
er with a willingness to retaliate swift­
ly against any attempted undercutting. 
Note, however, that strategies featuring 
massive retaliation were less successful 
than TIT FOR TAT, with its gentler 
policy of restrained retaliation. Here 
forgiveness is the key, since it helps to 
restore the proverbial "atmosphere of 
mutual cooperation" (to use the phrase 
of diplomacy) after a skirmish. 

The overall lesson of the first tourna­
ment was in essence "Be nice and forgiv­
ing." Apparently, however, many peo­
ple just could not get themselves to be­
lieve it; they were convinced that with 
cleverer trickery and scheming they 
could win the day. It took the second 
tournament to prove them wrong. And 
from the second tournament a third key 
strategic concept emerged: that of prov­
ocability -the idea that one should "get 
mad" quickly at defectors and retaliate. 
Thus a more general lesson is "Be nice, 
provocable and forgiving." 

Strategies that do well in a wide vari­
ety of environments are called by Axel­
rod "robust," and it seems the strategies 
with "good personality traits"-that is, 
nice, provocable and forgiving strate­
gies-are sure to be robust. TIT FOR 
T AT is by no means the only possible 
strategy with these traits, but it is the 
canonical example of such a strategy 
and is astonishingly robust. 

Perhaps the vividest demonstrations 
of TIT FOR TAT's robustness were 
provided by various SUbjunctive replays 
of the second tournament. Of all the 
types of replay that Axelrod tried (near­
ly all of which were won by TIT FOR 
TAT) undoubtedly the most significant 
and ingenious was the "ecological tour­
nament." Such a tournament consists 
not only of a single subjunctive replay 
but also of an entire cascade of hypo­
thetical replays, each one's environment 
determined by the results of the preced­
ing replay. In particular, if you take a 
program's score in a tournament as a 
measure of its "fitness," and if you inter­
pret "fitness" to mean "number of prog­
eny in the next generation," and finally if 
you let "next generation" mean "next 
tournament," then what you get is that 
each tournament's results determine the 
environment of the next tournament­
and successful programs become more 
numerous in the next tournament. This 
type of iterated tournament is called 
ecological because it simulates ecologi­
cal adaptation (the shifting of a fixed 
set of species' populations according to 
their mutually defined and dynamically 
developing environment) as contrasted 
with the mutation-oriented aspects of 
evolution, where new species can come 
into existence. 

As one carries an ecological tourna­
ment through generation after genera-
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THUNDERBIRD 
Turbo Coupe is a fuel-injected, 
turbocharged, five-speed 
Thunderblrd with sophisticated 
running gear, performance 
compound tires, and seats that 
are more than a place to sit. A 
driver's car. 

SOPHISTICATED POWER, 
JUDICIOUSLY APPLIED. 

The engine. 

An efficient. high-performance 
cross-flow head, overhead 
cam four-cylinder displacing 
2.3 liters. 
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bearings, forged aluminum 
pistons, high-temperature alloy 
valve materials, oil cooler and 
tuned intake manifold. 

The turbocharger. 

A "blow through"'-' ...... _,LJ 
turbocharger is 
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injectors and throttle plate. 

TURBO The 50speed transmission. 

COUPE 
Unlike other turbocharging ar­
rangements, this "blow through" 
system pressurizes on demand. 
Which in turn gives the driver 
crisp, immediate throttle 
response. At full boost. around 
4,600 engine RPM, the engine 
achieves 145 horsepower based 
on SAE Standard J-1349. More 
power than most of today's V-8s. 
A triumph of technology over 
brute force. 

The electronic fuel injection 
system with EEC-IV. 
The fuel injection system, fed by 
an electric fuel pump, is port 
type-with an injector ahead of 
each intake valve for precise 
metering. 

The system is run by a com­
puter called EEC-N. A fourth­
generation, state-of-the-art 
microprocessor-based engine 
control system capable of thou­
sands of operations per second. 

At one extreme, it will imme­
diately set up air/fuel mixture 
and timing for a quick cold-start. 
At the other extreme, it will help 
the engine push to its safe limits. 
In between, it senses by the milli­
second what you are asking the 
car to do, and balances the 
engine's air/fuel mixture and 
ignition timing for optimum 
power, response and efficiency. 

The free-revving powerplant is 
mated to a 5-speed gearbox. 
The ratios are carefully cali­
brated so there is a proper gear 
for any turn, any straightaway. 

Accomplished drivers will 
appreciate the pedal design. 
The brake and accelerator ped­
als are positioned to facilitate 
true heel-and-toe downshifting. 

BALANCE AND POISE 
ON THE ROAD. 

Aerodynamics/air flow 
management. 
Turbo Coupe has one of the low­
est drag coefficients of any four­
passenger high-performance 
car in America. But more than 
that, Thunderbird uses the wind 
to help hold itself firmly on the 
road. It reduces lift on the hood 
for directional stability. Reduces 
lift on the rear for cornering 
agility. The smooth lines even 
lower wind noise inside the 
cabin. This is the difference 
between mere aerodynamics 
and what we call "air flow 
management' 

Gas-filled struts and shocks 
for ride and handling. 
The front struts and rear shocks 
on Turbo Coupe contain a low 
pressure charge of nitrogen. This 
suppresses foaming of the 
hydraulic fluid due to rapid 
bumps or exuberant driving. 
This in turn means the ride 
doesn't have to be overly stiff in 
normal driving to be stiff 
enol+gh when you, or the road, 
demand. 
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Plus two additional rear 
shocks for pure handling. 
Turbo Coupe has a second set of 
rear shocks mounted in a 
rather unique and interesting 
position ... longitudinally 
between the rear axle and the 
body. These help maintain the 
car's geometric integrity for a 
positive "car­
on-rails" 
feel through 
a turn. 

Performance tires. 
Turbo Coupe mounts Goodyear 
Eagle P205170HR 14 perform­
ance tires on lightweight cast 
aluminum wheels. The tires fea­
ture an aggressive tread 
pattern, performance com­
pound rubber, and low profile 
design for a wide footprint. 
Result: excellent traction and 
cornering power on wet or dry 
pavement. 

MAN. MACHINE. UNITY. 
Seats you sit in. Not on. 
Turbo Coupe's front seats 
reward the demanding driver. 
(1) The under thigh 
support adjusts. (2) The side 
thigh support adjusts. (3) The 
seat back angle adjusts. (4) The 
lumbar support adjusts with (5), 
an infinitely adjustable pneu­
matic actuating pump. In 
addition, the (6) firm side sup­
ports help hold you in place. 
And unlike some other high­
performance seats, you don't 
have to be an accom­
plished acrobat to get in 
and out. Considering 
that a Turbo Coupe 
is capable of .81G 
in a turn, seats that 
support you lat­
erally as well as up 
and down are essential. 

Command centers. 
There are three. The driving 
center puts steering wheeL light 
controls and shift lever right 
where your hands want them to 
be. The environment center clus­
ters radio and climate control a 
comfortable reach away. The 
console center nestles electric 
controls for windows, seats and 
mirrors in a pod next to your 
right thigh. The car feels as if it 
flows from your fingertips. 

IN SUM. 
An engine so efficient it's rated at 
145 horsepower on one hand and 
33 estimated highway, @ EPA 
estimated miles per gallon on 
the other� Superb handling with 
no surprises. 

And a feel that blends man with 
machine in a thoroughly har­
monious way. A driver's car in 
every respect. 

ONE FINAL BIT 
OF INFORMATION. 

Fewer than 10,000 Turbo Coupes 
are scheduled to be built this first 
model year. Now you know 
what you should do. Quickly. 

Call 1-800-772-2100 for more 
information. 
* For comparison. Your mileage may difler 
depending on speed. distance and 
weather. Actual highway mileage lower. 

Get it together-Buckle up. 

HAVE YOU DRIVEN A FORD ... LATELY? 
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Treasures 
from the 

lOwer of London 
A unique collection of armour housed 

in the Tower of London now making 
its first ever journey to Toronto. Over 

five hundred years of history are 
detailed in these exquisitely crafted 

examples of arms and armoury, 
showing at the newly renovated and 

expanded Royal Ontario Museum. 

The collection of one hundred and 
twenty works includes suits of armour 

belonging to Emperor Maximilian I 
of Germany, and Henry VIII and 

Charles II of England, as well as cere-
monial and presentation pieces, 

hunting equipment, edged and missile 
weapons and a variety of firearms. 

The exhibition runs from March 19  to 
June 19. Hours are Monday to Sun­

day 9 :00 a.m. to 1 1 :00 p.m. Admission 
is $5.50 for adults, $4.00 for seniors 

and students, and $3 .00 for children, 
12  and under. 

For more information, call TOLL FREE: 
1-800-828-8585, in New York 

State, 1-800-462-8404. 
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tion the environment gradually changes. 
At the beginning poor programs and 
good programs alike are equally rep· 
resented. As time passes, the poorer 
ones begin to drop out as the good ones 
flourish. The rank order of the good 
ones, however, may now change, be­
cause their "goodness" is no longer be­
ing measured against the same field of 
competitors. 

Thus success breeds ever more suc­
cess, but only provided that the 

success derives from interaction with 
other similarly successful programs. If, 
in contrast, some program's success is 
due mostly to its ability to milk "dumb­
er" programs for all they are worth, 
then as those programs are gradually 
squeezed out, the exploiter's base of 
support will be eroded and the program 
will suffer a similar fate. 

A concrete example of ecological ex­
tinction is provided by HARRING­
TON, the only non-nice program among 
the top 15 finishers in the second tour­
nament. In the first 200 or so genera­
tions of the ecological tournament, as 
TIT FOR TAT and other successful 
nice programs were gradually increas­
ing their percentage of the population, 
HARRINGTON too was increasing its 
percentage. This was a direct result of 
HARRINGTON's exploitative strate­
gy. By the 200th generation or so, how­
ever, things began to take a noticeable 
turn. Weaker programs were beginning 
to become extinct, which meant there 
were progressively fewer dupes for 
HARRINGTON to profit from. Soon 
the trend became apparent: HAR­
RINGTON could not keep up with its 
nice rivals. By the 1,000th generation 
HARRINGTON was as extinct as the 
dodoes it had exploited. 

Axelrod summarizes: "Doing well 
with rules that do not score well them­
selves is eventually a self-defeating 
process. Not being nice may look prom­
ising at first, but in the long run it can 
destroy the very environment it needs 
for its own success." 

Needless to say, TIT FOR TAT fared 
spectacularly well in the ecological 
tournament, increasing its lead ever 

' more. After 1,000 generations not only 
was TIT FOR TAT ahead but also its 
rate of growth was greater than that of 
any other program. This is an almost 
unbelievable success story, all the more 
so because of the absurd simplicity of 
the "hero." One amusing aspect of it is 
that TIT FOR TAT did not defeat a sin­
gle one of its rivals in their encounters. 
This is not a quirk; it is in the nature of 
TIT FOR TAT. TIT FOR TAT cannot 
defeat anyone; the best it can achieve 
is a tie, and often it loses (although not 
by much). 

Axelrod makes this point very clear: 
"TIT FOR TAT won the tournament, 
not by beating the other player but by 

eliciting behavior from the other player 
that allowed both to do well. TIT FOR 
TAT was so consistent at eliciting mutu­
ally rewarding outcomes that it attained 
a higher overall score than any other 
strategy in the tournament. 

"So in a non-zero-sum world you do 
not have to do better than the other 
player to do well for yourself. This is 
especially true when you are interacting 
with many different players. Letting 
each of them do the same as or a little 
better than you is fine, as long as you 
tend to do well yourself. There is no 
point in being envious of the success of 
the other player, since in an iterated 
Prisoner's Dilemma of long duration 
the other's success is virtually a prereq­
uisite of your doing well for yourself." 

Axelrod gives examples from everyday 
Il. life in which this principle holds. 
Here is one: "A firm that buys from a 
supplier can expect that a successful re­
lationship will earn profit for the suppli­
er as well as the buyer. There is no point 
in being envious of the supplier's profit. 
Any attempt to reduce it through an un­
cooperative practice, such as by not pay­
ing your bills on time, will only encour­
age the supplier to take retaliatory ac­
tion. Retaliatory action could take many 
forms, often without being explicitly la­
beled as punishment. It could be less 
prompt deliveries, lower quality con­
trol, less forthcoming attitudes on vol­
ume discounts or less timely news of 
anticipated market conditions. The re­
taliation could make the envy quite ex­
pensive. Instead of worrying about the 
relative profits of the seller, the buy­
er should worry about whether another 
buying strategy would be better." 

Like a business partner who never 
cheats anyone, TIT FOR TAT never 
beats anyone, yet both do very well for 
themselves. 

One idea that is amazingly counterin­
tuitive at first in the Prisoner's Dilemma 
is that if the other player is unrespon­
sive, the best possible strategy for you to 
follow is ALL D. It might seem some 
form of random strategy might do bet­
ter, but that is completely wrong. If I 
have laid out all my moves in advance, 
then playing TIT FOR T AT will not 
do you any good, nor will flipping a 
coin. You should simply defect on ev­
ery move. It does not matter what pat­
tern I have chosen. Only if I can be in­
fluenced by your play will it do you any 
good to cooperate. 

Fortunately in an environment where 
there are programs that cooperate (and 
whose cooperation is based on reciproc­
ity) being unresponsive is a very poor 
strategy, which in turn means ALL 0 
is a very poor strategy. The single unre­
sponsive competitor in the second tour­
nament was RANDOM, and it finished 
next to last. The last-place finisher's 
strategy was responsive, but its behavior 
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was so inscrutable that it look ed unre­
sponsive .  And in a more recent com­
puter tournament conducted by M arek 
Lugowski and me in the Computer Sci­
ence Department at Indiana Universi­
ty three ALL D's came in at the very 
bottom (out of 5 3 ), with a couple of 
RANDOM's giving them a tough fight 
for the honor. 

One way to explain TIT FOR T AT's 
success is simply to say it elicits cooper­
ation by means of friendly persuasion. 
Axelrod spells this out as follows: "Part 
of [TIT FOR TAT's] success might be 
that other rules anticipate its presence 
and are designed to do well with it. Do­
ing well with TIT FOR TAT requires 
cooperating with it, and this in turn 
helps TIT FOR TAT. Even rules that 
were designed to see what they could 
get away with quickly apologize to TIT 
FOR TAT. Any rule that tries to take 
advantage of TIT FOR TAT will simply 
hurt itself. TIT FOR TAT benefits from 
its own nonexploitability because three 
conditions are satisfied: 

" 1 .  The possibility of encountering 
TIT FOR TAT is salient; 

"2 .  Once encountered, TIT FOR TAT 
is easy to recognize; and 

"3 . Once recognized, TIT FOR T AT's 
nonexploitability is easy to appreciate ." 

This brings out a fourth "personality 
trait" (in addition to niceness, provoca­
bility and forgiveness) that may play 
an important role in success: recogniz­
ability, or straightforwardness. Axel­
rod chooses to call this trait clarity, and 
he argues for it with clarity: "Too much 
complexity can appear to be total chaos. 
If you are using a strategy that appears 
random, then you also appear unrespon­
sive to the other player.  If you are unre­
sponsive, then the other player has no 
incentive to cooperate with you. So be­
ing so complex as to be incomprehensi­
ble is very dangerous." How rich these 
comments are in their implications 
about social and political behavior! 

In a letter to Axelrod, Rapoport cau­
tioned against overstating the advan­

tages of TIT FOR TAT; in particular he 
believes the strategy is on occasion too 
harshly retaliatory. It can also be per­
suasively argued that on other occasions 
TIT FOR TAT is too lenient. Certainly 
there is no evidence that TIT FOR T AT 
is the ultimate strategy. Indeed, as has 
been emphasized repeatedly, the very 
concept of "best" is incoherent, since all 
depends on the environment. In the 
tournament at Indiana University sev­
eral strategies like TIT FOR TAT did 
better than pure TIT FOR TAT. They 
all shared, however, the three criti­
cal "cha,racter traits" whose desirability 
had been clearly revealed by Axelrod's 
earlier analysis of the important proper­
ties of TIT FOR TAT. They were sim­
ply a little better at detecting nonrespon­
siveness, and when they were conlVinced 
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' · S k '  I ' pea I 
i Spanish i 
= like a = 
I I i diplomat ! ! 
I W h a t  s o r t  of p e o p l e  need to l e a r n  a I 
I fo re i g n  l a n g u a g e  as q u i c k l y  a n d  e ffec- I t i v e l y  as poss i b l e  7 Foreign service per­
I sonnel, t h at ' s  w h o .  M e m be rs of I 
I A m e r i c a ' s  d i p l o m a t i c  corps a re a s s i g ned I 
I 

to U . S .  e m b a s � i e s  a b ro a d ,  w h e re t h ey 
I m u st be a b l e  to c o n v e rse f l u e n t l y  i n  

I e v e r y  s i t u a t i o n .  I 
I Now you can learn to speak Span ish I just as these diplo matic personnel do ­

I w i t h  t h e  Fo re i g n  S e r v i c e  I n st i t u t e ' s  P ro- I 
I g ra m m at i c  S p a n i s h  C o u rse . Yo u ' l l  l e a r n  I L at i n  A m e r i c a n  S pa n i s h  reco rded by 

I I n a t ive s p e a k e rs . . 

I The U S . Depa r t m e'nt of State h a s . 
I s p e n t  t h o u sa n d s  of d o l l a rs deve l o p i n g  I t h i s  c o u rse.  I t ' s  by fa r t h e  most effective 

I w a y  to l e a r n  S p a n i s h  at  you r own con- • 
I ve n i e n c e  a n d  at y o u r own pace.  • 
I 

The c o u rse c o n s i sts of a s e r i e s  of cas-
• settes a n d  acco m p a n y i n g  textbook.  

I S i m p l y  fo l l ow t h e  spoken and w r i tten I 
I 

i n st r u ct i o n s ,  l i ste n i n g  a n d  repeat i n g .  By • 
t h e  e n d  of t h e  cou rse,  y ou ' l l  be l e a r n i n g  

I a n d  s p e a k i n g  e n t i r e l y  i n  S pa n i s h  I I 
I This cou rse turns your cassette player I i nto a "teaching machine." With its 

I u n iq u e  "programmatic" learning method, I 
• y o u  set y o u r  own pace - test i n g  you r- • 
I 

s e l f ,  c o r re ct i n g  e rro rs,  re i n fo r c i n g  I a c c u rate responses .  

I T h e  FS I ' s  Prog r a m m a t i c  S p a n i s h . 
• C o u rse comes i n  two vo l u mes,  each I 
I 

s h i p p e d  i n  a h a n d s o m e  l i b ra r y  b i n d e r  . • Yo u m a y  o rd e r  o n e  o r  both :  

I I 
I [] Volume I :  Basic. 1 2  ca ssettes ( 1 7  h r . ) ,  • 

m a n u a l ,  a n d  464-p.  text,  $ 1 25.  

I [] Volume I I :  Intermediate. 8 cassettes I 
I ( 1 1  '12 h r . ) ,  m a n u a l ,  a n d  61 4-p. text, $ 1 1 0  . •  
I ( C o n n  a n d  N Y. res idents add sa les taxi  I 
I TO O R D E R  BY P H O N E ,  PLEASE CALL • 
I TO L L- F R E E  N U M B E R  1 -800-243-1 234 . • 
• To o rd e r  by m a i l ,  c l i p  t h i s  ad a n d  send I

I 
'I w i t h  y o u r  n a m e  a n d  a d d ress ,  a n d  a 

• c h e c k  o r  m o ney o r d e r  - or c h a rg e  to I 
y o u r c r e d i t  ca rd ( A m  E x ,  V I S A ,  M a ster- I • Ca rd ,  D i n e r s )  by e n c l o s i n g  card n u mber, 

I e x p i r a t i o n  date ,  a n d  y o u r s i g n a t u r e .  I 
I The Foreign Service Institute's Span- I 

ish cou rse is u ncond itional ly g u a ran- I • teed . Try it for  t h ree weeks .  If y o u ' re not I c o n v i nced it's the fastest ,  e a s i est ,  most I 
I pa i n l ess way to l e a r n  S p a n i s h ,  ret u rn it I a n d  we ' l l  refu n d  every penny y o u  p a i d .  

I I O r d e r  t o d a y  I 

• 8 1  c o u rses in 26 o t h e r  l a n g u a g e s  a l so I • ava i l a b l e .  W r i te us for  free • cata l o g .  O u r  1 0t h  y e a r .  

• • 
• Audio-Forum • 
• Su ite 1 3 G  • 

On,the-Green, 
• G u i lford, CT 06437 

• 
• (203) 453-9794 • 
• • 
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the other player was unresponsive, they 
switched over to an ALL D mode. 

In his book Axelrod takes pains to 
spell out the answers to three fundamen­
tal questions about the evolution of co­
operation in a world of raw egoism. The 
first concerns initial viability: How can 
cooperation get started in a world of 
unconditional defection-a "primordial 
sea" swarming with unresponsive ALL 
D organisms? The answer (whose proof 
I omit here) is that an invasion by small 
clusters of cooperating organisms, even 
if they form a tiny minority, is enough to 
give cooperation a toehold. One cooper­
ator alone will die, but small clusters of 
cooperators can arrive (by means of mu­
tation or migration, say) and propagate 
even in a hostile environment, provided 
they are defensive like TIT FOR TAT. 

The second fundamental question 
concerns robustness: What type of strate­
gy does well in unpredictable and shift­
ing environments? We have already seen 
that the answer to this question is any 
strategy possessing the four fundamen­
tal "personality traits" of niceness, prov­
ocability, forgiveness and clarity. This 
means such strategies, once established, 
will tend to flourish, particularly in an 
ecologically evolving world. 

The final question concerns stability: 
Can cooperation protect itself from in­
vasion? Axelrod proved that it can in­
deed. In fact, there is a gratifying asym­
metry to his findings: although a world 
of "meanies" (ALL D strategies) can be 
penetrated by cooperators in clusters, 
a world of cooperators cannot be pene­
trated by meanies, even if they arrive in 
clusters of any size. Once cooperation 
has established itself it is permanent. As 
Axelrod puts it: "The gear wheels of so­
cial evolution have a ratchet." 

The term "social" does not mean 
these results necessarily apply only 

to higher animals that can think. Clear­
ly four-line computer programs do not 
think, and yet it is in a world of just such 
"organisms" that cooperation has been 
shown to evolve. The only "cognitive 
abilities" needed by TIT FOR TAT are 
recognition of previous partners and 
memory of what happened the last time 
with a particular partner. Even bacteria 
can do this, by interacting with only one 
other organism (so that recognition is 
automatic) and by responding only to 
the most recent actions of their "part­
ner" (so that memory requirements are 
minimal) .  The point is that the entities 
involved can be on the scale of bacteria, 
small animals, large animals or nations: 
There is no need for "reflective rational­
ity"; indeed, TIT FOR TAT could be 
called "reflexive" (in the sense of being 
as simple as a knee-jerk reflex) rather 
than "reflective." 

For people who think that moral be­
havior toward others can emerge only 
when there is some horrendous and to-

tally external threat (of fire and brim­
stone, say) or some soothing promise of 
heavenly reward (such as eternal salva­
tion) the results of this research must 
give pause for thought. Axelrod cap­
tures the entire idea in one sentence: 
"Mutual cooperation can emerge in a 
world of egoists without central control, 
by starting with a cluster of individuals 
who rely on reciprocity." 

There are so many situations in the 
world today where these ideas seem of 
extreme relevance-indeed urgency­
that it is tempting to draw all kinds of 
morals. In the later chapters of his book 
Axelrod offers advice about how to pro­
mote cooperation in human affairs, and 
at the end the political scientist in him 
cautiously ventures some broad conclu­
sions about global issues, which are a 
fitting way for me to conclude: 

"Today, the most important problems 
facing humanity are in the arena of 
international relations where indepen­
dent, egoistic nations face each other in 
a state of near anarchy. Many of these 
problems take the form of an iterated 
Prisoner's Dilemma. Examples can in­
clude arms races, nuclear proliferation, 
crisis bargaining and military escala­
tion. Of course, a realistic understand­
ing of these problems would have to 
take into account many factors not in­
corporated into the simple Prisoner's 
Dilemma formulation, such as ideology, 
bureaucratic politics, commitments, co­
alitions, mediation and leadership. Nev­
ertheless, we can use all the insights we 
can get. 

"Robert Gilpin [in his book War and 
Chang e  i n  W orld Poli ti cs] points out that 
from the ancient Greeks to contem­
porary scholarship all political theory 
addresses one fundamental question: 
'How can the human race, whether 
for selfish or more cosmopolitan ends, 
understand and control the seemingly 
blind forces of history? ' In the contem­
porary world this question has become 
especially acute because of the develop­
ment of nuclear weapons. 

"The advice given in this book to 
players of the Prisoner's Dilemma 
might also serve as good advice to na­
tional leaders as well: Don't be envious, 
don't be the first to defect, reciprocate 
both cooperation and defection, and 
don't be too clever. Likewise, the tech­
niques discussed in this book for pro­
moting cooperation in the Prisoner's Di­
lemma might also be useful in promot­
ing cooperation in international politics. 

"The core of the problem is that trial­
and-error learning is slow and painful. 
The conditions may all be favorable for 
long-run developments, but we may not 
have the time to wait for blind processes 
to move us slowly toward mutually re­
warding strategies based upon reciproc­
ity. Perhaps if we understood the proc­
ess better, we could use our foresight to 
speed up the evolution of cooperation." 
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Strategies 
for Corporate Growth 

Innovation, development, and mature manufacturing at the edge 
of knowledge need different kinds of support. 

Where to find that support is basic to corporate strategy. 

Peter J. Brennan and 
Development Counsellors International, Ltd. 
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4fDuring the next five years, 
Michigan will be the home for venture capital� 

That's what Dwight Carlson. founder and 
president of Perceptron. a Michigan 
machine vision manufacturer. has to say 
about Michigan's massive new capitaliza­
tion initiatives. 

Thanks to the liberalization of retire­
ment fund usage. and the establishment 
of the Michigan Economic Development 
Authority and the Michigan Certified 
Development Corporation. businessmen 
like Mr. Carlson will find more than five 
hundred million new dollars in Michigan. 
Michigan offers new financing for venture 
capital. land acquisition. machinery. con­
struction and conversion. A state research 
fund provides grants for Michigan-based 
entrepreneurs to develop their products. 

"Michigan has improved my chance for 
success and allowed me to build here;' says 
Carlson. "I thought I'd face a lot of red 
tape and programs with no substance. But 
in less than three months. I've negotiated 
a substantial investment from the state 
retirement fund along with some of the 
top venture capital firms in the country." 

Innovative capital programs like these. 
along with Michigan's exceptional research 
and educational facilities and its skilled 

labor force. move Carlson and colleague 
Jame5 Swartz of Adler & Company. a 
leading venture capital firm. to say: "We're 
excited about the positive action being 
taken in Michigan to enhance the growth 
of technology firms. " 

Let the consultants in Michigan's Office 
of Economic Development help you Say 
Yes with financing. location and state­
financed labor training. To find out more. 
call toll free: 1-800-1 SAY YES (in Michigan: 
1-800-292-9544) or simply write on 
your business letterhead and mail to: 

Albert A. Bogdan. Director 
Office of Economic Development 
Michigan Department of Commerce 
Dept. 10583. P.O. Box 30225 
Lansing. Michigan 48909 

Attend: Bio .. Connections '83, July 14 and I� 1983. 
Business Opportunity in Applied and Exploratory Biology 

Michigan State University. East Lansing. MI 
For information contact: Paul R. Stuhmer. Lansing Regional Chamber of Commerce. 

Box 14030. Lansing. MI 48901. (517) 487-6340. 
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Corporate Growth in Advanced Technology Centers 

Innovation, development, and ma­
ture manufacturing at the edge of 
knowledge need different kinds of sup­
port. Where to find that support is ba­
sic to corporate strategy. 

It was 1938. pavid Packard was a 
young engineer, newly graduated from 
Stanford University, working for one 
of the world's largest technology firms. 
His employer was General Electric 
Company in Schenectady, New York, a 
pleasant and long-established industri­
al city a continent away from the sun­
ny Santa Clara Valley, between the 
bay and the sea. 

The Valley had two main exports­
fruit and college graduates. At Stan­
ford, the late Professor Frederick Em­
mons Terman, a tireless promoter of 
his students, of Stanford, of the Santa 
Clara Valley and of the beginnings of 
electronic technology embodied then 
in radio, fretted over the loss of his 
brightest students. The Professor 
found them jobs, too often somewhere 
else like Schenectady. When he could, 
he found financing and research con­
tracts to keep his graduates in Califor­
nia, close to home. 

Thus William Hewlett stayed on to 
do graduate work. His friend, David 
Packard, married to a Californian, 
could be persuaded to return on a fel­
lowship. Hewlett invented an audio 
oscillator and Terman, himself a trans­
planted Midwesterner, suggested Hew­
lett and Packard try marketing it. In 
early 1939, they did, from the garage 
of Packard's rented house. 

From Orchards 
to Technology 

Thus did the Valley begin to change 
to an economy based on new technolo­
gy. It was not planned. There were no 
consultants' studies. No one was per­
suaded to shut down an uneconomic 
plant somewhere else and move it to 
cheaper California. No economic devel­
opment organization promoted Palo 
Alto to all parts of the country. 

Rather, as is true for most successful 
advanced technology centers, a local, 
possibly unique, combination of people, 
facilities and circumstances combined 
to yield an unforeseen result. 

Stanford had excellent electrical en­
gineering and physics departments, 
poised at the edge of practical applica­
tions for electronics technology. In 
Fred Terman, the school and the locale 
had a teacher, an organizer, a man of 
vision and determination, a superior 
technologist with a firm grasp of the 
real world. He was the essential indus-

try-university-community linkage. 
David Packard, a Coloradan, was 

prepared to go to the University of Col­
orado but " ... the time I spent in Palo 
Alto in the summer of 1929 convinced 
me that I should apply to Stanford." 

Like most human adventures, the 
process begins at a point no one then 
present can identify. Through a series 
of circumstances and serendipities, it 
gathers momentum. The phenomenon 
acquires shape, becomes large enough 
to have its own center of gravity. Like 
a black hole it begins to attract and 
coalesce new ingredients. A new-tech­
nology center appears amid the prune 
yards, on the swampy land above a salt 
bed, on the prairie, strung out along a 
highway ... 

Most important, the world notes 
that the new technology center is a net 
gain for both its region and the nation 
as a whole. Like a seed dropped on the 
forest floor, it has germinated, grown 
to maturity, gains its subsistence from 
roots much deeper than the surround­
ing shallow plants to which it gives 
shelter and sustenance. In time, it 
drops its own seeds, which grow to 
form a grove. 

Cultivating Technology 
Business 

We long ago learned how to farm 
trees so that we no longer depend on 
accidents of nature for timber. We can 
analyze after the fact what prompted a 
center of advanced technology to ger­
minate and grow in the wild. We have 
been less successful in transplanting 
those conditions so that we can start 
and grow new technology centers 
wherever we want. 

Technology is the key to increasing 
productivity of both capital and labor. 
A producer made most efficient by 
computer-aided design (CAD), state-of­
the-art instrumentation and control, 
electronic data processing for inven­
tory and materials management and 
modern telecommunications is not as 
vulnerable as his less technology-in­
tensive, less efficient competitor. 

Advanced technology is thus vital to 
the competitiveness of older indus­
tries, which will continue to exist and 
expand. Whether they reindustrialize 
in the United States or migrate entire­
ly to other parts of the world largely 
depends on how well they adapt new 
technology to their own ends. Survival 
also hangs on how well the high-tech­
nology industries themselves fill the 
needs of their non-high-technology so­
called smokestack industry customers. 

Advertisement 

State governments recognized long 
ago that advanced technology is the 
key to future prosperity. The economic 
vitality of Silicon Valley and the Min­
neapolis-St. Paul area are well known. 
The virtual rebirth of the Massachu­
setts economy based on seven high­
technology industries that often 
started out in the abandoned factories 
of long-gone smokestack industries has 
not gone unnoticed. Neither has the 
symbolism. Recent economic history, 
however, has greatly concentrated the 
attention of both state governments 
and businesses. 

Traditional regional, state or area 
development programs have aimed at 
painting an attractive picture for any 
kind of industry. Development officers 
largely were marketers rather than 
developers. Their sales message was 
and often still is financial incentives. 
The long-term objective was an in­
crease in local and state tax bases and 
simultaneous increases in employ­
ment. 

The strategy works well enough in a 
rising economy when addressed to tra­
ditional non-high-technology indus­
tries, whose requirements are based on 
the products they make, the raw mate­
rials they need and the markets they 
serve. However, if a rising tide raises 
all boats, it is equally true that a fall­
ing one exposes the rocks and im.pales 
a few of the larger vessels, which will 
never float again. More than any other 
in the past twenty years, the 1979-83 
recession exposed the rocks in the 
American industrial economy. 

High Tech 
Is Different 

The strategy does not work as well 
when addressed to high technology in­
dustries. Measured against the factors 
that traditional industries must con­
sider, high technology industries are 
virtually site-independent. They can 
set up just about anywhere. And they 
do, all too often. 

Area development officers must ask: 
who are the Hewlett-Packards of today 
and what do they need? 

Companies that help corporations 
choose sites for new facilities have 
started to find those answers. Robert 
M. Ady, executive vice president of 
The Fantus Company, a Chicago-based 
site location firm, says: "When we deal 
with a traditional industry, the compa­
ny's short list of preferences will all be 
in the same region-say Texas, Okla­
homa and Louisiana. But when we 
deal with high technology companies, 
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Corporate Growth in Advanced Technology Centers 

the preferences will be scattered across 
the country-California, Texas and 
North Carolina." 

States, regions and localities have 
started to recognize this fundamental 
difference between high technology 
and traditional industries. Further, 
they recognize that there are differ­
ences within the high-technology 
industries themselves. The most 
technology-intensive of all industries, 
guided missiles and spacecraft (Stan­
dard Industrial Classification [SIC] 
376) has some of the aspects of a tradi­
tional industry. At its manufacturing 
level, this industry deals with big 
items that need plenty of space. 
Among the largest single manufactur­
ing facilities in the world are aircraft 
plants in Texas, Kansas, and coastal 
Washington. 

Hi Tech­
a Definition 

According to the Bureau of Labor 
Statistics, a high technology manufac­
turing firm is one in which engineers 
and scientists comprise more than five 
percent of the total work force. That, 
however, is too loose a definition. It 
includes transportation equipment in 
general, for example, of which aero­
space is a part, and chemicals, of which 
pharmaceuticals are a part. 

Advanced technology industries are 
better defined as those that require 
high levels of continuing innovation 
and whose markets can change over­
night. These firms typically have 10 
percent or more scientists and engi­
neers. Firms working at the leading 
edge of technology have 15 percent or 
more engineers and scientists on staff. 

Only six industries qualify. These 
and their SIC codes are: Pharmaceuti­
cals (283), Computers (357), Semicon­
ductors (367), Communications (367), 
Aircraft (372), and Instruments (381 
through 384). 

Instruments includes medical, con­
trolling and scientific instruments. 

One must also include the service 
sectors that are so increasingly impor­
tant in the U.s. economy. More than 
most manufacturing sectors, such ser­
vice industries as finance, banking, 
communications, software develop­
ment, insurance, medical set:vices and 
data-processing are fast-growing users 
of advanced-technology products and 
the driving force behind the rapid com­
mercialization of new ones. Commerce 
is more and more a market for indus­
try-but commerce basically services 
industry. 
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A high-technology company typical­
ly goes through three distinct phases. 
Fantus's Robert Ady defines these as 
the theory-driven, product-driven and 
market-driven stages. A successful in­
novative and pr9ductive company will 
exist on all three levels. However, each 
phase requires a different set of cir­
cumstances at its beginning. As each 
phase becomes a continuing level, it 
requires still another set of conditions 
to prosper and grow. 

The Three Drives 

First is the initial scientific discov­
ery and the follow-on work that con­
verts the discovery to a commercial 
product. A lone and brilliant inventor, 
a Hewlett or an Edison, may well 
make the initial discovery working in 
his basement far from any known tech­
nology center. He may even carry the 
discovery to the point of commercial 
viability. But as the frontiers of knowl­
edge have expanded, wresting new se­
crets from science and moving them up 
the scale to commercial practicality 
has become an expensive effort. 

The second product-driven stage en­
tails development and first-level man­
ufacturing. Once a scientific idea has 
been proved and its practical applica­
tions divined and defined, a company 
will exploit it. The company may be a 
new one formed out of the basic re­
search group that developed the idea, 
or it may be a large established one 
seeing opportunity in new technology. 

The classical view in the United 
States is that small, entrepreneurial 
firms bring most new technologies to 
market. And in fact, most new jobs 
produced in the U.s. economy come 
from small companies exploiting new 
technologies. However, large compa­
nies with large R&D budgets and ex­
tensive facilities spend far more on 
R&D than do small new firms. So do 
universities, which, says the National 
Science Foundation (NSF), perform 
half of all basic research in the U.S. 

During the product-driven stage, a 
company depends on its source of basic 
science and technology, which may be 
the company itself. More likely, 
though, the source' will be a nearby 
university, research institute or large 
technology-oriented corporation from 
which the company's founders came. 
As the company expands and increases 
its R&D expenditures, it will become 
less directly dependent on external 
technology. Ideally, it will itself be­
come a technology source in a growing 
technology center. 

Advertl.sement 

Outgrowing 
Home Base 

As the growing firm's manufactur­
ing capacity expands, its need for 
space and other services grows. Manu­
facturing remains closely linked to 
research and development sources. 
Consequently, if manufacturing and 
R&D cannot be at the same place, any 
new site must be within easy reach of 
the R&D center. The manufacturing 
site must have locally available nearly 
the same level of technology as does 
the home site. To attract and hold en­
gineers and scientists, the new location 
must offer similar amenities. 

Few people, not Hewlett, not Pack­
ard, not Samuel N. Irwin, deliberately 
move to a location specifically to found 
a company. "Companies start where 
people are, " says Mr. Irwin, founder 
and president of Irwin International in 
Ann Arbor, Michigan. The founders 
may be there because of a university, 
an employer, research foundation, gov­
ernment installation or were born 
there. Having started the firm, local 
factors keep the founders in the area, 
at least through initial success and 
early expansion. 

Local factors may enable a newborn 
company to grow to a certain point in 
its product-driven phase. However, 
this stage is a critical time in a compa­
ny's life. Further expansion may pro­
duce new needs that the local economy 
cannot filL In its early years, any fast­
growing company is locked in to its 
location by its need for cash to finance 
growth. It must generate most of that 
cash internally. Venture capitalists 
may fund a company only through 
startup. Equity markets want to see a 
track record. Conventional bankers 
prefer more established, less risky ven­
tures. 

When the Company 
Should Move 

When a company outgrows the local 
supply of brain power, cannot attract 
the people it needs, encounters too 
much red tape in continuing financing, 
it moves to an area where the commu­
nity understands and is prepared to 
serve its needs. 

Or a company may outgrow its man­
ufacturing space. Its first satellite is 
likely to be nearby in an area that 
offers most or all of the benefits of the 
headquarters location. Since the com-
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Advanced State of Technology 
Utah has assembled all of the components 
for the advanced technologyindustlyto 
thrive. Things like first-class educational 
and research facilities. Capable engineers 
and scientists. An abundance of skilled 
workers and technical assistance support 
A business-boosting economy. And a 
quality of life that is second to none. 

Decades of proven performance 
Many of this century's most creative inno-

Illustration courtesy GE CAE International and Evans & Sutherland Computer Corp 

vatcirs have pioneered theirwork in Utah. 
Breakthroughs in bio-engineering like the 
implantation of artificial human organs. 
Highly advanced computer simulators to 
train astronauts for outer space. Sophisti­
cated micro-electronics systems to drama­
tically reduce the time it takes to design 
large, integrated circuits. All of these efforts 
and more are products of Utah's unique 
cooperative research community-a mar­
riage of education, science, government, 

industly and the working people of Utah. 

Technology isn't all Utah 
has advanced 
Utah has a wide variety of cultural, recre­
ational and educational activities inviting 
participation. The state is rich in four 
season, outdoor attractions, plus Utah 
blends the rustic and scenic wonders of 
nature with a cultured and cosmopolitan 
environment 

�--------.----------------------------------------------, 

Economic and Industrial Development Division 
200 South Main Street, Suite 620, Dept. SA 
Salt Lake City, Utah 84101 
Phone: 1-800-453-8824 

Tell me more about the state of high technology in Utah. Please 
send me: 0 your new advanced technology brochure 0 a comparative 
study report on the costs of doing business in Utah vs.12 other major 
markets 0 a list of companies in Utah I can contact 

I am particularly interested in:------..,,---,-,.,-..,.-c-7-­(type of indusll'y) 

Name _______________ Title ____ _ 

Company Name No. of Employees __ _ 

Product/Service _________________ _ 

Address ____________________ _ 

Ci�------------------------------

State ____________ Zip _______ _ 

, 
, 
, 
1 
1 

------------------------------------------ - - ---______ 1 
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pany can now choose its new site, man­
agement will look more closely at fac­
tors the founders could not control. 

Taxes Are Important 

There is  a misconception that tax 
structure is important only to large­
scale, large-employment smokestack 
traditional industries. To justify this 
view, people point to California and 
Massachusetts, the top advanced-tech­
nology states but far from the bottom 
of the list on overall tax burden. 

Not so. "Taxes are very important to 
small, expanding high-technology com­
panies, " says Dr. Robert Premus, Day­
ton-born staff economist of the 
Subcommittee on Monetary and Fiscal 
Policy of the Joint Economic Commit­
tee. Premus is the author of a recent 
report entitled "Location of High­
Technology Firms and Regional Eco­
nomic Development, " based on a 
survey of 691 companies. 

"Small companies in particular rank 
the tax burden high, " said Dr. Premus 
in an interview. "Cash flow is critical. 
Local taxes can take cash from a com­
pany when it most needs it. " At the 
same time, they are locked into their 
location. By the time they can afford to 
move, the tax burden has become sec­
ondary. They may even move to a 
more heavily taxed jurisdiction. 

The founder of one high-technology 
company explained that paradox. Wil­
liam C. Norris, chairman of Control 
Data Corporation in Minnesota, said 
that the State of Nebraska's willing­
ness to increase both the tax base and 
rate was a powerful factor in the comJ 
pany's decision to locate a new facility 
there. "Nebraska demonstrated that it 
meant to provide the tangible and in­
tangible facilities and services that (we 
sought), " said Norris. "Without such a 
change in philosophy, " the Nebraska 
native continued, "we likely would 
have gone elsewhere. " 

The Market-Driven 
Facility 

The third stage identified by Robert 
Ady is the mature manufacturing or 
market-driven level. The company and 
its products have now grown to a point 
where costs are paramount. The com­
pany has outgrown its older facilities. 
Processes and products are mature. 
Transportation, local financial incen-
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tives and tax structure, availability of 
low cost and trainable labor all assume 
greater importance in the site selec­
tion decision. 

The market-driven firm's products 
are high technology. But manufactur­
ing is essentially an assembly process. 
The technology and science is in the 
maintenance of the manufacturing 
systems and in quality control of raw 
materials and finished items. Engi­
neers and scientists are a small per­
cent of total employment. 

This third stage plant will have dif­
ferent needs than the earlier stage 
one. This new facility is still not tied 
much to natural resources, nor overly 
dependent on market proximity. Such 
site-independent plants can serve mar­
kets in North America as easily from 
Taiwan or Malaysia as they can from 
Tennessee. Beyond minor input by lo­
cal managers, all technology is gen­
erated elsewhere. New technology 
arrives daily, by telephone and com­
puter network or encased in the latest 
model of manufacturing systems 
equipment-but it comes from some­
where else. 

Such are the plants that site devel­
opment managers seek. They are 
clean, reasonably kind to the environ­
ment. Their demands on the local in­
frastructure are easily met if there is 
adequate electrical power and water. 
They provide jobs for local people with­
out placing great demands on the local 
services and amenities. They do not 
bring in large numbers of people who 
are accustomed to more than the com­
munity provides. 

However, since these plants are es­
sentially assembly operations, they 
commonly do not have the same ties to 
their location as does the company's 
technology base. To quote Dr. Robert 
Premus's Congressional report: "The 
survey . . .  indicate(s) that high-tech­
nology companies are 'footloose' . . .  ac­
cess to raw materials . . .  markets and 
transportation are not major location­
al determinants. Nor are . . .  water . . .  
energy . . .  and climate important de­
terminants . . .  high-technology compa­
nies are drawn more to highly 
specialized resources such as labor 
skills and education and to factors that 
make it easier to attract and maintain 
a skilled labor force, most notably 
State and local taxes . . .  " 

The survey also indicated that most 
high-technology companies prefer an 
urban to a rural environment. The 
centripetal effect of an urban-centered 
location brings in more people and 
companies and encourages technology 
transfer. In,deed, if a university in the 
traditional sense is a community of 

Advertisement 

scholars, then a high-technology cen­
ter may itself be a university-a com­
munity of scholarly companies. 

Dynam ics of 
High-Tech I ndustry 

Most states historically understood 
little about the dynamics of high-tech­
nology industry. To attract such com­
panies, they did little analysis and less 
development. In effect, the state 
rounded up what already existed and 
packaged it attractively for itinerant 
industry. The package did little for res­
ident businesses and less still for na­
scent ones. 

Miles Friedman, Executive Director 
of the National Association of State 
Development Agencies (NASDA), 
notes the changes in the attitudes of 
state development people. "It is still 
true that many state agencies see it as 
their jobs to move plants from other 
states to theirs. But a common busi­
ness complaint is that the state agen­
cies ignore the businesses they al.ready 
have. Now there is big emphasis on in­
state development and the incubation 
of new businesses. " 

Some states and localities years ago 
tried to develop conditions that would 
permit advanced technology centers to 
flourish. Not until 1981 did the Na­
tional Governors Association (NGA) 
establish a Task Force on Technologi­
cal Innovation. Local generation of 
high-technology industry is clearly an 
idea whose time has come. 

Partially as a result of the NGA's 
initiative, many states from Maine to 
Hawaii established high-technology 
study groups. Eventually, some states 
will take all possible steps to establish 
and strengthen the structural ele­
ments needed to breed high-technology 
industry. Some few may decide that 
their future economies will depend on 
maintaining the major base of their 
present economies. The states' new 
awareness of high technology can help 
direct technological resources to ap­
propriate economic sectors, . whatever 
their place on the technology spec­
trum. 

The Governors' 
Survey 

In late 1982, the NGA Task Force 
surveyed every state governor on orga­
nization of state efforts, economic 
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If you want to get technical, 
Michigan is the place to be. 

For high-powered, high-tech industries, 
Michigan is precisely the place to be. Busi­
nesses on the move will find $500,000 of ven­
ture capital available here. What's more, our 
universities are among the finest in the coun­
try. And to a technically oriented business 
looking for a place to grow, that can mean 
prompt access to nationally prominent con­
sultants. And proximity to advanced research 
and testing facilities. 

Vehicle research and crash testing. Agricul­
ture. Medicine. Robotics. Genetic engineering. 
T hey're all areas where ongoing research and 
advancements have won Michigan universi­
ties world renown. But that's just a part of the' 
high-tech catalyst. Michigan is also home for 
numerous technical organizations: the Center 
for Research in Integrated Manufacturing, the 
Michigan Technology Council, the Industrial 
Technology Institute, the Molecular Biology 
Institute and the Robot Institute of America. 

Consumers Power knows that Michigan 
is where science and education get down to 
business. And we know the results of this 
coalition. If your high-tech business needs a 
place to succeed, let us put you in touch with 

those in Michigan who make things happen -
technically speaking. 

You may discover that surrounding your­
self with Michigan's technical and educational 
resources is the quickest way to put your 
business in a class by itself. If you're techni­
cally oriented, call Richard R. Surbrook at 
(517) 788-0344. Or mail the coupon. 

� consumers 
Power Say yes to Michigan!� 

r-----------------, 
For more information, mail this coupon to: I 
Richard R. Surbrook 
Director of Economic Development 
Consumers Power Company 
212 West Michigan Avenue, Jackson, MI 49201 

I 
I 
I 
I 

�------------------------I 
Name I 
�Co-mp-an-y---------------------- I 
��---------------------- I Addr ess I 
"'Ci"'ty/"'S"C:"ta"C:"te""'lzc::-ip-----------::S-:-A�05:-::-::83 I 

----------------- � 
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PARTNERS 1D HELP 
PENNSYLVANIA FORGE 

THE FACIDRY OF THE FUTURE. 

You have a dream, a vision of the 
coming technology 

Its seeds were planted by the likes 
of Asimov. Clarke and H.G. Wells. Its 
growth nurtured by every teacher class, 
professor and experiment that ever chal­
lenged you. And inspired you. 

In Pennsylvania we, too, have a 
dream. The creation of an environment 
in which our universities, industries and 
state government join forces in a partner­
ship to help scientists, engineers and 
entrepreneurs like you forge your dreams 
into the technologies of die future. 

Much of that environment already 
exists. As you read this, more than 
150.000 Pennsylvania engineers and 
scientists are developing all facets of 
advanced technology Robotics. Micro­
electronics. CAD/CAM. Biotechnology 

There are now more major research 
universities in Pennsylvania than any 
other Northeastern state. And those 
schools are supported by corporations 
whose R&D contributions are among the 
highest in the nation. 

Last year we awarded almost nine 
million dollars in low interest loans to 
advanced technology companies. 

We also created the catalyst that 
will make our dream a reality 

The Ben Franklin Partnership. 

It combines the talents and 
resources of our universities, small and 
large corporations, and state government 
to further stimulate advanced technology 
research and development. Millions of 
dollars in grants will provide funds for 
everything from basic product research 
to specialized work force training and 
sophisticated market planning. 

As thorough as this partnership is, 
it lacks one essential element. 

You. Your talent. Your vision. 
Send the coupon to Walter Plosila, 

Deputy Secretary for Technology 
Or call him at(717) 787-3003. Youlliearn 
more about the quality of commitment. as 
well as the quality of life you will find here. 

In Pennsylvania, we share your 
dream .. 

Come, be partner to ours. 
Mail To Department of Commerce, 433 Forum Building. Box 2001. 
Hanisburg PA 17120 

Name Tide 

Company 

Address 

Telephone 

AD�CEDTECHNOu)GY 
HAS A FRIEND 

IN PENNSYLVANIA 
© 1983. Pennsylvania Department of Commerce Dick Thornburgh, Governor James 0. Pickard. Secretary of Commerce 
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incentives, local university-industry 
cooperation and worker training pro­
grams. The survey report in July 1983 
will have two sections. One organized 
by state will describe state policies and 
programs in technological innovation. 
The other, organized by program cate­
gory, will make it easy to compare 
state approaches to particular aspects 
of economic development and technol-
ogy, by various methods. 

. 

Among the early findings: at least 11 
states have appointed task forces or 
boards as overall policy-determining 
bodies on technology. These are Cali­
fornia, Illinois, Iowa, Kansas, Michi­
gan, Maryland, New Jersey, North 
Carolina, Ohio, Pennsylvania and V ir­
ginia. Most set these up in 1982, 
though North Carolina was way ahead 
of its time, having established its 
Board of Science and Technology, 
chaired by the Governor, in 1963. 

Twenty-two states have advisory 
groups outside the state government. 
Their scope and linkage to the govern­
ment varies greatly. Georgia, for ex­
ample, recently set up the Advanced 
Technology Center at Georgia Insti­
tute of Technology. The Governor and 
legislature created the Center in 1980, 
but it is not a government body. 

State money and private-sector 
matching funds finance the Maine De­
velopment Foundation, which the 
state legislature enabled in 1977. A 
governor's advisory committee pro­
posed the cooperative business and 
government approach in 1975. In Min­
nesota, twenty-eight prominent people 
established last year the Minnesota 
Wellspring. The governor is honorary 
chairman. New Hampshire, which has 
developed a high-technology service 
center based on publishing and com­
puter software around the town of Pe­
terborough, has the Center for New 
Hampshire's Future. This is a private 
organization established in 1979. 

The not-for-profit Indiana Corpora­
tion for Science and Technology was 
authorized by the General Assembly in 
1982. The Governor appoints a 24-
member board representing the pri­
vate, public and educational sectors. 
California has the Commission on In­
dustrial Innovation; Maryland its Gov­
ernor's Advisory Council; Michigan 
the proposed High Technology Corpo­
ration; New York the Science and 
Technology Foundation; Pennsylvania 
the Governor's Council on Science and 
Technology; and South Carolina a pro­
posed Industrial Research Board. The 
City of Chicago and The State of Illi­
nois, together with Chicago univer­
sities, have created an "Illinois 
Technology Partnership." 

E l O  

The Early Starter 

Few programs were as early or as 
ambitious as North Carolina's. As 
George Herbert, president of North 
Carolina's Research Triangle Institute 
describes it, the state in the mid-fifties 
was near the bottom in per capita in­
come and too dependent on "old-line 
segments of its economy: agriculture, 
textiles, tobacco manufacturing, furni­
ture and brick and. tile." At the same 
time, the state ranked among the top 
ten in numbers of colleges and univer­
sities. But for their graduates there 
were few local opportunities. 

North Carolina looked enviously at 
the centers in Massachusetts and Cali­
fornia and noted that the desired in­
dustry existed in areas of strong 
research concentration. Further, most 
important research centers lived in the 
shadow of major graduate-level univer­
sities. The state had at least three such 
schools close together: Duke at Dur­
ham; the University of North Carolina 
at Chapel Hill; and North Carolina 
State University at Raleigh. 

The state in 1956 decided to estab­
lish a research park in the triangle 
formed by the universities, thus the 
Research Triangle. The concept was 
not an instant success, nor did the 
founders expect it to be. As Mr. Her­
bert says, "They knew they were work­
ing for returns that would not be truly 
significant for 15, 20 or 25 years." And 
he cautions newcomers to the high 
technology stakes, "This is a reality, 
too often ignored by many of the 
groups that visit us today looking for a 
quick fix for 1983's economic woes." 

No one really knows the optimum 
size and mix of the critical mass that 
turns a high-technology manufactur­
ing center into a truly innovative one. 
Few doubt that it takes many years to 
reach that self-igniting concentrated 
mix of research centers, universities 
and theory-oriented industry. 

The planners first established the 
Research Triangle Foundation to ac­
quire land and develop the 5,700-acre 
park. They also set up the Research 
Triangle Institute in close association 
with the universities. None of these is 
a state agency. 

Despite an early capture of a major 
industrial laboratory in 1959, others 
were slow to follow. By 1965, there 
were only nine laboratories with a to­
tal employment of 1,000. But then 
things began to pick up. IBM bought 
400 acres. The National Institutes of 
Health established its National Insti-

tute of Environmental Health Sci­
ences. Another major industrial lab­
oratory moved in and the project was 
off and running. 

The most recent addition is the 
state-sponsored Microelectronics Cen­
ter of North Carolina, established in 
1980. The legislature appropriated the 
first one million dollars for startup, 
and the state is providing the first 24.4 
million dollars for ongoing support. 

North Carolina's experience has 
many lessons for others. But it is not 
yet clear that the state has managed to 
produce an industrial rival to Silicon 
Valley or Route 128. The location is 
high on everyone's short list when 
looking at po.ssible new locations. The 
universities and RTI itself are well-re­
puted basic research centers. But the 
bubbling ferment of entrepreneurial 
activity that is the true mark of a self­
generating advanced-technology cen­
ter is not yet evident. 

A Downtown 
Research Park 

Another research center started on a 
different premise but at about the 
same time is the University City Sci­
ence Center in Philadelphia, Pa. 
There, the University of Pennsylvania 
and Drexel University were situated in 
deteriorating neighborhoods. The uni­
versities, business and community con­
ceived The Science Center as a way to 
improve the city's technology base and 
reverse urban blight. Under the aus­
pices of some 28 member institutions 
that own it, the Center began in 1964 
in a renovated building. It is now an 
urban research center covering some 
19 acres with over seventy science­
based organizations in its nine build­
ings. Some of these organizations are 
new to the city while, more important, 
the Center encourages others to re­
main there. 

The University City Science Center 
is so far the nation's only downtown 
research park, though Detroit and 
Wayne State University in Michigan 
are starting a similar concept in the 
Detroit-based Metropolitan Center for 
High Technology. 

The University City Science Center 
has a relatively small Research Insti­
tutes Division. The Research Triangle 
Institute is a much larger, free-stand­
ing organization similar to such. older 
institutions as Battelle Memorial Insti­
tute at Columbus, Ohio; Stanford Re­
search Institute in Menlo Park, Calif.; 
Midwest Research Institute in Kansas 
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City, Kansas; IITRI in Chicago; South­
west Research Institute in San Anto­
nio, Texas, and many more. 

For smaller companies and even 
larger ones faced with scientific ques­
tions that they have neither time nor 
staff to handle themselves, the re­
search institutes are an important re­
source. As do most companies, the 
research institutes often specialize in 
technologies that reflect their geo­
graphical location and the interests of 
their major clients. 

Subdivisions for 
Technology 

Clean high-technology industry usu­
ally does not need large and heavy in­
stallations. One can develop industrial 
parks for such industry just as one de­
velops residential sub-divisions for peo­
ple. A well laid out industrial or 
research park with room for expansion 
can be an important factor in site se­
lection, particularly for a smaller, 
high-technology company making its 
first move out of its basement. 

Successful developers present a bal­
anced facility. If the park itself does 
not contain a research institute and 
university campuses, these will be 
within easy reach. The park will also 
have conference facilities, hotels, shop­
ping centers and restaurants. A large 
development may be a completely 
planned community. 

The Huron Center near Ann Arbor, 
Mich., is such a real estate develop­
ment. A joint venture between Mitsu­
bishi and Morgan Stanley, the Center 
is a 393-acre multi-use development 
eight miles from the University of 
Michigan and 25 miles from Detroit. 
When completed, it will contain resi­
dences as well as research labs, hotels 
as well as light industrial plants. 

Utah, recently in the news for the 
artificial heart work at the University 
of Utah Medical Center, has a growing 
advanced-technology center in what 
one publicist refers to as "Bionic Val­
ley, " near Salt Lake City. 

Montgomery County, Maryland, cap­
italizes on the nearby concentration of 
Government medical research facili­
ties embodied in the National Insti­
tutes of Health, Bethesda Naval 
Hospital and many medically-oriented 
companies in the area. The county has 
established the 232-acre Shady Grove 
Medical Park, which has reserved 145 
acres for medical science-related busi­
nesses and institutions. 

Also in Montgomery County is the 
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New Jersey has more scientists, 
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capita than any other state in the 
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New Jersey is where you'll find 
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and telecommunications ... 
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faster and smaller computer 
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plastics lighter than aluminum 
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be better off in New Jersey. Learn more about New 
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Technology 
Is In a stale. 

E l 2  

Tennessee is closer to the 
moon than it looks: much of 
the technology launched into 
space was researched in Ten­
nessee. But space is just one 
side of Tennessee's technol­
ogy story. Electronics and 
computer science are major 
industries. T he University of 
Tennessee is becoming a na­
tionally recognized energy 
research center, and we're 
making important break­
throughs in medical technol­
ogy. When it comes to high 
technology, Tennessee is get­
ting down to brass tacks and 
giving y ou the moon, and 
more. For more information, 
write or call Mike DuBois, 
Tennessee Department of Eco­
nomic and Community Devel­
opment, Andrew Jackson 
Bldg. , Box 999, Nashville, TN 
37219. 1-800-251-8594. 

We get down to Brass Tacks. 

Corporate Growth in Advanced Technology Centers 

planned city of Columbia with both 
residences and work places for people 
in high technology. Columbia mirrors 
to some extent the planned city of Res­
ton across the river in Fairfax County, 
V irginia, another site for much high­
technology industry. 

The Plan ned City 

An ambitious development that has 
learned much from Columbia, Reston 
and the Research Triangle is The 
Woodlands near Houston, Texas. This 
project of the Mitchell Energy Compa­
ny is a wholly integrated 25,000-acre 
residential, research and light manu­
facturing community. The developers 
intend that everyone who works in the 
Woodlands can afford to live there. 
Several thousand people already do. In 
that, the community differs little from 
the traditional concept of the small, 
self-contained town, which it is. 

The research forest has four ele­
ments. There will be a 400-acre cam­
pus for the University of Houston. The 
Texas Medical Center Inc., has 150 
acres for a research campus. One hun­
dred acres belong to the Houston Area 
Research Center (HARC), a research 
institute under the auspices of Texas 
A&M, Rice University and the Univer­
sity of Houston. Some 1,300 acres are 
set aside for high-technology business­
es and their suppliers. 

While developers take pristine land 
and turn it into parks, in many parts 
of the country suitable sites lie fallow. 
These are deactivated military bases. 
Though these sites are frequently off 
the beaten path, companies can turn 
their existing infrastructure to com­
mercial use at low cost. Many were air 
bases. In Chippewa County, Michigan, 
for example, market-driven firms can 
set up on 41 'acres of lighted concrete. 

Other states and regions hope to use 
what they already have to generate 
new technology industry. Illinois, for 
example, has the Argonne National 
Laboratory, Fermilab, the Illinois In­
stitute of Technology Research Insti­
tute (IITRI), the many fine universities 
around Chicago and the University of 
Illinois at Champaign-Urbana. A tech­
nology corridor extends westward from 
Chicago toward Fermilab. The area 
has an enormous base in existing med­
ical and electronics technology. It has 
some of the more active and venture­
some venture capitalists. But it has 
lacked the university-industry-commu­
nity links that have been so important 
to theory-based entrepreneurial activi­
ty elsewhere, which explains recent 

Task Force development of significant 
education-based local cooperation. 

The GOeO 
Con nection 

Many localities with government 
high-technology installations now see 
that these facilities are part of the 
community's technology base. They 
employ thousands of scientists and en­
gineers as well as equipment and in­
strumentation that only the wealthiest 
of industries and few universities can 
afford. These are the GOCO (Govern­
ment-Owned, Contractor-Operated) fa­
cilities. Much of their technology is in 
the public domain. 

A government high-technology facil­
ity linked to local universities creates 
a high-technology center all its own. 
With proper encouragement, availabil­
ity of capital, extended relationships 
with local businesses, GOCOs become a 
factor that expanding high technology 
companies must consider as well, as 
potent centers for local development. 

Tennessee, recognizing the enor­
mous science and technology base at 
the Union Carbide-operated Oak Ridge 
National Laboratory and the Universi­
ty of Tennessee a few miles west at 
Knoxville, has undertaken a major 
program to develop a technology corri­
dor. Tennessee is not widely thought of 
as a high-technology area. Yet there 
are over 2,000 Ph. D. level profession­
als in the Oak Ridge area alone, in­
cluding the largest concentration of 
doctorate-level biologists in the world. 

Similar GOCOs and even GOGOs 
(Government-Owned, Government-Op­
erated) facilities across the country 
provide ready-made advanced technol­
ogy centers to which aspiring compa­
nies might well attach themselves or 
from which new ones might spring. 
Dayton, Ohio, for example, rightly con­
siders Wright Patterson Air Force 
Base, the Air Force's major technical 
center, to be a community high tech­
nology resource. 

The benefits to California of such 
GOCOs as the Jet Propulsion Labora­
tory and the Livermore Laboratory are 
substantial. Florida's technology has 
gained from the space flight operations 
at Cape Canaveral and the industries 
that have sprung up to serve them. 

NASA's contribution to the technol­
ogy base in Houston is incalculable. 
Joseph P. Loftus, Director of Technical 
Planning at NASA, Houston, recalls 
the moon-shot days when thousands of 
eager engineers and scientists flocked 
to Houston to be at the leading edge of 
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something exciting. "I see 15,000 engi­
neers and scientists who once worked 
here and stayed. They have effected an 
enormous transfer of material and 
management technology from the very 
leading edge where NASA works into 
the everyday business of the region." 

New Mexico has university-operated 
Los Alamos National Laboratory and 
AT&T-run Sandia National Labora­
tory. These and other GOCO facilities 
of the Department of Energy work in 
many economically significant areas 
such as geothermal research, synfuel, 
solar and new and renewable energy, 
as well as nuclear fission and fusion. 

The Federal government's primary 
laboratory for western coal and lignite 
research is at Grand Forks, North Da­
kota. It is now owned by its former 
contract operator, the 100-year-old 
University of North Dakota, and re­
named the University of North Dakota 
Energy Research Center. It will contin­
ue to handle government projects but 
will also conduct programs for other 
sponsors. The Center could be the nu­
cleus of a technology center. 

University-I ndustry 
Linkages 

Successful technology transfer from 
research to commerce generally re­
sults from good linkages between the 
universities and industry. Such link­
ages do not always exist. In maintain­
ing something of an ivory tower 
attitude toward the real world, some 
universities have forbidden their facul­
ties to engage in commerce. But as 
manufacturing technology approaches 
levels of science once found only in the 
academic research laboratory, and as 
only industry and government can af­
ford the equipment needed to probe 
the outer reaches of knowledge, more 
universities participate in the market­
place. 

At the first meeting of the NGA task 
force, Dr. George A. Keyworth, Science 
and Technology Adviser to the Presi­
dent, remarked about the problem: 
"The resistance of the flow of technolo­
gy from our research laboratories to 
the marketplace is abysmal, " he said. 

"There was a decoupling of universi­
ties and the business community, " 
says Robert Premus. "The universities 
sought Federal money for their pro­
grams, which were for Federal pur­
poses. That reduced the flow of 
technology into U.S. industry. But the 
government cut back support to uni­
versities. We see the universities get­
ting anxious and talking to the 

Advertisers in this special SCIENTIFIC AMERICAN advertising 

supplement will be pleased to provide additional information about 

their services: 

Commonwealth of Pennsylvania, 

Department of Commerce 

Consumers Power Company 

Glenrothes Development Corporation 

Huron Center 

Industrial Development Board 

for Norther n Ireland 

New Jersey Department of Commerce 

& Economic Development 

Public Service Electric & Gas Company 

State of Michigan, 
Office of Economic Development 

State of New Mexico, 

Economic Development Division 

State of Tennessee, 
Department of Economic & Community Development 

State of Utah 

State of Vermont 

Interested readers may contact advertisers directly or may write: 

Manager-Industrial Sections, SCIENTIFIC AMERICAN, 
415 Madison Avenue, N.Y., NY 10017. 

EI3 © 1983 SCIENTIFIC AMERICAN, INC© 1983 SCIENTIFIC AMERICAN, INC



Huron 
Center 
Set Your Site On 
The Land of Hi-Tech 
H u ron Center is a prestigious 393 acre 
development located in  the heart of the 
U S . h igh-technology appl ied industry 
marketplace . Strateg ical ly located on 
I nterstate 94 in Southeast Michigan . the 
center gives you easy access to the 
respected research centers of Ann Arbor 
and the diverse man ufactur ing fac i l it ies of 
Detroit. 

Abundant resou rces include a large 
sk i l led labor force and exceptional support 
in research and development and 
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centers. Local and state governments are 
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corporate community again. " 
A respected university has value to 

an expanding firm, because it supplies 
a talented labor pool, is an educational 
and technology resource for the com­
pany's staff, and because it attracts a 
continuing flow of talent. Indeed, basic 
to technology transfer is the flow from 
other university-centered areas of peo­
ple who like birds carry seeds of tech­
nology sown elsewhere. 

Many people recognize the problem 
of attracting development support 
from academia and are doing some­
thing about it. Solutions range from 
organized industry-university linkage 
organizations through business incu­
bation programs at universities to loos­
ening the rules so that faculty may 
more easily talk to business. 

The University of Wisconsin at Mad­
ison has had the University-Industry 
Research Program (UIR) since 1966. 
UIR helps develop relationships be­
tween UW faculty and industry and 
helps industry and faculty identify 
programs, facilities and people with 
mutual research interests. 

The Oregon Graduate Center, a non­
university degree granting organiza­
tion, performs a similar function. The 
Center has been an important factor in 
the state's success in attracting spinoff 
advanced technology companies. 

In Pennsylvania, the aptly named 
Ben Franklin Partnership program 
concentrates on patents. College and 
university patent policies cover new 
developments through the advanced 
technology centers. Policies concern li­
censing in the state, royalties and oth­
er fees to support advanced technology 
centers. 

I ncubating 
New Businesses 

At Carnegie Mellon University in 
Pittsburgh, Prof. Dwight M. Baumann 
has been trying a somewhat different 
approach-the incubator. He set up 
the Center for Entrepreneurial Devel­
opment at Carnegie Mellon in 1971. 
Since a common feature of successful 
advanced technology centers is a grow­
ing cluster of entrepreneurial compa­
nies passing on through several 
generations, Prof. Baumann wanted 
"to see if we could create a cluster. " 

Prof. Baumann's Pittsburgh Center 
has been responsible for 16 first-gener­
ation high-technology companies and 9 
second-generation ones. One sold for 
$6 million. Prof. Baumann acknowl­
edges the importance of venture capi­
tal, but not necessarily where the 

entrepreneur is: "Venture capital fol­
lows innovation-not precedes it, " he 
points out. 

Where The Money I s  

Most states recognize that venture 
capital and follow-on financing are im­
portant. Some have innovative pro­
grams to channel funds to new 
companies. Connecticut has a unique 
concept in the Connecticut Product De­
velopment Corporation (CPDC). This 
publicly-funded, state-chartered corpo­
ration's mandate is to invest in innova­
tive new products. CPDC borrows from 
the state to share the costs of develop­
ment with the company. CPDC earns 
royalties and repays the state trea­
sury. The funding is not a loan, but 
neither is it equity. On a successful 
product, CPDC can recoup five times 
the development funding. If the prod­
uct fails, CPDC loses its money, so far 
about 3 percent of its total investment. 

Michigan has begun to move into ar­
eas where private capital has been ab­
sent. The state has venture capitalists, 
notably Doan Resources of Midland, 
but they are not sufficient to the de­
mand. So the state legislature passed 
new laws that allow state retirement 
funds to make equity investments in 
Michigan businesses. Over $350 mil­
lion is thus available to high technolo­
gy companies. 

Under new legislation proposed by 
Governor Ted Schwinden, Montana 
will invest 25 percent of certain tax 
proceeds in new' and expanding Mon­
tana firms, about 13 million dollars 
the first year. Some 20 percent of the 
state's own investment portfolio will 
be in new or expanding Montana 
firms, about 140 million dollars per 
year. The state will also create a pri­
vate-sector venture-capital Montana 
Development Credit Corporation. 

Maryland takes a somewhat more 
conventional approach. The Develop­
ment Credit Corporation of Maryland 
(DCCM) does not take an equity posi­
tion; rather it lends money to fledgling 
firms that have shown some evidence 
of managerial ability to operate at a 
profit. 

Different States, 
Different Styles 

As the competition to attract ad­
vanced-technology industry intensifies 
among advanced technology centers, 
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the states and regions have begun to 
resemble the firms they seek. Econom­
ic development departments are be­
coming analogous to profit centers. 
They raise money, mount marketing 
efforts, devote more attention to such 
quality controls as cutting out bureau­
cratic red tape and honestly analyzing 
themselves to isolate specific benefits 
and competitive advantages. 

The mode and philosophy of econom­
ic development varies greatly from 
state to state, as the NGA survey 
makes clear. The governor himself, 
however, is the chief economic develop­
ment officer. States Fantus's Robert 
Ady "The Governor is the ultimate 
spokesman. He makes a profound im­
pression by his personal involvement 
in the economic development process. " 

Some states maintain a relatively 
low-key, low-budget effort. There may 
be a small office buried in another de­
partment or attached to the Office of 
the Governor. Cities and counties may 
have only the business-funded local 
chamber of commerce. 

Others rival many countries. A well­
funded central organization may have 
a cabinet-level director and control of a 
huge budget for everything from ad­
vertising to financial aid. Such an or­
ganization may well have branch 
offices in other states and in foreign 
countries. 

Some states that believe they have a 
special focus maintain relatively small 
organizations. Delaware, for instance, 
seeks high-technology industry but is 
more oriented toward technology-us­
ing service industries like banking and 
finance, a route North Dakota has also 
taken. Delaware is one of only four 
states with a court devoted entirely to 
business law, the Court of Chancery. 
Other states, says Delaware, can 
change their systems to match. But 
nothing can match Delaware's eighty­
year history of case law in business 
affairs. 

A few states have publicly-funded 
municipal and county development or­
ganizations that are nearly as promi­
nent or more so than the state 
organization. A gain for the county or 
city is of course a gain for the state. 
But once a county or city organization 
learns of a prospect, the rivalry and 
competition can be as fierce as any 
between nations. 

Uti l ities 
Eager to Help 

Companies need adequate and de­
pendable utilities: Among the factors 

Advertisement 

that influenced the government's deci­
sion to install Fermilab's huge particle 
accelerator in Illinois, for example, 
was Commonwealth Edison's ability to 
satisfy enormous instantaneous power 
demands at a reasonable price. 

Dependable power is seldom a prob­
lem in the United States. In any case, 
utilities are not a deciding factor for 
most high-technology companies. How­
ever, in many states the utility compa­
nies are a valuable resource in another 
way. They are literally wired in to 
their state or region. As investor­
owned companies, they are invaluable 
information sources. 

Sometimes the utilities do more 
state promotion than the states. As 
John H. Maddocks, General Manager 
for Area Development at New Jersey's 
Public Service Electric and Gas Com­
pany puts it: "We're part of New Jer­
sey. The vitality of our company is 
related to the economy of the state. " 

Michigan's Consumers Power Com­
pany gives prospective Michiganders 
extensive information. Not only does 
the company help select a site, its 
training program for Michigan com­
munities shows them how to retain in­
dustry and attract new ones. 

A new company or an expanding one 
thus has many places to turn in seek­
ing those factors that will best suit its 
unique needs. Company management, 
particularly when looking for new 
sites for market-oriented plants, can­
not easily rule out any location. It is a 
truism that every place will uniquely 
match someone's needs. And, to quote 
Florida's promotional motto, "People 
like to work where they like to live. " 

Venture Capital­
High-Tech Nutrient 

Most government financial incen­
tives have little to do with getting the 
shaky embryonic firm with a great 
idea out of the basement, garage or 
university laboratory and into the 
marketplace. That function is truly 
the province of venture capital. A few 
states have made some provision to 
help guide state funds into venture 
funding. But it is not yet clear what 
form these initiatives will eventually 
take. 

They might be repaid out of profits 
to an extent beyond the initial sum. 
Such a form, similar to that of the 
Connecticut Product Development 
Corporation, is a grant whose reim­
bursement is contingent on the success 
of the enterprise. Maximum reim­
bursement is limited to five times the 

Hughes Microelectronics Ltd. ,  
I nvesting $10 m i l l ion in  p lant 

and equ ipment to increase production of 
microelectronic components and sub­
system assembl ies. 
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amount of the original grant. 
Venture capital is equity money in­

vested in the early stages of a compa­
ny's life to help it grow beyond startup. 
While the initial money will have 
come from principals and their fam­
ilies, venture capital generally comes 
from outsiders, who take shares in the 
company and will become part owners. 

Relations between venture capital­
ists and company founders are com­
plex. They can be difficult depending 
on how much control the venture capi­
talist demands and the founder is 
willing to yield. (For an excellent 
discussion on this point, see "Raising 
Venture Capital: An Entrepreneur's 
Guidebook, " published by the New 
York accounting firm Deloitte Haskin 
& Sells.) 

A U.S.-based high technology compa­
ny in the theory- or product-driven 
stage would not usually locate its oper­
ations overseas. There are exceptions, 
especially in bio-medical technology. 
An overseas location can allow such a 
company to bring a product to market 
sooner under perhaps more relaxed 
regulatory procedures than those in 
the U.S. 

When a high-technology product 
reaches the market-driven commodity 
stage, however, and costs and market 
access outweigh most other factors, 
management must look as closely at 
overseas sites as domestic ones. A com­
pany will usually consider off-shore 
manufacturing if it also has or expects 
to develop markets abroad. However, 
foreign production occasionally makes 
economic sense even when all output 
goes to the U.S. market. 

Many countries are eager to attract 
high-technology manufacturers. Coun­
tries want these .industries for the 
same reasons the states and localities 
of the U.s. do. They provide jobs, help 
upgrade local skills and eventually in­
crease the tax base. More important in 
the view of many countries is the po­
tential for technology transfer. Sadly, 
the latter expectation is usually a vain 
one unless a country already has a 
strong technology base of its own. 

That has not deterred most of the 
world's nations from competing for 
high-technology industry. Just as have 
the several states, many have set up 
special economic development agen­
cies designed to bypass much govern­
ment red tape and deal directly and 
efficiently with high-technology com­
panies. Some of these such as the 
Northern Ireland Industrial Develop­
ment Organization (NIIDO) are virtu­
ally autonomous and empowered to 

E l 6  

I n  the 
Last Analysis 

A management's decision on where 
to put the new high-technology manu­
facturing plant can rest on intangibles. 
Among the factors Bob Premus's sur­
vey found was the company founder's 
place of birth. As says Colorado-born 
David Packard, "I have always had a 
high regard for the University of Colo­
rado and it may have something to do 
with my interest in our location in 
that part of the country. " 

Hewlett-Packard's first expansion 
beyond Palo Alto was to Colorado. 

Managements want to increase prof-

deal with new companies on a range of 
issues far beyond those that most do­
mestic development agencies can han­
dle on their own authority. 

Overseas organizations like NIIDO 
offer as incentives the same range of 
financial and personnel benefits as do 
the U.S. organizations. And as do the 
U.S. states, other development agen­
cies such as the Industrial Develop­
ment Authority of Ireland (IDA), the 
French, German, Italian, Danish, Lux­
embourg, Malaysian, Singapore, Sri 
Lankan and more will try to match 
those incentives. Indeed, as agents of 
sovereign governments, not govern­
mental units, these overseas organiza­
tions can compete at an awesome level, 
one few states could match. 

Though location per se is seldom the 
primary factor for a market-driven fa­
cility, it can be important if the mar­
ket is an export one and the company 
has extensive overseas interests. 

Northern Ireland gives ready access 
to the European market and particu­
larly to the British and British-depen­
dent markets from within the political 
boundaries of the United Kingdom. 
Ireland is an English-speaking jump­
ing off place for all Europe from within 
the Common Market. Luxembourg is a 
money center. Austria is the gateway 
to Central and Eastern Europe and 
Hungary is the stepping stone. 

Caribbean dependencies of Europe­
an countries, such as the Netherlands 
Antilles, allow favored access to the 
Common Market from bases closer to 
home. Special agreements allow other 
countries like Trinidad and Tobago 
such access too. Puerto Rico and the 
U.S. Virgin Islands confer tax benefits 
no state can match. A high-technology 
firm can serve markets in Asia better 
from Sri Lanka or Malaysia. 

AdvertiKment 

its. Mature managers will consciously 
examine every facet of their company's 
position within its own evolving indus­
try and the company's own stage of 
development. Those in the theory-driv­
en phase may also make all the right 
moves more out of instinct than rea­
soned strategy-one reason so many 
company founders find themselves 
ousted as the company enters the prod­
uct- and market-driven phases. 

But instinctive or planned, any high 
technology firm must encounter, con­
sider and deal with these many factors 
governing the right location at the 
right time in the company's history. 
No advanced technology business in to­
day's fast-changing markets can stand 
entirely alone. 

Most nations have active invest­
ment-promotion programs. In some, as 
in many U.S. states, local units such as 
Glenrothes in Scotland work in paral­
lel with the national agencies. As in 
the states, the degree of skill, re­
sources and commitment each nation 
brings to its promotion effort varies 
enormously. 

Profit is no longer a dirty word in 
many countries. Foreign investment, 
once shunned, is now sought. But old 
attitudes die hard. As one skeptical 
participant in a recent investment pro­
motion conference said: "Politicians 
propose; bureaucrats dispose. What 
have you done about your bureau­
crats?" The more successful organiza­
tions like NIIDO and IDA were 
designed to shortcut bureaucratic 
channels. For lack of that authority, 
some nations' efforts remain hobbled 
despite the best intentions. 

Numerous investment promotion 
agencies have branches in the United 
States. Reflecting their independence, 
these are not connected to embassies 
or consulates. Other nations treat de­
velopment as a sideline for diplomatic 
personnel. 

At the urging of a staff member, 
Adly abd el Meguid of Egypt, the Unit­
ed Nations Industrial Development Or­
ganization (UNIDO) in 1978 set up a 
program to help governments develop 
their own investment promotion ca­
pacity. The U.S. Overseas Private In­
vestment Corporation (OPIC) helped 
fund the project. Several countries run 
their promotion efforts out of UNIDO 
in New York. Sri Lanka was one of the 
first and more successful graduates of 
that program. The

· 
country's success 

reflects location and commitment. 
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THE REAL NORTHERN IRELAN D :  

Martin Malone is one 
reason electronics 
investors score big 

in Northern Ireland. 

I f 

Martin Malone knows his way 
around both the sports c i rcuit and the 
printed c ircuit. 

A semi-professional I rish League­
footba l ler in off hours, on the job Martin 
captains a team of 1 1 0  printed-circuit 
technic ians as works manager for 
Ir landus Circuits Ltd. in Cra igavon. 

Because our un iversities and tech­
n ica l col leges turn out a plentifu l  and 
welcome supply of special ists in elec­
tron ics engineering and computer 
sciences. Northern I reland is an idea l 
place for any state-of-the-art company 
to introduce h igh technology 

Besides our ski l led work force, other 
good reasons to invest in  Northern 
I reland are an enviable labor re lations 
record, excel lent R&D support programs, 
top-grade transportation and commu­
n ications l inks for easy access to the 
Common Market and other parts of the 
world, and investment incentives which 
have been judged the best overa l l  in 
the EEC. 

I f  you have any doubts about how 
smooth ly business continues to function 
today in Northern I reland, ask anyone 
who 's been here recently Better yet. come 
see for yourself For further information, 
contact Ian Walters or George Forster at 
the Industria l  Development Board for 
Northern I reland, New York office, 
1 50 E.  58th St., New York, NY 1 0 1 55.  
Or ca l l  (2 1 2) 593-2258. 

' r 
Northern 
Ireland works. 
A vis it wi l l  convince you. 

�IDB 
Northern 
Ireland 
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BOOKS 

Mineral origins of life, the senses, Image 

processing, an ideal monastery, armaments 

by Philip Morrison 

GNETIC TAKEOVER AND THE MIN­

ERAL ORIGINS OF LIFE, by A. G. 
Cairns-Smith. Cambridge Uni­

versity Press ($29.95). Once upon a time 
there were those who held that a self­
duplicating system might in principle 
lie beyond scientific understanding. A 
machine that could build a simple de­
vice, say a pair of scissors, is not too 
complex to conceive. If the machine 
were asked to build more complex mech­
anisms, however, it would need to be 
more complex than they are. A ma­
chine able to build itself, which plainly 
would be no simple mechanism, might 
then be a logical impossibility, a vi­
·cious regress into infinity. 

It was John von Neumann, engaged 
by what he had newly come to expect of 
the digital computer, who before 1948 
brilliantly countered that rather vague 
argument. The core of his account bears 
repeating: It is not hard to imagine a 
machine able to correctly assemble any 
finite set of parts drawn from a large 
store. The machine is complicated, to be 
sure, but it can be assembled out of the 
same parts. It builds by following taped 
instructions. Call it a universal tool ma­
chine, to which it is an analogue of sorts. 
Now code the recipe for the tool ma­
chine itself onto a long tape. Such a tape 
and tool machine can then together self­
reproduce without logical troubles, giv­
en a few more items to allow copying 
and the like. The tape has taken over all 
the instructional complexity; it will be 
long indeed, but the tool machine has 
reached its plateau of complexity once 
it is able to carry out an arbitrary se­
quence of taped orders. It has only to 
work away for a long time. 

We now recognize the profundity of 
von Neumann's logical example. It de-. 
scribes all life. What is the living cell but 
a long tape of DNA informing a tool 
machine? It is all constructed by linking 
rather simple monomers into long se­
quences that fold themselves into the 
molecular structures and catalysts of 
life. Replication proceeds exactly as en­
visioned, with the tape calling up a new 
tape and a new machine out of an ex­
isting machine that studiously scans the 
ancestral tape. 

High on the agenda of molecular biol­
ogy is an account of the origins of such 
a system. The problem stands unsolved. 
It is clear that some small length of ear­
ly tape needs to call up a working tool, 
to make up another little segment of 
tape and so on. Here trouble comes. It 
is the very separation of DNA and the 
functioning of protein that lies at the 
heart of the von Neumann logic, and 
just that distinction makes an initial 
coupling hard to find. All the wonder­
ful codes and adapters are fine once 
they are evolved but look implausible 
as early elements. 

This innovative book by a Glasgow 
chemist expands on an idea he first put 
forward in 1966. Although the book 
(which is accessible, he says in his pref­
ace, "if you enjoy reading, say, Scientif­
ic American ") does not mention the von 
Neumann argument, it flourishes within 
a gap in it, a gap not so much in logic as 
in the implications drawn from the strict 
original proposition. The universal tool 
machine is a nice contrivance if you ex­
pect to oversee the evolution of that in­
tricately woven fabric of diversity that 
now is life on the earth. In the beginning, 
however, no such flexibility and versatil­
ity need be provided. It is enough to 
have some crude self-replicator, if only 
there is future opportunity of passing 
over to a von Neumann scheme, with its 
unendingly evolving recipes for varied 
actions that remain chemically distinct. 
At the outset no such clean distinction 
need have existed; the plan and the op­
erating devices might have been much 
more alike. 

The primary organisms might have 
been fabricated at a much coarser level. 
Today the DNA stores key instructions, 
not in one or two atoms per bit, presum­
ably the limit of fine-grained instruction, 
but in molecular aggregates of hundreds 
of atoms. Early in the course of evolu­
tion the miniaturization may have been 
much less advanced. Today the organic 
monomers of life are not found outside 
the biosphere; originally the material 
basis of information storage for repli­
cation may have been inorganic, min­
eral, abundant in the earth before any 
life quickened. Today the key sequen-

ces are stored in a fundamentally one­
dimensional array, the double helix of 
DNA, wonderfully spooled and reeled 
in the chromosome dance. In former 
days the store might have been two­
dimensional, some defect pattern spread 
across a crystal surface layer, able to 
promote its own reprod uction, albeit 
only approximately. 

Dr. Cairns-Smith starts out with a few 
chapters in the vein of these arguments: 
definitions, general questions, even a 
pleasant dialogue in which he concedes 
that most of his colleagues in the field 
see his proposals as having "all the qual­
ities of a bad theory "-easy and inviting 
reading. About half of the book explains 
the most unfamiliar and positive part 
of these ideas, the nature of clays, mi­
crocrystalline material that forms out 
of the weathering of common rocks in 
water solution. The pictures here are as 
instructive as the text; the fibers and 
wormlike lengths of many-layered sili­
cate microcrystals offer a very differ­
ent view of crystal growth. The point is 
made that in this domain it does not 
seem unlikely that defects or even acci­
dental linkings of crystallites might con­
fer a selective growth advantage. A sim­
ple scenario, taken as an example only, 
imagines special clays that might "swim 
upstream to lay their eggs." It is not ab­
surd; consider that a particular config­
uration might grow well in some inter­
stice in a wetted sandstone. It might 
turn flocculent after growth, to drift off 
and seed itself downstream normally. 
Downstream, however, the environ­
ment might change for the worse. Per­
haps some of the clay complexes be­
come flocculent once the concentration 
of sodium ions drops; those individ uals 
break off only at that time, a clear sign 
of backflow, to seed more survivably 
in fresher waters upstream. Given self­
reproduction, this seems a plausible ex­
ample of how marginal natural selec­
tion might work on colloids. 

After many ingenuities, particularly 
around the ways in which folding and 
twinning and surface contact might give 
rise to broadly inheritable surface pat­
tern among crystallites, the book closes 
with a tale of revolution. Carbon atoms 
took over and in the end cut loose from 
their silicate substrate to establish cells. 
This part of the story is still more con­
jectural; it calls for detailed biochemis­
try. It nonetheless has one strength: the 
membranes of the living cell are a good 
deal more evocative of a legacy where 
they are coupled to a layer of clay than 
they are of any floating loop of DNA. 

Right or wrong, this audacious, in­
formal, instructive book is a scientific 
thriller. It ends in challenge: the answer 
to these questions will be given not by 
tighter argument but by finding out how 
to make some kinds of primary organ­
isms in the laboratory. That result is not 
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close, but it can be foreseen; the first 
hints of surface pattern reproduction in 
clays may already have been found, as 
long ago DNA was shown to replicate 
in the test tube. The parallel is caution­
ary; this is no fleeting puzzle but a rid­
dle grander than the Sphinx ever put. 

THE SENSES, edited by H. B. Barlow 
and J. D. Mollon. Cambridge Uni­

versity Press ($59.50). That the human 
senses are to be seen as physical instru­
ments is an insight as familiar as it is 
profound, and the opening chapter of 
this compact and up-to-date summary 
directly applies the metaphor. Plainly 
it makes a difference whether the lab­
oratory example is the camera obscu­
ra of the 17th-century philosophers or 
the digital computer with video input 
of today. Fourier synthesis and signal­
to-noise ratios inform many chapters; 
they are elucidated graphically and well 
without formal mathematics. One ex­
perimental result put into this context 
speaks eloquently of unity. A histogram 
plots the number of nerve impulses re­
corded at synapses in the spinal cord but 
originating in a single sensory terminal 
in the skin. No stimulus was applied: the 
noisy nerve fiber fired anyhow, with a 
mean rate of six impulses per tenth of 
a second. A moderate stimulus doubled 

the rate of firing. In the two cases the 
observed firing rate fluctuated at ran­
dom by about the same amount, plus or 
minus three pulses per tenth of a second. 
Thus both the signal and the signal-to­
noise ratio doubled. The error rate for 
the stimulus would be about one in six 
times; for a judgment to be made at 
odds of one in 100 the signal would 
need to be twice again as strong. This is 
neuroengineering. 

A recent experiment displays the re­
sponse of a single retinal rod cell (it is 
one taken from a toad retina, an order 
of magnitude longer than a mammalian 
rod) to single photons. The current flow 
to the rod caused by the absorption of 
light by rhodopsin was recorded for 40 
weak flashes. At the time of the flash the 
response duly appears, except that many 
bumps are missing. The Poisson statis­
tics hold well because the events are sin­
gle-quantum ones. Our own color-de­
tecting retinal cones, much shorter and 
less absorbing than the color-blind rods, 
need many photons if significant cur­
rent is to be seen above the background 
noise. Now, cone color response is shift­
ed about 10 percent red ward of that of 
the more sensitive rods; it is hard to re­
sist the inference, although it is far from 
proved, that the higher thermal noise 
faced in the cones because of their low-

ered energy barrier has called for a re­
duction in sensitivity. Rods are fit for 
detecting faint images at the periphery; 
cones, for acute study when there are 
plenty of photons. The design of the reti­
nal surface is understandable. 

The eye is also, of course, a classical 
lens system; the most frequent clinical 
intervention is for lens improvement. 
The refractive model of the eye is here, 
and with it one sees a strict measure of 
performance. The measured spread of a 
bright-line image is not much broader 
than the diffraction-limited theoretical 
best to be had with a given pupil size 
and color of light. The eye, however, 
is no mere camera, not even one with 
a remarkable dual film response: the 
"sensitive long-latency, slow-exposure 
monochromatic system (the rods) with 
a less sensitive, shorter-latency, brief­
exposure color system (the cones)," 
both speeding up automatically as the 
light level rises. The eye perpetually 
scans. That foveal spot offers five times 
the peripheral resolution over a central 
region only a few degrees across. We 
carry a detailed survey across the entire 
visual field quite unconsciously in fifth­
of -a-second hops, neither aware of the 
motion nor bothered by the piecewise 
detail In the scene. 

Such subtleties, along with stereo vi-

© 1983 SCIENTIFIC AMERICAN, INC



sion, edge and feature detection, and 
color perception constant under wild 
changes in the color of natural illumi­
nation, belong to higher centers. Some 
lie in the retinal interconnections, some 
close to the cortex itself. There is the 
computer hard at work in us all, open to 
laboratory study only since that meta­
phor itself became realized within the 
past generation. 

About half of this unusually well­
written and well-coordinated account 
by a dozen British research workers 
(plus one Michigander) is spent on the 
eye. Another fourth of the volume deals 
with hearing, presenting a good mix of 
the familiar with the brand-new. Noth­
ing is said explicitly of hints of regener­
ative circuitry in the cochlea, although 
the unexpectedly sharp tuning of that 
wet system draws attention. 

Last and least, although perhaps fresh­
est, is the treatment of the other sen­
ses: touch in skin and viscera, the sys­
tem of the inner ear that is our version of 
inertial guidance, the chemical channels 
of smell and taste. There is good evi­
dence of a descending control outward 
from the brain along the pathways usual 
for inflowing pain. Biochemical study 
is rapidly identifying specific chemical 
mediators and antagonists in service 
throughout this intricate alarm system. 

One remarkable result almost a dec­
ade old is the ind uction of vertigo by 
drinking heavy water. The interpreta­
tion is that the stuff entering the fluid of 
the semicircular canals increases the flu­
id density. The slight mismatch in buoy­
ancy then makes the delicately wired di­
aphragm that blocks the canal sensitive 
to its position under gravity instead of to 
motion alone, the normal state. A stag­
ger results, akin to that proverbial after 
unwise intake of alcohol but with the 
apparent turning being in the opposite 
direction. Alcohol may act merely to 
lessen the density of the canal fluids. The 
result seems almost too pat to be true, 
even though it does account for such a 
specific effect from such a simple sub­
stance as ethyl alcohol. 

Throughout the mind's instruction is 
under study with oscilloscopes and sig­
nal generators; issues of nature and 
nurture, of perception and cognition 
arise almost as naturally in the labo­
ratory as in the physiological details 
cited. The topic of this contemporary, 
ambitious and reflective treatment tran­
scends medicine. 

DIGITAL IMAGE PROCESSING: A SyS­

TEMS ApPROACH, by William B. 
Green. Van Nostrand Reinhold Compa­
ny Inc. ($34.50). It is nothing new to re-

Concord •. 

gard an image as a large array of num­
bers. But this book, quite accessible to a 
general reader with a limited tolerance 
for algebraic equations, provides an up­
to-date overview of the consequences 
of regarding that array as an invitation 
to manipulate. First the artists, then the 
cartographers, then the photographers 
and now the computer engineers have 
used the image as raw material. Of 
course, eye and brain have always done 
no less, so to speak in secret, but it 
takes the digital computer, nothing if 
not explicit, to make clear how much 
everything we see is a piece of applied 
epistemology. 

Two fine pictures of crescent Mars 
face each other, products of the came­
ras of fast-approaching Viking Orbiter 2. 

One shows the Martian polar cap white 
below a beige quarter planet mottled 
with detail. The computer has already 
been at work. As the spacecraft moved 
in, three successive views were geo­
metrically registered in spite of steady 
changes in size and aspect. The accuracy 
of fit is about as good as possible, to a 
single picture element, or statistically 
even better. The technique is powerful; 
several small features common to all the 
images are chosen as reference points. 
The statistical correlation between the 
numerical images is then computed for 
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a spread of trial alignments in the ap­
proximate neighborhood of the recog­
nizable feature. The highest correlation 
is chosen; repeating the procedure for 
several tie points, a transformation can 
be numerically defined to register the 
distinct images sometimes with "subpix­
el alignment." 

Each of the three Martian views was 
shot through a different color filter. The 
camera response was known to be dis­
torting. It had been calibrated by record­
ing a uniform field at different intensi­
ties. The corrections were then applied 
to each image, to yield a set of three 
single-color images. These were then 
extrapolated to provide red, green and 
blue images with bandwidths matched 
to the requirement of the color film. 

So far the task has been remedial. 
Now for enhancement. The Vidicon 
camera has collected close to a million 
numbers per image, each number in the 
eight-bit range from 1 to 256. The com­
puter takes a census. The head count by 
intensity of pixel in each of the three 
colors is graphed right on the margin of 
the picture. These image histograms are 
basic tools for the work. The three bland 
profiles, however, do not mean much; 
we can see no easy outcome. We need a 
theory. It is the standard theory of three­
color reproduction. The three intensities 
at one pixel-red, green and blue-de­
fine a point in the familiar curvilinear 
color triangle and also a total intensity. 

Now the color space can be represent­
ed anew. The three coordinates yield 
one number to represent intensity, a sec­
ond to represent the hue (regarded as 
an angle turning from the green apex 
around through the other primaries) and 
a third to represent saturation, increas­
ing with distance out from the white 
point within the color triangle. These 
three numbers can be computed for 
each pixel, and again a census is report­
ed. One stretches the intensity distribu­
tion in a simple linear way, to take full 
advantage of the film latitude, in this 
case no large effect. The hue and satura­
tion populations are left unmodified. 

The result is "the best true-color 
rendition of the planet that can be 
achieved" with the system: not much 
color. The facing page shows the same 
scene, the same size, the same features. 
A watercolorist, we imagine, has been at 
work. Subtle reds and even some green­
ish tints have been added tastefully to 
enhance the interest of the beige ball. 
That was not, of course, the origin of the 
comparison image. It is .a controlled, 
objective product, even though it looks 
like a painting. Its hue distribution was 
spread out by a factor of seven and its 
saturations by a factor of three, holding 
their average values fixed. This is the 
Martian surface seen by an eye of su­
perhuman abilities; color nuances have 
become bold. 

48 

Most of the technical volumes in this 
field concentrate on the mathematical 
aspects of the algorithms that can eco­
nomically carry out such schemes on 
pixels by the million. William Green 
has instead chosen to tell this tale in 
the large, emphasizing the chain of op­
erations, the techniques in general, the 
choices and the tradeoffs. Illustrative 
comparisons such as the one outlined 
above abound, and with them the block 
diagrams of the systems req uired. Green 
summarizes the novel camera-equiva­
lent devices-in satellites, in the medical 
center and in astronomy-that acquire 
the pictures, the schemes by which the 
pictures can be digitized, the growing 
technology of easy display and access to 
images in enormous numbers, and the 
all-important details of their manage­
ment, such as careful labeling and filing 
schemes of high flexibility. Images so 
elaborately treated are misleading with­
out their clinical history, unless long fa­
miliarity and "ground truth" are at hand 
to provide the interpretation out of ex­
perience itself. 

Many other paths to enhancement of 
image are described, including more 
subjective stretches of iterated contrast 
and the simple color substitutions that 
are now familiar, particularly in the 
pages of Scientific American. There are 
new experiments with thematic maps, 
where a space is defined, say, by the col­
ors of known crops and each pixel is 
given a coded color in accordance with 
some measure of its position in the color 
space. The result looks like a colorful 
map of remarkable detail, and it would 
not mislead a canny viewer as the proc­
essed photograph can. We recognize at 
once that maps are partial representa­
tions based on understandings, that is, 
on theories, although we have not quite 
learned that no image at all, not even the 
field of view of every waking moment, is 
in fact much different. 

The references here include books 
and the periodical literature, as is usual. 
They extend, however, to rich sources of 
images of earth and sky and to sources 
of software for image processing, avail­
able from a NASA agency at the Uni­
versity of Georgia called COSMIC. Green, 
a senior figure in the field at no advanced 
age, "was fortunate to spend ten years at 
[the Jet Propulsion Laboratory] work­
ing in the finest image processing facility 
in the world." The examples reprod uced 
in the book support his claim, although 
we may wonder about the inaccessible 
contractors to the National Reconnais­
sance Office. 

THE PLAN OF ST. GALL: IN BRIEF, by 
Lorna Price. University of Califor­

nia Press ($·55). Som.e three years ago 
there appeared a work of intellectual 
and visual reconstruction as beautiful as 
it was learned, a "study of the architec-

ture and economy of, and life in, a par­
adigmatic Carolingian monastery." Its 
devoted authors, Walter Horn and Er­
nest Born, had spent some 15 years at 
the task, and they were able to express 
their findings in a form worthy of the 
scholarship, a classic of our day, ac­
claimed for its encyclopedic richness no 
less than for its perfection as a printed 
and ill ustrated book. 

At the same page size, but only a tenth 
as thick, this new book presents (at 
roughly a fifth the price) a sample and a 
summary of the parent work, all in ver­
milion, black and parchment. The au­
thor was the editor of the main volumes, 
and her explanatory text is set in a de­
sign by Professor Born. 

What is here is perhaps best described 
as a chain of projections linked across 
1 1  centuries. In about A.D. 820, when 
Louis the Pious held the throne of his 
father Charlemagne, a wonderful plan 
was made in his palace at Aachen for the 
ideal structure of a monastery of some 
300 souls devoted, under the rule of St. 
Benedict, to the work of God. It honored 
and framed the work of the hands-and 
of hens and oxen and water mill too­
that jointly sustain the Opus Dei, under 
abbot and king. That original plan is 
lost; what we hold is a sing'ie work of art, 
done in red on a pieced-together parch­
ment almost a meter square, devotedly 
traced from the original by two men 
who worked in the scriptorium of Rei­
chenau before A.D. 830. Since then the 
copy has been held in the monastic li­
brary of St. Gall, above Lake Con­
stance. At about the end of the 12th cen­
tury an unknown man there wrote on 
the blank side his pious life of St. Mar­
tin; he must have admired the old plan, 
because he was careful not to cut the 
parchment, although he erased one of 
the 40 ground plans it bore. 

Then the document vanished, al­
though it was still safe on the shelf be­
cause it was catalogued as a life of the 
saint. In 1604 it was returned to the 
stream of knowledge, its hundreds of 
detailed legends published without any 
drawings. In the mid- 19th century schol­
arship touched the plan of St. Gall, 
but not until 1952 was a facsimile pub­
lished. As a part of the observation of 
the 1,200th anniversary of the Carolin­
gian reign the two Berkeley scholars 
were charged with a study of the plan. 
Their massive work emerged in time 
to universal praise; this, its "overview," 
preserves beautifully a terse narrative 
and many illustrations prepared for an 
exhibit of their findings, which will tour 
a dozen American galleries between 
1983 and 1985. 

Two major tasks sprang from the 
plan: to project a third dimension out of 
each of the careful ground plans neatly 
composed in elegant rectangularity and 
to discover the size and scale the plan-
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ners had intended. The shelters, gardens, 
bathhouses, cloisters, infirmaries and 
cemeteries were given full form by the 
intensive use of comparisons, often ar­
chaeological ones. The Church of the 
Plan, never built, is rendered in quiet 
nobility, along with its cloister and re­
fectory. The functional structures were 
not modeled on the classical; indeed, 
they "descend from a house type " that 
was common among the Frankish peo­
ple. The present St. Gall monastery is 
only of minor help, because there "no 
stone of Carolingian origin stands to­
day above ground level." Fires, enlarge­
ments and the sacking of the site in 17 12 
have disturbed the signal in the stone. In 
fact, although Abbot Gozbert depended 
on the idealized plan as a guide to his 
A.D. 830 rebuilding of the monastery, 
then rather seedy, the hilly site could not 
fully accommodate the paradigm; the 
adjustments were major. 

Searching out the scale revealed a sur­
prise: the design was governed by an 
unexpectedly harmonious system. The 
architects followed a rigorous "progres­
sive dichotomy, " the modules they em­
ployed spanning no less than eight pow­
ers of two from great nave to burial plot. 
Among all these consistent four-square 
relations some circles appear: the two 
apses of the church are semicircles, and 
its two high detached circular towers, 
without bells, are imposing announce­
ments of "a Fortress of God." A couple 
of 40-foot circular hen houses, an "ex­
emplary solution " for a busy commu­
nity that daily needed the eggs of hun­
dreds of birds, are the least expected 
element of this vivifying display, an ex­
traordinary medieval union of the work­
aday and the exalted. 

WHAT KINDS OF GUNS ARE THEY 

BUYING FOR YOUR BUTTER? A BE­

GINNER'S GUIDE TO DEFENSE, WEAPON­

RY, AND MILITARY SPENDING, by Sheila 
Tobias, Peter Goudinoff, Stefan Leader 
and Shelah Leader. William Morrow 
and Company, Inc. ($ 15.95). How TO 

MAKE WAR: A COMPREHENSIVE GUIDE 

TO MODERN WARFARE, by James F. 
Dunnigan. William Morrow and Com­
pany, Inc. ($ 14.50). In the guns-or-but­
ter title of this pair an academic team 
has assembled a well-written nonmath­
ematical primer of the nature of mod­
ern war, both nuclear and conventional, 
with such matter-of-fact grimnesses as 
the following. Old, densely built cities, 
particularly if there is much wood in 
them, support fire storms, given a large 
enough initiating source. That is what 
Hamburg, Dresden and Tokyo shared, 
to say nothing of Hiroshima. American 
suburbs, however, are built with materi­
al an order of magnitude less combusti­
ble, only two pounds per square foot; 
they will not sustain a fire storm. Nev­
ertheless, "older American cities, [such 

as] Baltimore and Philadelphia, would 
surely burn." 

The bulk of the argument is presented 
in historical context, with a chapter that 
starts with sticks and slings, another that 
carefully traces the rise of nuclear weap­
ons and their strategies, and another 
on efforts toward arms control. A long 
chapter treats of today's conventional 
weapons, from rifles to aircraft carri­
ers. The text is narrative and informal, 
and the authors have quite successfully 
managed to dispel jargon, although the 
reader will learn what an M- 16 rifle and 
a P-3 marine patrol aircraft do (and look 
like). Simple description fills the sym­
bols with content, but it is not easy to 
talk about such organisms without their 
names. (An unusually "long aside " takes 
about seven rather lighthearted pages to 
give some rationale for Pentagonal no­
menclature, and there is a longer anno­
tated vocabulary of these terms of art 
as well.) 

If half of the book is military history 
and technology, half is rather cool poli­
tics: structure. The defense experts, the 
military, the Congress, the defense con­
tractors great and small (the great ones 
are listed) are paraded in review, both 
as individuals and as classes, in a per­
suasive chronicle of how the fast-grow­
ing 60 billions or so spent on weapons 
procurement annually (the figure is up 
again since the book was written in 
1982) are claimed and used, in "the sin­
gle most complex process by which poli­
cy is made in our society." 

A similar tale is told for arms con­
trol-a shorter story-and the book ends 
with a look at issues of the decade: 
NATO, a bigger navy, the Rapid De­
ployment Force, the embattled MX, 
high-tech v. low, and more. The volume 
shares the breezy tone of its title, but it is 
in fact an extensive and serious answer, 
evenhanded overall, although the au­
thors are plainly engaged and here and 
there show a claw, if not a tooth. The 
Mine Warfare Command, they reflect, 
is starved for skilled people. "It lacks 
glamour. You simply plant it in the wa­
ter and go away. It does its work in your 
absence. No glory there." Over a wide 
span of material the book is accurate; 
here and there a technical misunder­
standing creeps in, as it does for the be­
ginnings of thermonuclear weapons in 
the two superpowers. This team of au­
thors nonetheless knows how to inform 
serious beginners. "We don't want to tell 
you what to think, " they write, "but 
what to think about." 

How to Make War, the second of these 
books, is again an overview of war and 
weapons today, with a title that carries 
the full flavor of the somewhat iron­
ic text. James Dunnigan's vantage is a 
unique one. He makes war, profession­
ally, not in real life but in simulation, as 
the author and publisher of games and 

simulations of combat and campaigns 
through history. His aim is an appraisal 
of the means and nature of war today, 
and he treats explicitly those high adver­
saries, the U.S. and the U.S.S.R., with 
the other nations at least sketched in. 

The book is really an enfolding of two 
works, both first-rate for readers with 
some experience. About a third of it 
consists of a long series of tables of data 
(typographically hard to read) along 
with terse, defining glosses and enlarge­
ment. The dozen-odd tables include the 
expected lists of the characteristics of, 
say, battle tanks (the Russian tanks are 
in "massive numbers ... effective yet ex­
pendable ") or strategic weapons, com­
plete with kill factors. They include as 
well the supply needs of divisions and 
of aircraft units, the estimated combat 
losses according to branch of service, 
the ground density of personnel in units 
of the American and Russian forces, 
and the itemized costs of raising an in­
fantry division. These tables surely de­
rive from the handbooks available for 
the war games of the author. They are 
not documented or even dated; they ap­
pear to be of the epoch 1980, consci­
entiously compiled from annuals and 
field manuals. 

The remaining text is an informal, 
personal ("Imagine yourself in a subur­
ban town that has been abandoned ... ") 
set of brief background essays on war by 
land, air and sea, on war with special 
weapons, on logistics and transport and 
on the human factors less easy to enu­
merate. The essays read well; the infor­
mality and the point of view are reminis­
cent of the reflective talk of soldiers. 
They do not neglect the dilemmas of 
the discipline of making war. Technical 
analysis and the lessons of history alike 
claim audience, although they freq uent­
Iy conflict. Only a few pages are spent 
on the choices of lawmakers and citi­
zens; the book views a soldier's world, 
with the forces, enemies and allies giv­
en, but it allows for change. 

Out of all this observation a few con­
clusions are presented rather as dry aph­
orisms, althougb they are well if implic­
itly argued. One year of a major conven­
tional war as now planned would cost 
the U.S. more than $ 1  trillion. Most of 
this is the cost of air war above land and 
sea, of which most is the cost of current 
"smart " munitions. Prod uction would 
need to rise thirtyfold over a couple 
of years to make it all possible. A short 
war is the planners' hope-perhaps the 
planners' myth. On naval warfare: "The 
only thing that will defeat the West at 
sea is complacency or bankruptcy from 
building too many ships." On nuclear 
doctrine: "Both Russia and the United 
States have about ten times more nucle­
ar warheads than they need to guarantee 
mutual destruction. In such a situation, 
nuclear 'tactics' becomes irrelevant." 
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An IBM 4341 super-mini: chip design at Hughes 

The boards half the 
size of a thumbnail., 
with 100.,000 pieces. 
And its your move. 

Finding paths for new intercon­
nections on an integrated circuit is 
like no chess game you have ever 
seen. The first few moves are easy, 
but with up to 100,000 electronic 
devices crammed onto a minuscule 
silicon chip, the possibilities soon 
become astronomical. That's why 
engineers at Hughes Solid State 
Products in Newport Beach, Cali­
fornia use an IBM 4341 super-mini. 

Brian Tien, head of design au­
tomation, says, "Without the IBM 
4341 we couldn't get this much 
function on a chip. With it, we can 
finish a circuit in a few weeks in­
stead of many months?' 
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The engineers work inter­
actively with the system, assigning 
logical functions to devices on the 
chip. Then, using software, they 
route conductors-deposited strips 
of metal-to connect the logic gates. 
If a pathway becomes too crowded, 
another layout is automatically 
provided. And another. Until they 
find the series of moves that works. 

This Hughes inte­
grated circuit is a 
high-density gate 
array with two-level 
metal interconnec­
tions. Actual size is 
only 0.3 inches 
square. 

They can think about the prob­
lem. and not worry about the com­
puter. with microcode-assisted IBM 
software called YM/CMS. "Our 
people find YM ideal for interactive 
computing;' Tien says. "As many as 
40 design engineers make demand­
ing use of the 4341 at once. Re­
sponse time is excellent. The 
full-screen editor speeds up pro­
gramming. And the executive 
language is simple. yet powerful:' 

The 4341 is an excellent exam­
ple of IBM technological leader­
ship. Internal data paths. and the 
arithmetic and logic unit. are 64-
bits wide. built of 64K -bit chips 

that IBM has been mass producing 
since 1978. Real memory goes to 16 
megabytes. The multiple, semi-au­

tonomous processing units use 
high-density, large-scale-integra­
tion technology. 

IBM offers engineering and sci­
entific users extensive support: 
consultants, education and access 
to professionals. Tap into our many 
years of experience. 

For an informative brochure, 

write Dr. lack W. Hugus, IBM Engi­

neering and Scientific Marketing. 
1133 Westchester - - - -- ---
Avenue, W hite :: :..: =-__ -= 
Plains, NY 10604. ="::"::E';'::® 

© 1983 SCIENTIFIC AMERICAN, INC



Skipper Dennis 
Conner and 
his America's 
Cup crew may 
rule the Seven 
Seas ... but nothing covers 
the land in between like the 
Jeep® Wagoneer Limited. 
And that's why Wagoneer 
has been made the Official 
Vehicle of the America's 
Cup defenders. 

Like the boats they sail, 
the Wagoneer was designed 
to perform to the limit, even 
under adverse conditions. 
They count on the security 
of Wagoneer's remarkable 
Selec-Trac 2-wheel/ 4-wheel 
drive system - especially 
when the dry land is any­
thing but dry. 

It's also a comfort to know 
that in a Wagoneer Limited 

the classic luxuries are stan­
dard. From its genuine 
leather upholstery to its pre­
mium sound system, quality 
is never compromised. 

And because it does so 
many things without compro­
mise, the Jeep Wagoneer 
Limited has developed a sin­
gular reputation as the perfect 
vehicle for that other quarter 
of the earth's surface. 

JeeR Wagoneer Limited. The Ultimate Wagon. � 
FROM AMERICAN MOTORS CORR 
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Smart Weapons in Naval Warfare 
The impressive performance of precision-guided weapons 
in the Falkland Islands war calls into question current plans 
to add more large, expensive surface ships to the Us. Beet 

L
st year's war between Britain and 

Argentina over control of the 
Falkland Islands was viewed with 

particular interest by military planners 
and others concerned with evaluating 
the effect of modern precision-guided 
weapons on the future of naval warfare. 
Of the 114 aircraft and 10 ships lost by 
both sides during the two-month conflict 
more than half were put out of action by 
such "smart" weapons. Included in the 
losses were 61 Argentine aircraft shot 
down by surface-to-air or air-to-air mis­
siles, three British ships destroyed by 

by Paul F. Walker 

air-to-ship or surface-to-ship missiles 
and one Argentine ship (the superan­
nuated heavy cruiser General Belgrana) 
sunk by submarine-launched, acoustic­
homing torpedoes. In addition nine Brit­
ish aircraft, 44 Argentine aircraft, three 
British ships and three Argentine ships 
were destroyed by more conventional 
means, such as gunfire, aerial bombing 
and accidents. 

From the viewpoint of naval force 
planning the most significant loss was 
that of the British destroyer H. M.S. 
Sheffield. The Sheffield was hit shortly 

after 2:00 P.M. on May 4 by a French­
built Exocet missile launched from a 
distance of about 20 miles by an Argen­
tine navy Super Etendard fighter-bomb­
er (also made in France). At the time of 
the attack the ship was on picket duty 
southeast of the Falklands and just west 
of the main British fleet. The sea-skim­
ming, radar-homing missile struck the 
Sheffield amidships about six feet above 
the waterline, starting a fire that quickly 
disabled most of the destroyer's operat­
ing systems, including its fire-fighting 
apparatus. Five hours after the attack, 

H.M.S. "SHEFFIELD" BURNS UNCONTROLLABLY after being 
struck by an air-launched Exocet missile during last year's Falkland 
Islands war. The comparatively small, sea-skimming, radar-homing 
"smart" missile was fired from a distance of about 20 miles by a low­
flying Argentine Super Etendard fighter-bomber. (Both the missile 
and the aircraft were made in France.) The 4,000-ton British Type 
42 destroyer, which was equipped with Sea Dart antiaircraft missiles 

and other modern fleet-defense systems, was hit amidships about six 
feet above the waterline. This aerial photograph was made before the 
order was given to abandon ship. Crew members not involved in fight­
ing the fire can be seen standing on the fore and aft decks. A small in­
flatable launch moves away from the ship after coming alongside for 
a close inspection of the damage. The burned-out hulk of the Shef­
field was later scuttled by the British. Twenty sailors died in the attack. 
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with the flames spreading dangerously 
close to the ship's ammunition stores, 
the order was given to abandon ship. 
The burned-out hulk was later scuttled 
after an unsuccessful attempt was 
made to tow it from the battle scene. 
Twenty British sailors died in the attack. 

The destruction of the Sheffield was an 
impressive display of the cost-effective­
ness of modern precision-guided weap-

HARPOON RGM-84A 

TOMAHAWK BGM-109 

STYX SS-N-2C 

ons. The Sheffield was a highly rated, 
4,000-ton destroyer, built about 10 years 
ago at a cost of approximately $50 mil­
lion. It was armed with some of the 
most advanced defensive systems avail­
able anywhere today. Yet it was defeat­
ed in one stroke by a comparatively 
small, medium-range missile costing a 
few hundred thousand dollars. 

What lesson, if any, can be drawn 

from this incident? Does the advent of 
smart antiship missiles such as. the Exo­
cet signal the end of an era in naval war­
fare, as some have suggested? Are large, 
expensive surface warships now obso­
lete-easy targets for a new generation 
of cheap but deadly precision-guided 
weapons fired from aircraft, small pa­
trol boats, submarines or shore batter­
ies? Or, as others have argued, are there 
eq ually sophisticated defensive mea­
sures in the offing that could make such 
an incident the exception rather than the 
rule? A review of the technological basis 
of this debate could not be more timely, 
in view of the current plans of the Rea­
gan Administration to enlarge the U.S. 
fleet by more than 100 new warships, 
including two nuclear-powered aircraft 
carriers projected to cost more than $3.5 
billion each. 

The Exocet missile is described by its 
manufacturer, the French compa­

ny Societe Nationale Industrielle Aero­
spatiale, as an extremely reliable weap­
on, "capable of destroying any type of 
surface vessel" with a "kill probabili­
ty" of more than 90 percent. Compared 
with other missiles of its type the Exocet 
is not very big; it is about 15 feet long 
and weighs 1,500 pounds, including its 
350-pound high-explosive warhead and 
a full load of fuel. The missile is pow­
ered by a two-stage solid-fuel rocket and 
has a maximum range of between 25 
and 40 miles, depending on how it is 
launched. Different models are designed 
to be launched from airplanes, helicop­
ters, ships and land-based installations. 
The Exocet was introd uced in 1972 and 
has been operational in the French navy 
since 1978; it has also been acquired by 
at least 17 other nations. So far it has 
been mounted on more than 180 ships, 
including the British navy's newest frig­
ate, H. M.S. Beaver (which was not ready 

o 10 20 

LENGTH (FEET) 

30 40 in time for the Falklands war). 

ANTISHIP YEAR RANGE 
SPEED 

TYPE OF 
ESTIMATED 

MISSILE DEPLOYED (KILOMETERS) 
(MACH 

WARHEAD 
COST (1982 

NUMBER) DOLLARS) 

EXOCET AM 39 
1979 50+ 

(FRANCE) 
.93 NON-NUCLEAR ? 

GABRIEL MKIII 
1979 60+ 73 NON-NUCLEAR $400,000 

(ISRAEL) 

HARPOON RGM-84A 
1977 90 .90 

NUCLEAR OR 
$1 MILLION 

(U.S.) NON-NUCLEAR 

TOMAHAWK BGM-109 
1982 450 .74 

NUCLEAR OR 
$3 MILLION 

(U.S.) NON-NUCLEAR 

STYX SS-N-2C 
1965(?) 80 .90 NON-NUCLEAR ? 

(U.S.S.R.) 

KITCHEN AS-4 
1962 300+ 2+ 

NUCLEAR OR 
? I (US SR) NON-NUCLEAR 

REPRESENTATIVE ANTISHIP MISSILES are drawn to scale in the illustration at the top 
and are characterized in the table at the bottom. Missiles such as the Exocet are designed to be 
launched from airplanes, helicopters, ships and land-based installations; the particular model 
shown here, the air-launched Exocet AM 39, is the one that destroyed the Sheffield. The Rus­
sian ship-to-ship missile referred to by Western intelligence sources as the Styx was used by 
the Egyptian navy in 1967 to sink the Israeli destroyer Elath. The large Russian missile des­
ignated AS-4 is carried by the Backfire bomber; it can be armed with either a conventional 
high-explosive warhead or a nuclear warhead. Mach numbers are multiples of speed of sound. 
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In a typical air launch of a smart anti­
ship missile such as the Exocet the pilot 
of the attacking aircraft flies low over 
the water under the defender's radar 
coverage until it is time for the missile 
to be launched. The aircraft then "pops 
up" briefly to get a bearing on the target, 
dropping below radar coverage again as 
the coordinates of the target are fixed in 
the missile's microelectronic memory. 
The missile is released in a "fire and for­
get" mode, flying the last leg of its jour­
ney under its own power and for the 
most part under the control of its own 
inertial-guidance system and radio al­
timeter; the latter device enables the 
missile to skim the surface of the water 
at a height of a few feet. As the missile 
approaches the target it rises slightly to 
scan the horizon and lock its terminal 
homing radar onto the target. The mis­
sile's warhead is designed to first pene­
trate a ship's hull and then detonate. 

The Exocet's target in this case, the 
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L??oCiY �= 
RESHEF 

TICONDEROGA 

INVINCIBLE 

NEW JERSEY 

.-) 

100 200 300 400 500 600 700 800 900 1,000 1,100 

LENGTH (FEET) 

YEAR DISPLACEMENT 
SHIP DEPLOYED (TONS) CREW 

RESHEF 1973 (ISRAEL) 450 45 

SHEFFIELD 1975 (BRITAIN) 4,000 270 

TICONDEROGA 
(U.S.) 

1983 9,000 330 

INVINCIBLE 1980 20,000 1,300 
(BRITAIN) 

NEW JERSEY 1943 
(REACTIVATED 58,000 1,600 

(U.S.) 1983) 
NIMITZ 
(U.S.) 1975 91,000 6,300 

REPRESENTATIVE WARSffiPS are depicted at the top and char­
acterized at the bottom. The Israeli fast-attack craft of the Reshe! class 
are tYpical of the hundreds of small missile-launching vessels that 
are being introduced into many of the world's navies. The U.S.S. Ti­
conderoga is the first of 17 advanced fleet-defense cruisers planned 

ESTIMATED COST 
GUNS MISSILES AIRCRAFT (1982 DOLLARS) 

2 76 MM. 5 GABRIEL 0 $ 50 MILLION 2 20 MM. 4 HARPOON 

1115 MM. 20 SEA DART 1 HELICOPTER $150 MILLION 2 20 MM. 

2127 MM. 
68 STANDARD 
8 HARPOON 2 HELICOPTERS $1 BILLION 2 20 MM. 20 AS ROC 

0 22 SEA DART 
5+ AIRPLANES $525 MILLION 

9 HELICOPTERS 

9 406 MM. 16 HARPOON 
$326 MILLION 

12127 MM. 32 TOMAHAWK 
4 HELICOPTERS (MODERNIZATION 

4 

3 

20 MM. ONLY) 

24 80+ AIRPLANES 20 MM. 
SEA SPARROW 10+ HELICOPTERS 

$3.5 BILLION 

for the U.S. Navy. "Jump jet" aircraft carriers such as the Invincible 
have replaced large-deck carriers in the British fleet. The battleship 
U.S.S. New Jersey, which was built during World War II, was reacti­
vated earlier this year. The Reagan Administration currently plans to 
build at least two more large aircraft carriers of the Nimitz class. 
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Sheffield, was one of 10 Type 42 destroy­
ers built over the past decade for service 
with the British North Atlantic fleet. 
It and its sister ships were designed to 
serve as launching platforms for the 
new Sea Dart antiaircraft missile; their 
primary mission is to provide air de­
fense for the naval forces of the North 
Atlantic Treaty Organization (NATO). 
Each Type 42 destroyer is outfitted with 

20 Sea Dart missiles, a Vickers 115-mil­
limeter automatic gun on the foredeck, 
two Oerlikon 20-millimeter guns aft and 
a helicopter armed with four Sea Skua 
antiship missiles on the rear deck. 

during the Falklands war. In the May 4 
attack on the Sheffield, however, the at­
tack was launched from below radar 
coverage, and by the time the Exocet 
was detected visually it was too late 
for the ship to respond adequately ei­
ther with antimissile gunfire or with 
passive countermeasures. 

"'"' 
-;:; 
"'" � DATA FROM 

� � SURVEILL.ANCE 
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EARLY-WARNING 
AIRCRAFT 
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The performance of the Type 42 de­
stroyers against attacking aircraft flying 
at high or medium altitudes is consid­
ered to be very good; indeed, the Sea 
Dart system shot down eight aircraft 

The Sheffield had not been outfitted 
with another advanced British defensive 
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�------------ -
�------------- -...... 

LONG-RANGE /' 
NUCLEAR WARHEAD (?) / /' 

�/ 

� 

�/� 
,// 

,/ 

,­
,-

ANTISUBMARINE � 
SUBMARINE 

MIDDLE DEFENSE 
ZONE 

;I' 

�\ ANTIAIRCRAFT 
MISSIL.E 16 

ANTISUBMARINE 
HELICOPTER 

� 
/ 

;� ... ' 

'\­
ANTISUBMARINE 
MISSILE 

AIRCRAFT-CARRIER 
TASK FORCE 

� 

�---
ANTISUBMARINE 
AIRCRAFT 

--. 

50 --j 
ANTI MISSILE 
MISSILE 

---..! 

' ENEMY 
SUBMARINE 

\-----------
AIR-TO-SHIP 
MISSILE 

DISTANCE FROM TASK FORCE 
(NAUTICAL MILES) 
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ZONE DEFENSE designed to protect a U.S. aircraft-carrier task 
force against a variety of possible attacks is depicted in this idealized 
scene. In the outer zone attacking aircraft, submarines and surface 
ships are detected and identified by surveillance satellites or by car­
rier-based early-warning aircraft; the attackers are intercepted by 

carrier-based fighters, attack aircraft and antisubmarine-warfare 
(ASW) aircraft and submarines. In the middle zone attacking air­
craft, missiles and submarines are opposed by surface-to-air mis­
siles and antisubmarine missiles launched by ships or helicopters. 
In the inner zone "point defense" systems such as rapid-fire guns and 
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missile, the Sea wolf, which is intended 
specifically as a close-in, fast-reaction 
antimissile missile for just such sea­
skimming threats. Two British frigates, 
H.M.S. Broadsword and H.M.S. Bril­
liant, were armed with the Sea wolf and 
used it effectively in the Falklands con­
flict, bringing down five Argentine air­
craft while they were engaged in low­
level attacks. It is questionable, how-

, 
, 

, 
\ 

........ � ... ........... 
/ •. ·/" '�N��Y SHIPS 
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150 
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200 

high-speed antimissile missiles serve as last­
resort interceptors. The three defense zones 
are delineated here somewhat arbitrarily; ac­
tually there is considerable overlap between 
them. Ships and aircraft are not drawn to scale. 

ever, whether the Sheffield would have 
survived even if it had been armed with 
Sea wolf missiles; the ship did not have 
its active search radar operating at the 
time of the Exocet attack in order not 
to interfere with communications. (Fur­
thermore, according to a recent report, a 
passive radar system on board the Shef­
field did detect the approaching missile's. 
homing-radar beam, but the ship's com­
puter had been programmed to identify 
the Exocet as a "friendly" missile and so 
did not sound the alarm.) 

The Argentines fired only six Exocet 
missiles in the course of the Falk­

lands conflict. Four of them hit targets, 
although perhaps not their intended 
ones. The first missile, which struck the 
Sheffield, was probably intended for the 
nearby aircraft carrier H.M.S. Hermes; 
the two ships apparently were confused 
on the Super Etendard's radar screen. 
The second Exocet, launched almost 
simultaneously from an accompanying 
Super Etendard, passed by the Sheffield, 
falling into the sea short of the Hermes. 
Three weeks later the converted mer­
chant ship Atlantic Conveyor, which had 
delivered a load of Harrier "jump jets" 
to the British forces and was ferrying 
supplies and helicopters between the is­
lands, was hit and destroyed by two Ex­
ocets, also launched from Super Eten­
dards. A fifth Exocet attack five days 
later failed. The sixth Exocet, launched 
from a shore battery on June 11, struck 
the guided-missile destroyer H. M.S. Gla­
morgan, which was severely damaged 
but remained afloat. 

The 67 percent success rate of the 
Exocet is remarkable, given the new­
ness of the French missile system and 
aircraft to the Argentine forces and the 
much greater overall military power 
of the British forces. It is worth noting 
in this context that the Argentines had 
some difficulty arming the Exocets 
properly in time for the war. When the 
first missile penetrated the Sheffield, its 
warhead did not explode; because of the 
missile's abbreviated flight, however, 
it contained a substantial amount of un­
expended fuel, which exploded and ig­
nited some of the ship's fuel. It was 
largely a matter of chance that the mis­
sile struck in a particularly vital spot 
near the ship's center of operations. 

The success of the Exocet in destroy­
ing a target hundreds of times its value 
has been widely interpreted as demon­
strating the impending vulnerability of 
all surface warships. Nevertheless, some 
military analysts draw a quite different 
conclusion. British naval spokesmen, 
for example, cite the Sheffield incident in 
support of their call for an accelerated 
buildup of the British surface fleet. They 
point out that the Sheffield was designed 
for an area-defense role in coordination 
with large NATO fleets and the highly 
capable air cover of the U.S. aircraft-

carrier task forces in the North Atlantic. 
British naval officers criticize the reo 
trenchment in their country's defense 
spending over the past decade, pointing 
out that less than 20 years ago there 
were five large-deck aircraft carriers in 
the British navy. The last British carrier 
of this type, H.M.S. Ark Royal, was re­
tired in 1978, leaving naval air cover 
dependent on the much smaller Hermes­
class and Invincible-class jump·jet air­
craft carriers. 

The U.S. Department of the Navy 
takes a similar view. Secretary of the 
Navy John F. Lehman, Jr., for example, 
maintains that it should come as no sur­
prise that one lone ship on picket duty, 
without adequate antimissile defenses 
and without adequate air cover, was 
struck by a homing missile of the Exo­
cet's capabilities. He adds that "if an 
American ship had been the target of the 
Argentine attack, it would not have got­
ten anywhere near kill range." 

On this point Lehman is probably 
right. The U.S. deploys its naval 

forces, now numbering almost 500 war­
ships, around 13 large-deck aircraft car­
riers. The current plans call for increas­
ing the number of ships to more than 
600, to be organized into 15 carrier task 
forces and four battle groups. (Each of 
the latter formations is to be centered 
on a refitted World War II-vintage bat­
tleship.) A carrier task force is a for­
midable fighting group. A Nimitz-class, 
nuclear-powered aircraft carrier weighs 
approximately 90,000 tons, four times 
the displacement of either of the British 
carriers involved in the Falklands fight­
ing (and more than 20 times the dis­
placement of the Sheffield). The U.S.S. 
Nimitz has a flight-deck area of more 
than 4.5 acres and carries a total of 
about 100 aircraft: jet fighters, jet bomb­
ers, surveillance aircraft, antisubmarine 
aircraft (including helicopters), utility 
helicopters and rescue helicopters. At 
least two-thirds of the aircraft are in­
tended to defend the fleet against attack­
ing aircraft, surface ships and subma­
rines. The remaining 30 or so are there 
to "project power" (military parlance 
for attacking the enemy). In addition the 
task force includes a number of other 
ships-cruisers, destroyers, submarines 
and supply ships-whose mission is to 
protect and maintain the task force for 
periods of up to six months at sea. 

The defense of a U.S. carrier task 
force is divided into three major zones. 
In the outer zone submarines and carri­
er-based aircraft are the main intercep­
tors; in the middle zone ship-launched 
and helicopter-launched missiles pre­
dominate; in the inner zone short-range, 
"point defense" systems such as rapid­
fire guns and antimissile missiles are the 
weapons of last resort. Any attacking 
system-aircraft, missile, ship or subma­
rine-must succeed in penetrating all 
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three zones in order to reach the com­
mand ship: the aircraft carrier. 

A carrier of the Nimitz class typically 
has four E-2C- early-warning aircraft 
equipped with long-range radar. The E-
2C's fly over or near the task force at an 
altitude of between 25,000 and 30,000 
feet, in effect extending the "vision" of 
the task force from about 30 nautical 
miles out to more than 200 miles. The 
E-2C is said to be capable of detecting, 
identifying and tracking more than 600 
airborne and surface targets at a time 
and of directing more than 40 fighter 
planes from their combat-air-patrol 
flight paths toward individual targets. 

The chief carrier-based combat air­
craft in the U.S. Navy today is the F-14, 
a high-performance, swing-wing jet that 
can fly at speeds greater than Mach 2 
(that is, more than twice the speed of 
sound). The F-14 is armed with eight 
precision-guided air-to-air missiles and 
a 20-millimeter cannon. Aircraft on 
combat air patrol normally "loiter" be­
tween 150 and 200 miles from the carri­
er, and they are reportedly able to detect 
bombers at a range of 170 miles or 
cruise missiles at 65 miles. The radar 
system on the F-14 that launches the 
Phoenix missiles can track as many as 
24 targets simultaneously and can coor-

dinate an attack on as many as six at a 
time at a maxim um range of 60 miles. In 
short, the outer defense zone of a U.S. 
carrier task force is quite well equipped 
to handle mUltiple threats at a distance 
of 200 miles or more from the carrier. 

The second zone of defense is based 
primarily on the surface-to-air missiles 
of the other ships in the task force. Most 
U.S. cruisers, destroyers and frigates 
now carry surface-to-air missile launch­
ers loaded with Talos, Terrier or Tartar 
missiles. The newest antiaircraft mis­
siles in the U.S. fleet, called Standard 1 
and Standard 2, are just entering service. 
They are described as being capable of 
intercepting attacking aircraft at a range 
of between four and 85 miles and at an 
altitude of up to 80,000 feet. Time is of 
vital importance here, with a few min­
utes being the maximum time available 
to intercept a supersonic aircraft or mis­
sile in the middle defense zone. 

I f an incoming aircraft or missile man­
ages to penetrate the first two defense 

zones, several options remain. In the fi­
nal few miles of flight the attacker can 
be destroyed by the older antiaircraft 
guns still present on most. ships, but in 
the majority of cases it will be opposed 
as well by modern point-defense sys-

NEW SURFACE-TO-AIR MISSILE, called the Standard 2, is shown being test-fired from a 
rail-type launcher on the deck of the guided-missile cruiser U.S.S. Wainwright. The Standard 
1 and Standard 2 missiles are intended respectively to replace the Tartar and the Terrier mis­
siles as the primary medium-range and extended-range antiaircraft missiles of the U.S. /leet. 

S8 

tems. The newest pointcdefense missile 
on board U.S. ships is the NATO Sea 
Sparrow, a 12-foot supersonic missile 
with a radar-homing guidance system. 
The newest point-defense gun is the 
Phalanx, a six-ton, fully automatic Gat­
ling gun with six rotating barrels that 
is reported to be capable of firing a 
"wall of bullets" at a rate of 50 per 
second. The bullets have a uranium 
core that makes them extremely dense 
and gives them high penetrating power. 
They are directed at the approaching 
target by a "closed loop" system that 
simultaneously tracks the projectiles as 
well as the target, adjusting the aim 
of the gun until the target is hit. If a 
Phalanx gun had been on board the 
Sheffield. it might have been able to 
stop the Exocet; the British apparently 
think so, since they have just installed 
two such guns on their newest aircraft 
carrier, H. M.S. lllustrious. 

In addition to such active point-de­
fense systems a variety of passive coun­
termeasures are also available; they 
include evasive maneuvers, electronic 
jamming of the attacker'S radar, float­
ing infrared decoys and the dispersal of 
"chaff ": clouds of metallic strips that 
confuse the radar-based guidance sys­
tems of the incoming missiles. Both 
chaff and decoys were used successfully 
by the British in the Falklands fighting. 

In the continuing effort to upgrade its 
ship defense the U.S. Navy earlier this 
year commissioned its first Ticonderoga­
class guided-missile cruiser, which is 
particularly well equipped to defend an 
aircraft-carrier task force. The Navy has 
proposed building 17 of these $1 billion 
ships, each outfitted with the new Aegis 
combat-control system, as many as 68 
Standard 2 missiles, 20 ASROC antisub­
marine missiles, two Phalanx guns and 
eight Harpoon antiship missiles, along 
with other weapons. The heart of the 
Aegis system is the Spy-I phased-array 
radar, which is capable of sweeping the 
horizon in one-fourth the time of its 
predecessors. The system is designed 
to detect and track incoming objects in 
greater numbers and in more extreme 
circumstances (high and low altitudes, 
high and low speeds, large and small 
radar cross sections) with unprecedent­
ed rapidity, flexibility and firepower. 

U.S. fleet defense thus appears to be 
highly capable. Indeed, had such a carri­
er task force sailed into combat in the 
Falklands last year, few if any Exocets 
would have reached their targets. Yet 
one's confidence in fleet defense must be 
tempered, particularly in view of certain 
operational limitations, past experience 
and a consideration of the potential foe. 

The operational limitations of fleet 
defense are numerous. Assuming an 

attack is detected by patrolling E-2C 
aircraft, the maximum number of fight­
er aircraft a carrier can launch is 24; 
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each fighter in turn can be equipped with 
a maximum of eight air-to-air missiles. 
This gives a total of 192 shots at incom­
ing aircraft and missiles, which is proba­
bly enough in limited engagements but 
probably insufficient in intense battles. 
It is for this reason among others that 
carrier task forces often operate in tan­
dem, thereby doubling the number of 
available interceptor aircraft. 

According to the Navy, the Phoenix 
missile on board F-14 fighters has an 80 
percent kill probability. The General 
Accounting Office stated in a report to 
Congress in 1979, however, that the 
weapon would not be able to maintain 
that standard against the current gener­
ation of Russian aircraft. Another air­
to-air missile in the U.S. arsenal, the 
heat-seeking Sidewinder, proved very 
reliable in the Falklands conflict, de­
stroying 24 of the 27 Argentine aircraft 
it was fired at, for an 89 percent kill 
rate. Nevertheless, some penetration of 
the outer defense perimeter of a carrier 
task force seems inevitable. It could be 
accomplished through an assortment 
of tactics: jamming of the defensive ra­
dars, successful attacks on the E-2C's 
or the F-14's, the deployment of de­
coys or simply saturation of the defense 
by an overwhelming number of attack­
ing aircraft and missiles. 

The effectiveness of the middle zone 
of fleet defense is a function of both 
the speed and the capacity of the defen­
sive combat-control system. Incoming 
supersonic aircraft and missiles allow 
only a few minutes for the defensive 
system to detect a target, identify it, 
track it, pass it on to the fire-control ra­
dar and fire the defensive missile-all 
before the attacker moves to within a 
few miles of the carrier task force. 

Short of the Aegis system, the Tartar­
D surface-to-air missile system is gener­
ally regarded as the most effective U.S. 
fleet-defense system. Yet it has serious 
operational limitations; for example, 
the rotating antennas of its search radars 
take four seconds to sweep the horizon, 
thereby setting a lower limit on the sys­
tem's reaction time, an important fac­
tor in identifying and tracking a target. 
Moreover, the detection, identification 
and tracking of a target are done by hu­
man operators until the system locks 
onto the target, making it hard to deal 
with multiple targets flying at super­
sonic speeds. Indeed, a recent congres­
sional study called the reaction time and 
firepower of the Tartar system "inade­
q uate," referring specifically to its "con­
siderable degradation" in the face of so­
phisticated electronic countermeasures. 
Furthermore, there is evidence of a 
serious lack of fire-control coordina­
tion within a task force. Several Tartar­
type systems may lock onto a single in­
coming missile, allowing other missiles 
to penetrate the middle defense zone. 

The Aegis control system overcomes 

I 

PHALANX ANTIMISSILE GUN is described as the Navy's first all-weather, fully automat­
ic point-defense gun. The six-barrel, 20-millimeter Gatling gun fires high-velocity, uranium­
core bullets at a maximum rate of 50 per second. Nevertheless, it has a number of operational 
limitations: its magazine holds only 989 rounds, allowing it to fire for less than 20 seconds at 
the maximum rate; furthermore, its barrels wear out after seven minutes of maximum firing, 
and the entire gun wears out after 50 minutes. The gun can therefore be easily overwhelmed. 

some of these operational difficulties. 
The Standard 2 missile gives it greater 
firepower; its phased-array search radar 
(which points the beam electronically 
rather than mechanically) sweeps the 
horizon in only one second; it is fully 
automated, and it is better able to coor­
dinate fire control within the task force. 
Nevertheless, the Aegis system report­
edly lacks the ability to intercept sea­
skimming missiles such as the Exocet. 
Furthermore, it is designed primarily to 
protect itself and any vessels behind it 
(with respect to the incoming missile). In 
operational terms, therefore, the Aegis 
system can handle multiple threats only 
within a limited sector; if attacking mis­
siles were to arrive from several direc­
tions at once, throwing what the Navy 
calls "crossing targets" at the system, 
penetration would be virtually certain. 

That leaves the inner, point-defense 
zone to pick up and destroy (or deflect) 
all the remaining aircraft or missiles. 
The constraints here are very tight: a 
missile arriving at the speed of sound 
(Mach 1) requires a reaction time of less 
than 30 seconds. The incoming missile 
can be fired at by either an automatic 
antimissile missile, such as the NATO 
Sea Sparrow, or an automatic rapid-fire 
gun, such as the Phalanx. Both have 
their operational limitations, however. 
The NATO Sea Sparrow is fired from 
a deck-mounted canister that contains 
only eight missiles and can therefore 

be overwhelmed. The Phalanx has an 
impressively high rate of fire-3,OOO 
rounds per minute-but its magazine 
holds only 989 rounds, enough for less 
than 20 seconds of fire at the maximum 
rate. It too can be overwhelmed. Finally, 
passive countermeasures that attempt to 
"fool" the missile rather than destroy it 
can be effective in certain circumstances 
but not in others, as the British experi­
ence in the South Atlantic showed. 

The absolute last resort of a ship is to 
absorb a missile hit, as the Sheffield 

did, and to control the damage, as the 
Sheffield could not. The designers of 
combat ships take great care to provide 
adequate damage-control systems to en­
able a ship to survive a first hit and ideal­
ly to enable it to continue combat opera­
tions. The U.S. Navy maintains that its 
ships are designed to withstand several 
hits and still go on fighting. The hulls of 
most large warships are compartmental­
ized and are made of heavily armored 
steel; the superstructures, although they 
are often constructed of a lighter materi­
al such as aluminum, are shielded in 
some of the newer vessels by a layer of 
Kevlar, a rigid, resin-based protective 
armor. The steel armor of the recently 
reactivated battleship U.S.S. New Jersey 
is more than a foot thick in many places; 
it is doubtful an Exocet missile could 
penetrate very far into such armor. 

The history of naval warfare, how-
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ever, is replete with incidents in which 
ships have been put out of action by 
seemingly minor hostile actions or ship­
board accidents. The German admiral 
Alfred von Tirpitz once remarked that a 
warship has three goals: first, to stay 
afloat; second, to stay afloat; third, to 
stay afloat. Large modern warships may 
well be able to do that after being hit 
by a smart weapon or even by several 
weapons, but to carry on normal opera­
tions may be another matter. Most na­
val officers readily admit that in modern 
warfare a large ship will stay out of the 
line of fire until the enemy is "neutral­
ized," most likely by aircraft. 

The vulnerability of the U.S. Navy is 
most apparent when one considers the 
maximum potential threat it faces: not 
a half-dozen Exocet missiles fired by 
a few Super Etendard aircraft but the 
Russian fleet of more than 700 surface 
warships (mostly limited-range frigates, 
corvettes and coastal patrol vessels), al­
most 300 submarines (mostly diesel-

powered) and more than 1,500 antiship 
cruise missiles. The missiles, which are 
based on surface ships, submarines, air­
craft and shore batteries, have ranges of 
up to 350 miles and speeds as high as 
Mach 4. The Phalanx gun, which is de­
signed to stop a missile in the final kilo­
meter of its flight, would have slightly 
more than one second to hit an incom­
ing Mach 4 weapon. Although many 
of these missiles would not be encoun­
tered outside the coastal zones of 
the U.S.S.R., some of the longer-range 
Russian aircraft, including the Back­
fire bomber, are capable of projecting 
force at greater distances. 

Another critical factor in any assess­
ment of the vulnerability of the U.S. sur­
face fleet is the existence of nuclear 
weapons. Most of the antiship missiles 
in the Russian arsenal can carry either 
a nuclear warhead or a conventional 
(non-nuclear) one. No ship, no matter 
how large or well armored, can survive a 
nuclear explosion nearby. 

In short, the advent of smart missiles, 
with or without nuclear warheads, is 
bound to place a premium in naval war­
fare on stealth, deception, mobility and 
dispersion rather than on size, armor 
plate or coordinated defensive firepow­
er. To be sure, the technological advan­
tage will continue to alternate some­
what between offense and defense, as it 
has in the past. Antiship missiles will 
continue to become more accurate, 
more maneuverable, longer in range, 
faster and stealthier, and so will defen­
sive missiles. At the same time ships will 
continue to evolve into more effective 
platforms for improved radar and fire­
control systems, rapid-fire guns, anti­
missile missiles and passive counter­
measures. In the long run, however, 
surface warships must become increas­
ingly expendable. 

This conclusion leads one to ques­
tion the current naval strategy of the 

U.S. The declared policy is one of mari-

ULTIMATE ANTISHIP WEAPON currently available in the arse­
nals of both the U.S. and the U.S.S.R. for possible use against the oth­
er side's naval forces is a long-range precision-guided nuclear war­
head. The effects of such a hypothetical attack are suggested by this 

photograph of the Baker test explosion conducted by the U.S. at Biki­
ni atoll in 1946. Some 70 unmanned ships of various types were an­
chored around the site of the shallow underwater burst, which had an 
explosive yield of about 20 kilotons (small by today's standards). The 
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time supremacy based on large-deck 
aircraft carriers. Secretary of the Navy 
Lehman explains: "Carriers are the only 
way to get superiority over seven-tenths 
of the earth's surface." He and Secre­
tary of Defense Caspar W. Weinberger 
argue that the Falklands experience 
only strengthens the case for additional 
carriers and that it did not teach· any 
"brand-new lessons." 

The lessons may not be new, but they 
are cautionary nonetheless. Capital war­
ships are increasingly at risk, regardless 
of theIr armament, to comparatively in­
expensive smart missiles and torpedoes. 
For a carrier task force to be effective 
against a capable opponent such as the 
U.S.S.R. one must assume that (1) the 
fleet will remain hidden, (2) virtually all 
the attacking missiles and aircraft will 
be defeated and (3) nuclear warheads 
will not be employed. Given the increas­
ing effectiveness of satellite and aeri­
al reconnaissance, the permeability of 
fleet defense and the strong reliance 

of the Russians on nuclear weapons in 
their military planning, none of these 
assumptions appears plausible. 

It may be, therefore, that the U.S. 
Navy considers its fleets expendable. 
Retired Admiral Hyman G. Rickover, 
the "father" of the nuclear navy, testi­
fied before a congressional committee 
last year that a modern aircraft carrier 
would last "about two days" in a major 
war. The Joint Chiefs of Staff project the 
need for 25 such carriers for "minimal 
risk"; that number or more might be 
needed just to keep pace with attrition in 
a major war. Yet a new, 90,OOO-ton air­
craft carrier that costs more than $3.5 
billion to build (in 1982 dollars) and 
another $15 billion or so to outfit and 
maintain-and that has a crew of more 
than 6,OOO-is not an obviously expend­
able item. 

In meeting their stated objectives of 
"controlling the seas" and "projecting 
power" aircraft-carrier task forces are 
also intended for foreign intervention. 

As sophisticated antiship technology 
proliferates into the Third World, how­
ever, even small nations will represent a 
serious threat to large surface vessels. 
To cite just one example, Libya is re­
ported to have 13 kinds of smart mis­
siles in its arsenal. 

Perhaps the final lesson of the Falk­
lands war is that when it happens again, 
it will be even costlier. The days of gun­
boat diplomacy are over, and yet some 
of the major powers fail to recognize the 
fact. Military custom dies slowly. "In 
harm's way," a traditional American 
naval motto, will eventually give way 
to the recognition of the growing dom­
inance of the naval conflict by land­
based aircraft and missiles, by small, 
mobile, fast (and expendable) ships 
armed with long-range precision-guid­
ed weapons and by submarines. Air­
craft carriers, reactivated battleships 
and other large, expensive surface ves­
sels will retain one safe role: to show 
the flag in peaceful waters. 

ships suffered damage from a number of causes, including underwa­
ter and atmospheric shock waves as well as surface water waves. For 
example, the aircraft carrier U.S.S. Saratoga, which was moored 
in the lagoon about 400 yards from "surface zero," had the central 

part of its island structure folded down Ollto the deck by a 90-foot 
wave generated by the explosion. The radiation effects on the ships' 
crews in the event of snch an attack would of conrse extend far be­
yond the immediate destructive effects on the ships themselves. 
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Vibrations of the Atomic Nucleus 
The nucleus can quiver, ring or even "breathe"; the coordinated 
motion of the nuclear particles reveals much about the forces 
between them. Six modes of vibration have been detected so far 

Vibrating systems, from the swing­
ing pendulum to the oscillating 
electromagnetic field of a light 

wave, have long had a privileged place 
in the physical sciences. The vibrational 
modes and freq uencies observed in a 
system can reveal much about the na­
ture of the forces acting within it. An 
analysis of vibrational motions was no­
tably important in the understanding of 
atomic structure in the early years of the 
20th century. More recently a richly 
varied spectrum of vibrations on a far 
smaller scale has been discovered in the 
nucleus of the atom. The study of the 
nuclear vibrations is proving to be a ma­
jor source of information on the struc­
ture of the nucleus and on the forces that 
hold it together. 

The protons and neutrons that make 
up a nucleus are collectively called nu­
cleons. Quantum mechanics describes 
the arrangement and the motion of the 
nucleons by means of a wave function. 
For the stable nuclei found in nature the 
wave function does not change with the 
passage of time. The nucleus can be set 
in motion by external forces, however, 
leaving it internally excited. In the sim­
plest excitations, called giant vibrations 
or giant resonances, all the nucleons os­
cillate coherently and the motion fol­
lows a simple pattern. The difference be­
tween coherent and incoherent motion 
in an excited nucleus is roughly anal­
ogous to the difference between the co­
herent motion of the liquid in a cup of 
tea that has been bumped and the ran­
dom thermal motion of the molecules 
in the hot tea. In a coherent vibration 
there is a pattern: like liquid sloshing in a 
cup, the nucleons in a vibrating nucle­
us pass cyclically from one distribution 
to another. 

The motion of the individual particles 
in a vibrating body can be coordinated 
in various ways, giving rise to the dis­
tinctive patterns of motion called vibra­
tional modes. The molecules in the cup 
of tea can oscillate from the side of the 
cup to the center and back again or from 
one side of the cup to the other, and 
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the nucleons can also oscillate in sever­
al patterns. 

So far six giant nuclear vibrational 
modes have been observed. Most of 
them have been detected experimental­
ly only in the past few years. The giant 
vibrational modes fall into two classes. 
The first class consists of the modes the 
nucleus shares with other spherical bod­
ies, such as a drop of water or the earth 
itself. The spherical vibrational modes 
of the nucleus that have been observed 
are, in the order of their discovery, the 
giant dipole, the giant quadrupole, the 
giant monopole and the giant octupole. 
The terms were borrowed from the 
names for electric fields of a given spa­
tial complexity. For example, the pro­
tons in a nucleus vibrating in the quad­
rupole mode give rise to an oscillating 
electric field that resembles the field gen­
erated by four poles, or point charges. 

The other class of nuclear vibrations 
involves the spin orientation of the 

nucleons. Protons and neutrons, like 
electrons and many other particles, 
spin on an internal axis. In the unexcited 
nucleus the spin axis is fixed with re­
spect to the wave function of the nucle­
on and the spin orientation of the other 
nucleons. During a spin vibration some 
of the nucleon spins are tipped slightly 
and the spin axes begin to precess, that 
is, they describe circles around their 
original orientation. The precession of 
neutrons with respect to protons can be 
coordinated in different ways, giving 
rise to different spin-vibrational modes. 
For example, the neutron spins can be 
tipped in the same direction as the pro­
ton spins or in the opposite direction. 
As a result of the coordinated preces­
sion of the nucleons the nucleus can 
acquire a net spin or a net magnetic mo­
ment that oscillates at the precession 
frequency. So far two vibrations of this 
kind have been observed: they are called 
the giant Gamow-Teller resonance and 
the giant magnetic-dipole resonance. 

An understanding of nuclear vibra­
tions requires knowledge of the forces 

acting between nucleons and the me­
chanical laws governing the motion 
of the nucleons under the influence 
of these forces. Given the complexity of 
the problem in the many-body system of 
the nucleus, physicists have long resort­
ed to simple models. The nucleons are 
viewed as moving under the influence of 
a single generalized force whose effects 
approximate those of the interactions 
of the many nucleons. The vibrational 
modes of the nucleus provide an experi­
mental check on the validity of the mod­
els; a theoretical justification requires 
the more fundamental quantum theory. 

A body vibrating in a given mode 
oscillates at a specific frequency called 
the resonance frequency. The resonance 
frequency is determined in part by the 
internal forces opposing the motion of 
the oscillating particles. A drop of wa­
ter and a solid sphere vibrating in the 
same spherical mode have different res­
onance frequencies. The solid strongly 
resists any distortion and has a high vi­
brational frequency. The liquid drop, 
on the other hand, returns to a spheri­
cal shape only because of forces associ­
ated with surface tension. These forces 
are quite weak and lead to a low vibra­
tional freq uency. 

One model of the nucleus, the liquid­
drop model, likens the forces acting 
between the nucleons to those acting 
between the molecules of a low-viscos­
ity liquid. Another model, based on the 
shell model of the nucleus, likens the 
forces to those between the particles in 
an elastic solid. The resonant frequen­
cies of nuclear vibrational modes were 
calculated from the liquid-drop mod­
el and from other simple models long 
before the vibrations could be excited 
in the laboratory and their frequencies 
measured. No single model accurately 
predicts the resonant frequencies of all 
modes of vibration. In some circum­
stances the nucleus acts like a liquid and 
in others like an elastic solid. In general 
its response is rather like that of a class 
of non-Newtonian fluids, of which Sil­
ly Putty is the most familiar example. 
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These substances respond elastically to 
sudden forces but flow as liq uids over 
longer periods of time. 

The most accurate and sophisticat­
ed description of nuclear vibrations is 
given by the time-dependent mean-field 
theory, which is based on quantum me­
chanics. In the mean-field theory the 
forces acting on the nuclear particles are 
calculated from the q uantum-mechani­
cal motion of the particles themselves, 
whereas the simpler models are based 
on specific assumptions about the rela­
tion between the forces and the particle 
motion. At first sight these approaches 
seem quite divergent, but the motion 
in the vibrations is simple, and in many 
cases it can be shown through the q uan­
tum theory that the assumptions made 
in the simple models are justified. 

In general, nuclear vibrations are excit­
ed by bombarding nuclei with high­

energy photons (q uanta of electromag­
netic radiation) or other particles. The 
vibrations are detected by observing 
how the projectile is absorbed or dif­
fracted by the nuclei. In the case of the 
first vibration to be reported, the giant 
dipole vibration, both the excitation and 
·the detection of the vibration proved 
to be relatively straightforward. For the 
other modes it has proved quite diffi­
cult to probe the nucleus in just the way 
needed to excite a particular vibration. 
Indeed, nearly 30 years passed between 
the discovery of the giant dipole vibra­
tion and the discovery of another giant 
vibrational mode. 

If a nuclear vibration is to be excited, 
the first and simplest condition to be met 
is that the energy imparted to the nucle­
us must be equal to the energy associ­
ated with the vibration. The nucleus vi­
brates at extremely high frequency; the 
energy of the vibration is equal to the 
frequency multiplied by Planck's con­
"Stant, and so the energy is also com­
paratively high. A typical vibrational 
frequency is 5 X 1021 hertz, which cor­
responds to a vibrational energy of 20 
million electron volts (MeV). The ener­
gy of the photon or other particle that 

VIBRATIONS OF NUCLEAR SHAPE, in 
which the nucleus is deformed from a spheri­
cal to an ellipsoidal or pear shape, are akin to 
the vibrations of a macroscopic body such as 
as a drop of water. In both cases the vibration 
is a coherent oscillation of the particles of 
which the body is composed and hence gives 
rise to a pattern of motion of the body as a 
whole. The vibrations have had an important 
role in testing models of nuclear structure. 
Various models differ in their predictions of 
the frequency and the other characteristics 
of a given mode of vibration in the nucleus 
of a given atom. It seems that the nucleus 
sometimes acts like an elastic solid, sometimes 
like a liquid and sometimes like Silly Putty. 
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excites a nuclear vibration must be at 
least as high as the vibrational energy. 

In the case of the giant dipole reso­
nance the energy requirement was the 
only condition that had to be met. Physi­
cists were able to excite the giant dipole 
vibration simply by bombarding nuclei 
with photons having an energy equal to 
the vibrational energy of the mode. The 
discovery of the giant dipole depended 
only on the availability of a source of 
monoenergetic high-energy photons, or 
gamma rays. The detection of the vibra­
tion followed closely on the develop­
ment of such sources (bremsstrahlung, 
or braking radiation, from electron ac­
celerators) in the mid- 1940's. 

It is not difficult to understand how 
gamma rays excite the dipole vibration. 
A photon carries with it an oscillating 
electric field. Although the wavelength 
of a gamma ray is smaller than that of. 
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other forms of electromagnetic radia­
tion, such as visible light, it is large with 
respect to the diameter of a nucleus. As 
a result the electric field associated with 
a passing gamma ray is nearly uniform 
across the nucleus. The field exerts a 
force on the positively charged protons, 
moving them away from the neutrons. 
The neutrons themselves are electri­
cally neutral, and so the field has no di­
rect influence on them. Because the 
center of mass of the nucleus remains at 
rest, however, the neutrons move in 
the opposite direction. The restoring 
force of the vibration is the attractive 
force between protons and neutrons, 
namely the strong nuclear force respon­
sible for binding the particles together. 
The strong force is independent of elec­
tric charge. 

The giant dipole was not only rela­
tively easy to excite but also relatively 

GIANT DIPOLE- VIBRATION, identified in tbe late 1940's; is excited by bombarding tbe 
nuclei in a target witb bigb-energy·pbotons. Tbe protons in a nucleus (coloe) aFe accelerated in 
one direction by tbe electric.field associated· witb a passing pboton; Tbe neutrons (gray) are un­
affected by tbe field, but tbey move in tbe direction opposite to tbat of tbe protons so tbat tbe 
center ,of mass of tbe nucleus remains litationary and momentum is conserved. Tbe restoring 
force, wbicb ultimately reverses tbe motions of tbe protons and neutrons, is tbe strong nuclear 
force responsible for binding tbem togetber. Tbe frequency of tbe vibration can be calculated 
from a simple model in wbicb only tbe inertia of tbe nucleons, tbe restoring force and tbe laws 
of classical mecbanics are considered. Tbe inertia of tbe system is proportional to tbe number 
of nucleons and tbus to tbe volume of tbe nucleus. Tbe restoring force is proportional to botb 
tbe volume of tb'e nucleus and tbe displacement of tbe nucleons. Tbe dependence of tbe 'vari­
ables on nuclear volume suggests tbat tbe frequency of tbe vibration sbould vary inversely 
witb tbe radius of tbe nucleus; tbe experimental data on large nuclei bear out tbis conclusion. 
Here tbe amplitude of tbe vibration. bas been greatly exaggerated "for tbe purp�se of .clarity. 
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easy to detect. The photons that excite 
the vibration are simply absorbed in 
the nucleus. This phenomenon, which 
is a form of resonance, arises in any vi­
brating system excited by an external 
source. A person singing in a shower 
provides a familiar example of reso­
nance. When the frequency of the voice 
matches a natural vibrational frequency 
of the air mass in the shower, the am­
plitude of the vibration becomes very 
large. The sound intensifies; the purity 
of the frequency is perceived in a reso­
nant tone. In such situations the large 
amplitude leads to an increased ab­
sorption of energy. Similarly, when 
the frequency of the oscillating elec­
tric field associated with the gamma 
rays matches the resonance frequency 
of the dipole mode of the nucleus, the 
gamma rays are absorbed. 

The tendency of the nucleus to absorb 
incident particles is expressed quantita­
tively as an effective cross section, mea­
sured in units of area. The dipole reso­
nance is seen in a sharp increase in the 
absorption rate of the target at a particu­
lar photon energy. This is expressed as 
an increase in the effective absorption 
cross section of the nucleus. It is as 
if the nucleus suddenly grew larger and 
therefore intercepted more photons; al­
though what actually changes' is not the 
nuclear size but the absorbance. Be­
cause the response of a body to an elec­
tromagnetic force depends on the elec­
tric charge of the body, it is p.ossible to 
determine from the effective cross. sec­
tion of the vibrating nucleus that all the 
protons in the nucleus are participating 
in the vibration; in short, the dipole vi­
bration'is in fact a giant vibration. 

The next vibration to be reported was 
the giant quadrupole vibration. The 

quadrupole, unlike the dipole, is a shape 
vibration, in which the shape. of the 
nucleus as well as the distribution of 
the nucleons ·changes. A nucleus vibrat­
ing in the quadrupole mode is distorted 
from a spherical shape to an ellipsoidal 
shape and moves'back through a spheri­
cal shape to. an ellipsoidal shape of an­
other orientation. It is intuitively clear 
that the vibration could be induced by 
pushing in on the nuclear surface along 
one axis and pulling out along a perpen­
dicular axis. 

In order to excite the shape vibrations 
it is necessary-not only to impart a given 
energy to the nucleus but also to distrib­
ute the energy in such a way that the 
nucleons are set in motion in different 
directions. Even though the vibrational 
energy of the quadrupole mode is from 
10 to 20 MeV, within, the energy range 
of gamma rays, they do not excite the 
quadrupole mode because they cannot 
meet the second condition. Gamma rays 
interact with the nucleus, through the 
electromagnetic force; they can accel-
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erate only the protons and, given the 
wavelength of the gamma rays, .acceler­
ate them only in one direction. 

One answer to the problem is to excite 
the vibration by the inelastic scattering 
of a particle from the nucleus rather 
than by a complete absorption process. 
In classical physics a particle that strikes 
an extended object and bounces off can 
cause localized motion and leave the ob­
ject vibrating. A similar phenomenon 
can take place in a quantum-mechanical 
system. The particles that can serve as 
projectiles for ind ucing nuclear exci­
tations include electrons, protons and 
more massive nuclear particles such as 
the alpha particle (the nucleus of the he­
lium-4 atom). 

There are several advantages to 
choosing nuclear projectiles such as pro­
tons or alpha particles to excite the nu­
cleus. The principal interaction in such 
events is mediated by the strong nuclear 
force, which is charge symmetric, that 
is, the same for protons and neutrons. 
The charge symmetry makes it easier to 
excite vibrations such as the quadrupole 
in which the protons and neutrons move 
together. Vibrations in which protons 
move opposite to neutrons, such as the 
dipole, are not excited at all by charge­
symmetric forces. Thus to observe the 
quadrupole vibration without interfer­
ence from the dipole, it is better to 
employ strongly interacting projectiles 
such as alpha particles rather than elec­
trons, which interact with the electric 
field and can give rise to both kinds of 
vibration. 

Another advantage of nuclear projec­
tiles is that the different shape modes 
can be selectively excited. A fast proton 
going by a nucleus transmits a fleeting 
impulse to the nearby target nucleons, 
causing them to move in the wake of the 
projectile. The range of the strong nu­
clear. force is small compared with the 
size of a nucleus, raising the question of 
how a coherent vibration of the entire 
nucleus can be set in motion. To un­
derstand how particular vibrations can 
be selected by the scattering process re­
quires one of the basic notions of quan­
tum mechanics, the wave aspect of par­
ticles. A proton going by a nucleus can 
be thought of as a wave enveloping the 
nucleus; the wave is subject to the laws 
of diffraction like any other wave. 

Depending on how the wave interacts 
with the nucleus, it is diffracted with 
a characteristic pattern. For example, a 
light wave passing over a black sphere is 
diffracted into the shadow region, form­
ing a pattern of rings in the center of the 
shadow. In the case of nuclear projec­
tiles and targets the diffraction pattern 
depends on several factors. In order to 
produce a clear diffraction pattern at all, 
the wave must be absorbed in the inte­
rior of the nucleus. In physical terms, 
when the projectile penetrates the nu-
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PEAK IN THE ABSORPTION CROSS SECTION of lead nuclei is evidence that they are vi­
brating in the dipole mode. Cross section is a measure of the fraction of the photons absorbed 
by nuclei. It increases dramatically when the photon frequency matches a vibrational frequen­
cy of the nuclei, a phenomenon called resonant absorption. The resonance in this nucleus is at 
a photon energy of 14 million electron volts (MeV), equivalent to a frequency of 3 X 1021 hertz. 

GIANT QUADRUPOLE VIBRATION can be excited by bombarding nuclei with projec­
tiles that interact with protons and neutrons equally by means of the strong force. The quadru­
pole vibration therefore differs from the dipole in that the protons and neutrons move together 
rather than in opposite directions. As in the case of the dipole mode, the vibrational frequency 
can be calculated from the inertia of the system, the restoring force and the laws of classical 
mechanics. Again the inertia is proportional to the volume of the nucleus, but it is not immedi­
ately clear how to describe the restoring force. If the restoring force is assumed to be analogous 
to surface tension, as in a vibrating drop of water, the force is proportional to tbe surface area 
of the nucleus. If the restoring force is assumed to be analogous to stress energy, or resistance 
to deformation, as in a vibrating elastic solid, the force is proportional to the volume of the nu­
cleus. Experimental data indicate that the frequency of the ·giant quadrupole vibration varies 
inversely with the radius of the nucleus, which favors the model based on an elastic solid. 
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cleus, it must interact so strongly that it 
does not emerge intact. The position of 
the rings in the diffraction pattern is 
determined by the size of the nucleus, 
the wavelength of the projectile and the 
type of vibration being excited. 

The interaction of the wave with the 
nucleons on the nuclear surface alters 
the form of the wave. After the interac­
tion each small area of the nuclear sur­
face acts as the origin of a spreading 
wavelet. The phase of the wavelet de­
pends on the motion of the originat­
ing surface. Wavelets originating from 
outward-moving surface areas have 
the same phase, or sign, whereas wave­
lets from inward-moving surface areas 
have the opposite phase. As the wave­
lets propagate outward from the nucle­
ar surface they overlap and interfere. 
Whether the interference is constructive 
or destructive at any point depends on 
the phase of the various wavelets at 
that point. 

The nature of the diffraction pattern 
can be understood by considering a 
plane "downstream" from the target nu­
cleus and perpendicular to the beam 
axis. If the phase of the wave were not 
altered by its passage near the nucleus, 
the phase of the wavelets reaching a giv­
en position on the plane would be deter-

TARGET N U C L E U S  

mined entirely by the distance from 
the point of diffraction to that position. 
Of particular importance, wavelets dif­
fracted to the center of the plane along 
the beam axis in the shadow of the nu­
cleus would all travel the same distance 
and would arrive in phase. The resulting 
constructive interference would create a 
bright spot (a region of large wave am­
plitude) in the center of the plane. 

When the wave stimulates a quadru­
pole vibration, however, the phases do 
not remain unaltered. On the contrary, 
the wavelets originating from the elon­
gating sides of the nucleus are initially 
180 degrees out of phase with the wave­
lets originating from the contracting 
sides. As a result the interference in the 
center of the plane is destructive. There 
are other points in the plane, however, 
where the distance to an elongating re­
gion and the distance to a contracting 
region differ by exactly half a wave­
length. The wavelets arrive at these 
points in phase, interfering construc­
tively. Because the axes of the inward­
and outward-deforming regions of the 
nucleus can have any orientation, the 
strongest diffraction is directed into a 
ring centered on the axis of the beam. 

The amplitude of the wave function 
of a particle at any point in space deter-

mines the probability that the particle 
will be found at that point. Consequent­
ly the projectile particles are most like,ly 
to be scattered into regions of construc­
tive interference, where the amplitude 
of the wave function is largest. 
, Like absorption, inelastic scattering 
can be measured in terms of a cross-sec­
tional area. Even in the absence of a 
vibrational resonance a certain fraction 
of the projectiles bombarding a target 
are scattered inelastically, and the frac­
tion scattered in any one direction var­
ies smoothly with the angle between the 
beam axis and the scattering direction. 
The quadrupole vibration shows up as a 
sharp increase in the number of parti­
cles scattered inelastically in particular 
directions. 

For a quantitative prediction of the 
cross section as a function of scattering 
angle the interaction of the wave with 
the nucleus is described by a phenom­
enological optical model. The wave 
equation is then solved numerically to 
find the precise cross section. The cross 
section for the quadrupole mode reach­
es its maximum value at an angle that 
depends on the size of the nucleus as 
well as on the wavelength of the projec­
tile. For example, in the case of the lead 
208 nucleus bombarded by 100-MeV al-

ANNULAR DIFFRACTION PATTERN formed when projectiles 
are scattered by nuclei in the target is associated with the quadrupole 
vibration. The projectile particle. can be described quantum-mechan­
ically as a plane wave perturbed by its interaction with the surface of 
the nucleus. The interaction of the wave with the nucleons is attrac­
tive along one axis, so that the nuclear surface is pulled outward, and 
repulsive along the perpendicular axis, so that the surface is pushed 
inward. The single plane wave is diffracted into many small circular 

waves that propagate outward and interfere with one another. The 
waves originating.from the inward-deforming regions of the nucleus 
are 180 degrees out'of phase with those from the outward-deforming 
regions. (Here the phase differences are represented by color differ­
ences.) The pattern created by the interference of the waves is deter­
mined by this phase difference. Waves arrive at any point along the 
beam axis out of phase and cancel. There are points off the axis, how­
ever, where the waves arrive in phase and interfere constructively. 
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pha particles, the main diffraction peak 
is at five degrees from the beam axis. 

The third nuclear vibrational mode to . 
be observed, the giant monopole vi­

bration, is excited and detected in much 
the same way as the giant quadrupole. 
The monopole vibration is a "breath­
ing" mode: the nucleons move inward 
and outward from the center of the nu­
cleus in phase with one another, so that 
the nucleus expands and contracts. Intu­
itively it would seem that the best way to 
induce this motion would be to push 
uniformly on the surface of the sphere 
or, equivalently, to pull outward in a 
radial direction. 

Such perfect conditions for excit­
ing the monopole vibration cannot be 
achieved with inelastic scattering. If the 
projectile hits the nucleus, it loses most 
of its energy and leaves the nucleus in a 
very highly excited state. Only when the 
projectile grazes the surface of the nu­
cleus is the interaction gentle enough to 
excite the simple vibratory motion. The 
part of the surface the projectile wave 
acts on is a ring-shaped region circling 
the beam axis. As in the quadrupole 
excitation, the interaction gives rise to 
many wavelets originating from each 
small area of the nuclear surface. The 
wavelets interfere as they spread out 

. from the surface of the sphere. Because 
the monopole excitation is completely 
symmetric, the wavelets start out from 
the curved surface with the same phase. 
Hence along the beam axis, where the 
distance to all areas on the periphery of 
the sphere is equal, the wavelets arrive 
in phase and interfere constructively. 

The diffraction pattern formed by the 
particles exciting the monopole vibra­
tion is a prominent spot centered on 
the beam axis and surrounded by faint 
rings. In other words, the monopole vi­
bration is characterized by a maximum 
in the scattering cross section at zero 
degrees from the beam axis. The pattern 
is essentially the same as the one formed 
by particles diffracted by a nonvibrat­
ing nucleus. Indeed, it was largely for 
this reason the monopole vibration was 
harder to detect than the quadrupole vi­
bration; it proved difficult to separate 
the particles that are inelastically scat­
tered along the central axis of the beam 
from the particles that pass through 
the target without interacting with the 
nuclei. The only way to discriminate 
between the inelastically scattered par­
ticles and the beam particles is by mea­
suring the energy dependence of the 
inelastic scattering. 

At this point it is possible to return 
.n. to the question of why it took so 
long to obtain experimental evidence of 
quadrupole and monopole vibrations. 
Rough predictions of the vibrational 
freq uencies of these modes had been 
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SCATT E RING ANGLE (DEGRE ES) 

PERCENTAGE OF PARTICLES scattered at a given angle to the beam axis increases sharp­
ly when the quadrupole vibration is excited. The scattering cross section varies with angle in a 
way that reproduces the diffraction pattern associated with the quadrupole mode. The scat­
tered particles have a specific energy, namely the energy of the impinging beam minus the vi­
brational energy of the quadrupole mode. In this case the projectiles are alpha particles with 
an energy of 96 MeV striking a target consisting of the isotope samarium 144. The quadru­
pole mode is preferentially excited with a scattering angle of five degrees to the beam axis. 

• 0 • 
· 0 0 • '0 

·0 0 ,. 
0 • • 0 

o· 0 0 • 

i 
<: 

GIANT MONOPOLE VIBRATION is also called the breathing mode: in it the nucleus ex­
pands and contracts. In the model of the giant monopole vibration based on classical mechan­
ics the restoring force is the resistance of nuclear matter to compression. The observed frequen­
cy of the monopole vibration gives a value for the compressibility coefficient of nuclear matter. 
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made from theoretical models of the nu­
cleus years before the vibrations were 
seen in the laboratory. Thus experimen­
tal physicists had known for some time 
approximately where to look and what 
they could expect to see. What they 
lacked were instruments of sufficient 
power and sensitivity, in combination 
with accelerators providing projectiles 
of sufficient energy. 

Even though the vibrational energy of 
the quadrupole and monopole modes 
lies in the range from 10 to 25 MeV, the 
projectile energy must be several times 
higher. The velocity of the projectile is 
an important consideration in judging 
its suitability as a vibrational probe. The 
velocity of a particle of a given mass 
depends on its energy. High-energy pro­
jectiles are needed to excite giant vibra­
tions because lower-energy (and hence 
lower-velocity) projectiles interact with 
the target for a relatively long time, al­
lowing more complex excitation proc­
esses to take place. A slower projectile 
might induce a vibration composed of 
several fundamental modes, or it might 
induce more complicated motions in the 
nucleus by exchanging nucleons with 
the target. These processes do not give 
rise to a diffraction pattern but contrib­
ute to a background cross section that 
must be subtracted from the data before 
the vibrational modes can be analyzed. 

TAR G ET N U C L E U S  

High-energy projectiles are needed 
for another reason. Simple diffraction 
patterns are obtained only if the wave­
length, and therefore the energy, of the 
exciting projectile does not change sig­
nificantly during the excitation process. 
A projectile that excites a nuclear vibra­
tion gives up an amount of energy equal 
to the energy of the vibrational mode; 
the higher the initial energy of the pro­
jectile, the less significant the result­
ing change in wavelength. On the other 
hand, from the experimental point of 
view the small change in energy makes it 
difficult to distinguish the diffracted par­
ticles from the much larger number of 
beam particles that do not interact with 
the target nuclei. 

The discovery of the quadrupole 'and 
monopole vibrations in the 1970's was 
based on the development of two types 
of scientific instrument: machines capa­
ble of accelerating particles of various 
kinds to energies higher than 50 MeV 
and sensitive magnetic spectrometers 
(spectrographs) capable of separating 
particles of slightly different energies. 
Once .the instruments were available nu­
clear vibrations began to be reported in 
rapid succession. The giant quadrupole 
vibration was first seen in electron-scat­
tering measurements done at Darmstadt 
in West Germany by Rainer Pitthan and 
Th. Walcher and in proton-scattering 

measurements done at the Oak Ridge 
National Laboratory by F. E. Bertrand 
and M. B. Lewis. The giant quadrupole 
vibration has now been excited in practi­
cally all species of nuclei; it has a fre­
quency that varies inversely with the ra­
dius of the nucleus. The equivalent ener­
gy is in the range from 10 to 20 MeV. 

The first indications of the breathing 
mode were found with deuteron scatter­
ing by Nadine Marty and her collabora­
tors at the Institute of Nuclear Physics 
of the University of Paris (Paris-Sud) 
at Orsay. Observation of the diffraction 
peak in the forward direction, providing 
definitive proof of the monopole mode, 
was first obtained in 1977 with alpha­
particle scattering by a group at Texas 
A&M University led by Dave H. Young­
blood. Like the quadrupole, the breath­
ing mode has a frequency that decreases 
with increasing size of the nucleus. In 
energy units the range is from 15 to 25 
MeV, slightly higher than the energy of 
the quadrupole. The giant octupole vi­
bration was first detected in 1980 in scat­
tering experiments done with 800-MeV 
protons at the Los Alamos Scientific 
Laboratory. The octupole mode has an 
energy ranging from 20 MeV in heavy 
nuclei to 30 MeV in lighter nuclei. 

The history of theoretical speculation 
about nuclear vibrations and the in­
terplay between theory and experiment 

DIFFRACTION PATTERN associated with the monopole vibra­
tion is a point on the beam axis. The pattern is known as the Poisson 
spot; in the 19th century Simeon Denis Poisson proved mathemati­
cally that if light consists of waves, there should be a small bright 
spot in the shadow of a sphere. Poisson put forward his argument as 

a proof that light cannot have a wave nature, since no such diffrac­
tion pattern had been seen at the time. The pattern is formed by a 
disk or a sphere whose surface absorbs light uniformly. Particles 
that interact uniformly with the surface of a nucleus, as do those 
that excite the monopole vibration, are diffracted with the same spot. 
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fnrm an equally interesting thread in the 100 �-----------.-----------------.-----------, 

stnry. Thenretical calculatinns predict­
ed a nuclear phennmennn fnr which 
there was no. .experimental evidence, 
giving. physicists snme clues, albeit im­
perfect.-abnut where to. lnnk and what it 
wnuld lnnk like if it were fnund. The 
experimental evidence .in turn shnwed 
where the simplified thenretical mndels 
nf vibrating nuclei were in errnr and 
helped to. lay the. grnundwnrk fnr mnre 
pnwerful mndels based nn mnre accu­
rate assumptinns. 

The frequency nf a vibrating bndy 
depends nn two.. properties: the in­

ertia nf the cnnstituent particles, which 
· gnverns hnw quickly they respnnd to. a 
fnrce, and the restnring fnrce, which 
nppnses the. displacement nf the parti­
cles. The, larger the inertia is, the slnw­
er the bndy vibrates, and the strnnger 
the restnring, fnrce, the higher the vi­
bratinnal frequency. Mnre.quantitative­
Iy, the square nf. the .vibratinnal fre­
q uency is directly propnrtinnal to. the 
strength nf the restnring fnrce and in­
versely prnpnrtinnal to. the inertia. 

In 1944 the Russian physicist Arkadii 
· B. Migdal predicted .the frequency nf 
· the dipnle vibratinn by applying thnse 
simple mechanical laws to. the nucleus. 
It is easy to. cnnstruct a plausible mndel 
nf the inertia nf the nucleus vibrating in 
the dipnle mnde. Assuming that all the 
nuclenns are mnving with the same 
speed in the dipnle vibratinn (but in dif­
ferent directinns fnr prntnns and neu­
trons), the inertia is equal to. the to. tal 
mass nf the ·nucleus. Mndeling. the re­
stnring fnrce is 'more difficult, and it 
is here the simplificatinn in thenretical 
mndels nf the n.ucleus generally cnmes 
in. In the case nf the dipnle, mnde the 
restnring fnrce is mainly due to. the at­
tractive strnng fnrce between prntnns 
and neutrnns. The strength nf this fnrce 
in a vibrating nucleus can be inferred 
frnm the binding energy nf varin us nu­
clei. Amnng all nuclei thnse with nearly 
equal numbers nf prntnns and neutrnns 
have the greatest binding energy, apart 
frnm the effects nf the prntnns' electric 
charge. A mndel nf the prntnn-neutrnn 
interactinn is cnnstructed to. fit the sys­
tematic variatinn in binding energy. with 
nuclear cnmpnsitinn; the same mndel is 
then used to. calculate the restnring fnrce 
when the nuclenns are displaced in the 
dipnle mnde. 

The measured frequency nf the dipole 
vibratinn agrees remarkably well with 
the frequency Migdal predicted frnm 
his mndel. Nevertheless, we nnw knnw 
that mnre than the pntential energy nf 

, separated prntnns and neutrons needs tn. 
be cnnsidered in mndeling the restoring 
fnrce nf the dipnle mnde; furthermnre, 

· the inertial mass nf the system is nnt 
simply that nf free nuclenns·. The.iner­
tial..mass is' slightly smaller than Mig'dal 
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SGATTERING.CROSS SECTION of nuclei vibr-ating in the monopole mode peaks on the 
beam axis (at zero degrees). The graph shows the angular distribution of alpha particles inelas­
tically scattered from lead nuclei. The monopole vibration was identified seven years later 
than the quadrupole vibration, largely because of the' difficulty of separating particles scat­
tered along the beam axis from the particles passing through the target without being deflected. 

assumed because in a quantum-mechan­
ical descriptinn nf the nucleus, prntnns 
and neutrnns are nnt the nnly particles 
present. There are also. pi mesnns, or pi­
nns, the subatnmic particles respnnsible 
fnr transmitting much nf the strnng in­
teractinn betw.een nuclenns. Pinns are 
much lighter than nuclenns and hence 
reduce the average inertial mass. Fnr the 
dipnle vibratinn, hnwever, the discrep­
ancies are minnr and the predictinns 
based nn binding-energy L:alculatinns 
are essentially cnrrect. 

Annther model nf the nucleus, the liq­
uid-drnp mndel, was prnpnsed' bY' Niels 
Bnhr in 1936. Bnhr tnnk nnte nf the fact 
that a nudenn in the interinr nf a nucle­
us is surrnunded by nther nuclenns that 
pull it equally in all directinns, so. that 
the net fnrce is zero.. A nuclenn at the 
surface, nn the nther hand, has nther 
nuclenns nn nnly nne side, and so. it is 
pulled tnward the center. The effect nn 
the surface nuclenns is analngnus to. the 
surface tensinn nf a drnp nf water; in 
bnth cases the fnrce tends. to. make the 
system take nn a spherical shape. 

The frequencies nf liquid-drop vibra­
tinns were wnrked out by Lnrd Rayleigh 
aUhe end nf the 19th century. In 195 2  
Niels Bnhr's snn, Aage Bnhr, arid Ben 
R. Mnttelsnn suggested that the liquid­
dmp- mndel might be applied tn'vibra­
tinns such -as the q uadrupnle vibratinn, 
in which the nucleus· nscillates between

' 

spherical and def0rmed shapes. In these 
vi brat inns the dnminant restnring fnrce 

'shnuld be the_ nuclear surface tensinn. 

Because the nuclear surface tensinn is 
relatively weak, Bnhr and Mnttelsnn 
predicted that the frequency nf the 
quadrupnle mnde wnuld be lnw. Quad­
rupnle-shaped mntinns were fnund at 
lnw frequencies, but nnly a few nf the 

. nuclenns, typically fewer than 10 per­
cent, participate in the mntinns. The gi­
ant quadrupnle vibratinn has a frequen­
cy much higher than the predicted nne. 

The prnblem with the liq uid-drnp 
mndel is that nuclenns are nnt free. to. 
mnve in the nucleus in quite the same 
way as mnlecules are free to. mnve in a 
drnp nf liquid. Nuclenns must nbey the 
Pauli exclusinn principle, which states 
that no. two. identical nuclenns can ,have 
exactly the same quantum-mechanical 
state nf mntinn. As a. cnnsequence two. 
prntnns nr two. neutrnns having the 
same spin nrientatinn must nccupy dif­
ferent nrbits in the nucleus. Their mn­
tinn is .thereby cnnstrained to. snme 
'extent; they. must keep nut nf each nth­
er's way. 

Tn include the quantum effects prnp­
erly requires a much mnre elaborate 
thenry, which I shall describe .belnw. 
The thenry gives a quite simple and un­
expected-result fnr the giant vibratinns, 
namely. that the· nocleus has a rigidity 

. making it respond mnre like a snlid than 
a.liq.uid. 'The restnring. fnrce fnr the 
q uadrupnle vibration is gnverned by the 
elastic cnnstant nf the nuclear medium. 
The value nf the elastic cnnstant -can be 
estimated from ,the. quantum'thenry; it 
is' proportinnal 10' the !cine tic energy nf 
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the nucleons in their shell-model orbits. 
Similar physical principles determine 
the forces between ordinary atoms in a 
solid. If two atoms are pushed together, 
there is a repulsive force that can be 
traced to the electrons' increased kinetic 
energy, which in turn can be traced to 
the req uirements of the exclusion princi­
ple. Nuclear matter is, however, much 
stiffer than ordinary matter because the 
nucleons in the nucleus have much high­
er kinetic energy than the electrons in 
the atom. Given the elastic constant of 
nuclear matter from quantum theory, 
the frequency of the quadrupole vibra­
tion can be calculated from a formula 
for the elastic vibrations of a sphere 
worked out more than a century ago 

X 
FOCAL-PLANE 
DETECTOR 

by the British physicist A. E. H. Love. 
The great stiffness of nuclear matter 

clearly suggests that nuclear quadrupole 
vibrations should be of high frequency. 
How, then, is one to understand the low­
freq uency q uadrupolelike motions in 
which a few percent of the nucleons take 
part? If the disturbance that excites a 
vibration is slow, it is relatively easy to 
move a few of the nucleons into empty 
orbits of nearly the same energy. The 
exclusion principle does not forbid such 
a transition, and so the nucleus acts 
more like a liquid. When the nucleus is 
struck by a high-speed projectile, on the 
other hand, there is no time for internal 
rearrangement and the giant vibrations 
are more prominent. Overall the nucle-

ar response to an external force resem­
bles that of Silly Putty, which responds 
like an elastic solid to sudden forces and 
like a viscous liq uid to slow ones. 

The freq uency of the monopole vibra­
tion can also be worked out from a sim­
ple model of the nucleus in which only 
the inertia of the nucleons and the domi­
nant restoring force of the vibration are 
considered. The restoring force in this 
case is the resistance of nuclear matter 
to compression. (In the "breathing" mo­
tion of a monopole vibration the nucle­
us is alternately compressed and rare­
fied.) The breathing model was suggest­
ed long before quantum calculations of 
the monopole vibration were available; 
later mean-field theory confirmed the 
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THE MAGNETIC SPECTROGRAPH, a sophisticated version of 
the mass spectrometer, separates particles that have lost a specific 
amount of energy in exciting a nuclear vibration from other particles 
in a beam. The beam of particles from an accelerator is directed onto 
a thin foil of target material in the scattering chamber of the spectro­
graph. Mter interacting with the target the projectiles are sorted ac­
cording to energy by a dipole magnet that deflects them into a circu-

lar path. A particle with a higher energy follows a wider arc in the 
magnetic field than a particle with a lower energy. Only particles with 

the selected energy pass through the magnet to the detector. Quadru­
pole magnets focus the beam; a sextupole magnet corrects focusing 
aberrations. In the Michigan State University spectrograph shown 
here the detector is a multiwire gas ionization chamber. The high­
energy particles ionize atoms of gas in the chamber. The electrons Jib-
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validity of a force based on the com­
pressibility of nuclear matter. It has not 
been possible, however, to calculate the 
compressibility coefficient reliably or to 
measure it by other means, so that the 
observation of the monopole vibration 
provides the most direct information on 
the compressibility of nuclear matter. 
The coefficient derived from the breath­
ing model together with the observed 
frequency of the vibration has nonethe­
less received spectacular confirmation 
from a very different source. 

When a massive star comes to the end 
of its life, the inward-pushing gravita­
tional forces are no longer balanced by 
the outward pressure of hot gases pro­
duced by nuclear reactions and the star 
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erated are attracted to the closest point on an 
array of parallel wires in the detector chamber. 
Currents induced in the wires are individually 
detected to determine the position of the parti­
cle. The spectrograph can be pivoted around 
the chamber so that the scattering probabil­
ity can be measured as a function of angle. 

begins to collapse. Gravitation com­
presses the core of the star to the density 
of nuclear matter, at which point the 
great resistance of nuclear matter to fur­
ther compression begins to counteract 
the gravitational collapse. Depending 
on the compressibility of nuclear matter 
(among other things), the collapse may 
continue to the formation of a black 
hole or it may be stopped by an out­
ward-moving shock wave that blows off 
the outer layers of the star in a superno­
va explosion. A dense neutron star is left 
at the center of the explosion; the max­
imum mass such a star can have de­
pends directly on the compressibility co­
efficient. To date there is good agree­
ment between the observed range of 
neutron-star masses and the compressi­
bility coefficient deduced from the nu­
clear monopole vibration. 

An exact theory of nuclear structure 
.fl.. (as opposed to a model) would 
specify in detail the forces exerted by 
each nucleon on every other nucleon. In 
a nucleus of moderate size, for example 
oxygen 16, there are 120 pairings of 
the nucleons to be considered. Further­
more, according to quantum mechanics, 
all the possible configurations of the nu­
cleons have to be considered simulta­
neously, and each configuration must be 
assigned some amplitude in the quan­
tum wave equation. The relative ampli­
tudes would be independent of time in a 
description of the unexcited nucleus, but 
in the vibratory motion they 'would of 
course vary with time. In either case the 
task of describing the system in this way 
is mathematically intractable. The shell 
model offers a simplified description; it 
is approximate but nonetheless retains 
most of the quantum physics and is 
quite accurate in accounting for many 
of the properties of nuclei. The shell 
model does not attempt to calculate all 
the interactions of the individual nucle­
ons. Instead a single... potential, or mean 
field of force, is defined; it represents the 
collective effect of all the particles on 
any given particle. The quantum wave 
equation is solved for one particle at a 
time in this common potential. 

The problem then becomes one of 
choosing the appropriate potential. The 
starting point is the distribution of parti­
cles in an unexcited nucleus; summing 
the fields associated with the individual 
nucleons yields an approximate collec­
tive potential. The next step is to go back 
and alter the wave functions of the indi­
vidual particles in accordance with the 
estimated potential. By successive ap­
proximation one finds a potential and a 
set of particle wave functions that are 
mutually consistent. This method was 
introduced by William Hartree as a 
means of describing the electrons in an 
atom; the techniq ue has been very use­
ful in nuclear physics and is the basis of 

the nuclear shell model. The usual shell 
model is a static theory, but one can eas­
ily allow the potential field to depend on 
time in order to describe vibrations. 

The time-dependent mean-field theo­
ry was first applied to nuclear vibrations 
in the 1960's. The change in the poten­
tial caused by an external force is calcu­
lated from the change in the distribution 
of the nucleons from one point in the 
vibrational cycle to the next. Again a 
repetitive procedure is employed to ar­
rive at an accurate description of the 
field. The potential acting on the nu­
cleons is calculated from their move­
ment. The resulting approximation of 
the field in turn serves to refine the 
initial wave functions, which specify a 
new approximate potential. Ultimately 
a set of wave functions is found that fits 
both the distribution of particles and 
the potential field for the succeeding 
point in the vibrational cycle. The pro­
cedure can be simplified for small-am­
plitude vibrations. 

The mean-field theory, rather than the 
simpler models of the nucleus, has pro­
vided the theoretical basis for vibration­
al studies for the past 10 years. In 195 2  
Mottelson predicted the frequency of 
the quadrupole vibration on the basis of 
the liquid-drop model; as I have stated, 
the predicted frequency turned out to 
be too low. In 1969 Mottelson predict­
ed the freq uency of the same vibra­
tion on the basis of the mean-field the­
ory. When the vibration was finally de­
tected in 197 1, the observed frequency 
agreed with his second prediction. 

The dipole, quadrupole and mono­
pole vibrations are all geometric 

deformations with clear analogues in 
the vibrations of ordinary macroscopic 
bodies. The spin vibrations of the nucle­
us are quite different. Spin is an intrin­
sically quantum-mechanical property, 
and analogous motions are not to be 
found in macroscopic systems. The spin 
vibrations differ from the shape vibra­
tions in that the spatial d istribution of 
the nucleons may remain frozen with 
only the spin orientation varying with 
time. When there is no spatial motion, 
the Pauli principle is more restrictive 
and only a few of the nucleons can 
participate in the spin vibration. In the 
unexcited nucleus the spins are nearly 
all paired; the excitation process tips the 
spins of some of the nucleons and they 
precess. There are several ways the spin 
precession can be induced and detected. 
The nucleon spin has an associated mag­
netic moment and can interact through 
the electromagnetic field .  Hence photon 
absorption and electron scattering are 
two techniques for studying spin proper­
ties of nuclei. 

There are other fields as well that in­
teract with nucleon spins. One of these is 
the field of the pi meson. When a pion 
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is absorbed by a nucleon, it changes the 
nucleon's spin orientation. An individu­
al nucleon is surrounded by a pion field, 
so that even nucleon projectiles can in­
duce spin vibrations. Another field that 
interacts with spin is the weak field, me­
diated by the recently observed Wpar­
ticle. The weak field is responsible for 
beta decay, one of the major processes 
in the formation of stable elements. In 
beta decay a proton is changed into a 
neutron or vice versa, usually with 
a reorientation of the spin of the affect­
ed particle. 

One of the best experimental tech­
niq ues for studying spin vibrations is the 
inelastic scattering of high-energy pro­
tons from a nuclear target. The pion 
field of the proton interacts with nucle­
ons in the target, and much of the char­
acter of the interaction is due to the 
pion. If the exchanged pion is a neutral 
one, the electric charges of the projectile 
and the target remain the same and the 
collision is seen as an instance of ordi­
nary inelastic scattering. It is also possi­
ble to exchange a charged pion, in which 
case the charges of the projectile and the 
target both change. The bombarding 
proton is turned' into a neutron, and in 
the target one of the neutrons is changed 
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into a proton. In spite of the charge ex­
change the same diffractive effects de­
termine the angular distribution of the 
scattered beam. The simplest possible 
spin vibration, which is uniform over 
the entire surface of the nucleus, gives 
rise to a diffraction pattern with a peak 
at zero degrees, just as the giant mono­
pole vibration does. 

The charge-exchange spin vibration is 
called the giant Gamow-Teller reso­
nance because of its relation to the spin­
flip beta-decay process originally de­
scribed by George Gamow and Edward 
Teller. The giant Gamow-Teller reso­
nance was first observed in 1976 by 
Robert Doering, who was then a grad­
uate student at Michigan State Univer­
sity. The energy of the proton beam 
was rather low and the forward dif­
fraction peak was just barely distin­
guishable from the background of neu­
trons arising from more complex inter­
actions with the target. More recent 
experiments done at the Indiana Uni­
versity Cyclotron Facility with higher­
energy beams have given diffraction 
patterns in which the background is 
much reduced. The· clearer patterns al­
low the properties of the vibration to be 
measured more accurately. The energy 
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QUANTUM�MECHANICAL MODEL called the mean-field model provides· a more satis­
factory explanation of nuclear vibrations than models based. on classical mechanics do. The 
force exerted on any one nucleon by the other nucleons in a nucleus fluctuates widely. Calcu­
lating the path 'of it nucleon in this field poses insurmountable difficulties. Not only is the field 
complex but also it changes 'rapidly because the nucleons creating the field are themselves in 
motion. The mean-field model simplifies the problem by postulating a smooth although vary- , 
ing.field; it is the average of all the fluctuations of the actual field. An approximate mean field . 
is calculated from the motion of the particles; the motiolL in turn is then. calculated from the 
estimated field. Iterated calculations yield an approximation of the varying field that corre­
sponds to the varying distribution of the nucleons during the vibration. The field shown here is 
for a one-dimensional array of nucleons; the actual distribution is a three-dimensional one. 
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of the vibration lies in the range from 
10 to 15 MeV. 

The measured energies can be com­
pared with theoretical predictions to 
check our understanding of the spin 
forces. There are no classical models for 
the spin vibrations, but the mean-field 
theory can be applied. The predictions 
agree well with the measurements, dem­
onstrating that the theoretical descrip­
tion of the spin forces, based largely on 
the pion fields of the nucleons within 
the nucleus, is essentially correct. Even 
apart from theory, the existence of the 
giant Gamow-Teller resonance had long 
been suspected from indirect evidence. 
Beta-decay transition rates tend to be 
much lower than expected from the 
shell model, showing that the amount 
of spin precession at low frequency is 
small. From this finding one infers that 
the spin forces cause a higher-freq uency 
precession-the giant vibration. 

The last vibration I shall discuss is  
the magnetic-dipole resonance, which is 
much like the Gamow-Teller resonance. 
The main difference is that the number 
of protons and neutrons is not altered in 
the magnetic vibration. In the magnetic­
dipole resonance the spin of the proton 
is tipped in the direction opposite to the 
spin of the neutron. Since the magnetic 
moments of protons and neutrons have 
opposite signs, the overall magnetic mo­
ment is maximized by this configura­
tion. As the name of the vibration sug­
gests, the magnetic field has a dipolar 
pattern. 

It is relatively easy to study the mag­
netic-excitation properties of light nu­
clei because the structure is fairly simple 
when only a few nucleons are present. 
Depending on the nucleus and the de­
gree of pairing, . a prominent spin vi­
bration may be present. Until recent­
ly, however, little was known about the 
magnetic excitations of heavy nuclei, in 
spite of a long search for the magnet­
ic-dipole resonance. This situation has 
changed recently; in 198 1 the magnetic­
dipole resonance was found in the nu­
cleus of zirconium 90 by using inelastic 
proton scattering to excite the spins of 
the target nucleons. The experiment was 
done at Orsay with 200-MeV protons 
and a spectrograph capable of identify­
ing inelastic-scattering events at angles 
as small as two degrees. The excita­
tion energy of the magnetic-dipole res­
onance ranges from 8 MeV in heavy 
nuclei to 15 MeV in light nuclei. 

One interesting and somewhat puz­
zling aspect of both the Gamow-Teller 
and the magnetic-dipole resonances is 
that only a third of the expected number ' 
of nucleons seem to participate in the 
vibration in heavy nuclei. This is one of 
the reasons it was difficult to observe 
the magnetic-dipole resonance. The re­
duced strength has led nuclear physi­
cists to look for a complete understand-
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ing of the vibrations on a deeper lev­
el. Protons and neutrons are no longer 
thought to be elementary particles; they 
are composite objects made up of 
the more fundamental particles called 
quarks. Any change in the nucleon's 
spin necessarily entails some change in 
the quarks' state of motion. The quark 
spins interact much more strongly than 
the nucleon spins and give the system 
a tendency to precess at a much high­
er freq uency. The apparent number of 
spins vibrating at low freq uency is there­
by reduced. 

The reduced participation in the Ga­
mow-Teller vibration has consequences 
for astrophysics, particularly for the 
theory of supernovas. During the col­
lapse of a star the nuclei in the core un­
dergo inverse beta decay in which a pro­
ton, an electron and an antineutrino 
combine to form a neutron. The amount 
of energy available to blow off the outer 
layers of the star turns out to be propor­
tional to the fraction of the nuclei that 
take part in the process. Because the nu- ' 
clear species involved do not exist in the 
laboratory, one must rely on the theory 
of the spin vibrations in seeking an un­
derstanding of how stars explode. 

The vibrational models and the mean­
field theory have successfully accounted 
for the frequencies of the vibrations, but 
they do not explain one important as­
pect of the motion: the damping of the 
vibrations, the decrease in the amplitude 
and the final extinction of the motion 
with time. Experimentally the damping 
shows up as a broadening of the reso­
nance peak in measurements of the vi­
brational frequency. From the width of 
a resonance, say 4 MeV for a typical 
dipole or quadrupole vibration, it can be 
calculated that the nucleus oscillates 
through about three cycles before the 
motion is damped out. 

The mechanisms that underlie damp­
ing are poorly understood. Collisions 
between nucleons would damp out the 
motion quickly, but the Pauli exclusion 
principle severely limits the probability 
of such collisions. Indeed, the mean­
field theory would not work as well as it 
does if collisions were frequent. An­
other possibility is that the vibrational 
motion is coupled to more complex 
patterns of motion in the nucleus. The 
mean-field theory, however, is not capa­
ble of dealing with complex, uncoordi­
nated motions of the nucleons. These 
motions are of course present and show 
up as the background cross sections in 
most measurements. The question of vi­
brational damping and the search for 
a theoretical model that can treat the 
more complex motions are now among 
the most active areas of research. No 
doubt there is much remaining to be 
learned about vibrations of nuclei, and 
indeed about the cooperative motion of 
quantum particles in general. 
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GIANT SPIN VIBRATIONS represent the coordinated precession 
of the spin axes of the nucleons. In the giant magnetic-dipole reso­
nance (top) a proton and a neutron are tipped in opposite directions; 
their spin axes precess 180 degrees out of phase with each other. As a 
result of the coordinated precession of a fraction of the nucleons the 
nucleus as a whole acquires a net spin and a net magnetic moment. In 
the giant Gamow-Teller resonance (bottom) a proton is converted 
into a neutron and its spin is tipped from the original orientation. 
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SCATTERING CROSS SECTION of the giant spin vibration is much like that of the giant 
monopole vibration, peaking at an angle close to zero degrees from the beam axis. The differ­
ence is that the projectile, a proton, exchanges electric charge with a neutron in the target nucle­
us in the course of exciting the vibration, so that the scattered particles are neutrons rather 
than protons. In this case protons with an energy of 160 MeV excite the giant spin vibration in 
lead nuclei and yield a diffracted beam of neutrons with an energy of 146 MeV. Because the 
neutrons are uncharged, it is easy to separate them from the beam protons and to measure scat­
tering in the direction of the beam. The neutrons are not deflected by a magnetic field, how­
ever, and so their energy cannot be measured in a magnetic spectrograph. Instead their veloci­
ty is measured by timing their flight to a detector placed 100 meters away from the target. 
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Microbodies in the Living Cell 
A group of subcellular organelles linked by superficial structural 

similarities actually includes several distinct types, each having 

different sets of enzymes dedicated to different metabolic tasks 

I
n the early 1950's a Swedish gradu­

ate student, Johannes A. G. Rhodin, 
was exploring mouse kidney cells in 

the Karolinska Institute laboratory of 
Fritjof Sjostrand, one of the pioneers of 
electron microscopy. He saw a small or­
ganelle that had not been described be­
fore. It was about half a micrometer in 
diameter (a micrometer is a thousandth 
of a millimeter), surrounded by a single 
membrane and filled with a fine granu­
lar matrix. The nondescript appearance 
of the unknown cell component partic­
ularly struck its young discoverer; for 
want of any characteristic feature to at­
tach a name to, Rhodin (who is now at 
the University of South Florida College 
of Medicine) called it a microbody. Sim­
ilar structures, many of them having a 
dense, semicrystalline core, were soon 
detected in liver cells. For several years 
there was no clue to the identity or func­
tion of the mysterious microbody. 

Morphology reflects chemistry. By 
and large, all members of a given sub­
cellular population (a distinctive organ­
elle, for example) have the same enzy­
matic composition. By and large, each 
enzyme is found at a single site in the 
cell (in a particular organelle, for exam­
ple). The same particle a cell anatomist 
sees in his micrographs may therefore 
reveal itself to the biochemist as a set of 
similar peaks in curves reflecting the dis­
tribution of particular enzymes in cell 
fractions separated by spinning in a 
high-speed centrifuge. It was therefore 
predictable that help in characterizing 
the microbody might come from bio­
chemical studies. It did, but it came in 
the unpredictable, roundabout way that 
is common in basic research (to the con­
fusion-would they only learn by it-of 
those who call for "goal-oriented" pro­
gramming of scientific investigation). 

In the mid-1950's my colleagues and I 
at the Catholic University of Lou­

vain were in the midst of an excit­
ing series of experiments (themselves 
prompted by a chance observation) that 
were just giving us a glimpse of a new 
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intracellular organelle, the lysosome 
[see "The Lysosome," by Christian de 
Duve; SCIENTIFIC AMERICAN, May, 
1963]. Our main tool was a modified 

cell-fractionation scheme. It had en­
abled us to demonstrate that in the liver 
of the rat the enzyme acid phosphatase 
is segregated within a special group of 
particles intermediate in size between 
mitochondria and "microsomes," the 
two main cytoplasmic entities recog­
nized in those days. ( Mitochondria are 
the power-generating organelles of the 
cell; microsomes, once thought to be 
organelles, are fragments of several in­
ternal cell-membrane systems.) 

Applying our new fractionation 
scheme systematically to the enzymes 
other workers had found straddling the 
mitochondrial and microsomal frac­
tions, we found that several acid hydro­
lases (enzymes that split a wide range of 
biological compounds in an acid medi­
um) ended up along with acid phospha­
tase in our fractionations. It was the as­
sociation of these enzymes that led us 
to the characterization of the lysosome: 
a saclike particle containing enzymes 
that digest nutrient molecules, foreign 
substances and, under certain circum­
stances, components of the cell itself. 

A nondigestive, oxidizing enzyme 
showed the same distribution pattern, 
however. It was urate oxidase (or uric­
ase, as it was then sometimes called) : 
an enzyme that oxidizes urate (or uric 
acid) to allan to in and carbon dioxide. 
We had included it in our measure­
ments because Alex B. Novikoff, who 
is now at the Albert Einstein College of 
Medicine, had reported that its centrif­
ugal behavior was similar to that of 
acid phosphatase. We found the two en­
zymes did indeed move together when 
we fractionated liver tissue by differen­
tial centrifugation, which separates enti­
ties on the basis of the rate at which they 
sediment when they are spun in a centri­
fuge. This did not, however, necessarily 
mean that urate oxidase and acid phos­
phatase are associated physically with­
in the same particle. It could instead re-. 

flect the cosedimentation of two dis­
tinct types of particles that happen to 
have the same sedimentation coeffi­
cient, which is a complex function of 
size, shape and density. 

We suspected the second explanation 
might be true. One of our reasons was 
that urate oxidase did not (unlike acid 
phosphatase and the other acid hydro­
lases of Iysosomes) display the prop­
erty we called structure-linked latency : 
a seemingly inactive state of certain par­
ticle-linked enzymes that is observed 
when the particles are assayed for en­
zyme activity under conditions respect­
ing their structural integrity. It was the 
chance discovery of this phenomenon 
(as exhibited by rat-liver acid phospha­
tase) that had attracted us to this field 
in the first place; we had been able to at­
tribute it to the fact that the "inactive" 
enzyme is enclosed within a membra­
nous envelope, inaccessible to the com­
pound meant to serve as the enzyme's 
substrate in the assay. Our suspicion 
that urate oxidase is not in lysosomes 
was confirmed when we applied anoth­
er fractionation procedure, density 
equilibration in a density gradient, in 
which each particle sediments only ·as 
far as its own density allows. In several 
systems of this kind acid phosphatase 
and urate oxidase showed clearly differ­
ent distribution patterns. 

The matter was clinched after my 
colleague Robert Wattiaux found that 
when rats are injected with the mild de­
tergent Triton WR- 1339, it accumulates 
in the lysosomes of liver cells and other 
cells and thereby causes a drastic and 
selective decrease in the density of those 
particles. The particles .containing urate 
oxidase (and some other nondigestive 
enzymes that had been found to sedi­
ment with it) failed to show the change 
in density; they could therefore be sepa­
rated cleanly from lysosomes, as well as 
from mitochondria, in a sucrose densi­
ty gradient. This enabled my colleagues 
Pierre Baudhuin and Henri Beaufay to 
identify what we at first referred to as 
"uricosomes" (a term reflecting our ear-
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ly blochemical information) with the 
morphological entity Rhodin and others 
had described as microbodies. 

The definition of the microbody kept 
changing as our search extended to 

enzymes other than urate oxidase and to 
biological materials other than rat liver. 

(The locus of our efforts also expand­
ed. In 1962 I accepted a position at the 
Rockefeller Institute for Medical Re­
search-now Rockefeller University-in 
New York. I did not sever my ties with 
Louvain, however, and have since divid­
ed my time between the two institutions. 
Something of a scientific airlift was soon 

established between the two laborato­
ries, which continue to exchange inves­
tigators, findings and techniques and 
to collaborate on many projects.) First 
Baudhuin showed that catalase, an en­
zyme that breaks down hydrogen per­
oxide (H20 2), seemed to be associated 
with the rat-liver microbodies contain-

PEROXISOMES, the major type of microbody, are seen crammed 
into a yeast cell in this freeze-etch electron micrograph made by Mar­
ten Veenhnis of the State University at Groningen in the N ether­
lands. These are highly unusual peroxisomes whose proliferation has 
been induced by growing the yeast Hal/sel/lIla polYlllorpha in a medi­
um in which methanol is the source of carbon. The peroxisomes COIl-

tain the enzymes alcohol oxidase and catalase, which respectively 
oxidize the methanol, generating hydrogen peroxide, and reduce the 
hydrogen peroxide to water. The yeast cells were frozen and then 
fractured. Ice on the fractured surface was sublimed, the surface was 
shadowed with platinum, and carbon was deposited to make a repli­
ca. Here the carbon replica of one cell is enlarged 36,000 diameters. 
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SINGLE RAT-LIVER PEROXISOME is enlarged 1 15,000 diameters in this electron micro­
graph made by Helen Shio in the author's laboratory at Rockefeller University. It is bounded 
by a single membrane and has a granular matrix with a denser, semicrystalline core. Part of 
a mitochondrion is visible (top right), as are sectioned channels of the endoplasmic reticulum. 

TWO GLYOXYSOMES surrounded by lipid (fat) droplets in the cell of. a germinating tomato 
seedling are enlarged 32,000 diameters in an electron micrograph made by Eldon H. New­
comb of the University of Wisconsin at Madison and Peter J. Gruber. One glyoxysome has an 
inclusion of cytoplasmic material. Glyoxysomes, another type of microbody, are in effect per­
oxisomes that contain some or all of the enzymes needed to catalyze the glyoxylate cycle, a vari­
ant of the Krebs cycle. Glyoxysomes of seedling cells also contain enzymes for what is called 
the beta oxidation of fatty acids; raw material for that oxidation is present in lipid droplets. 
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ing urate oxidase. Otto Z. Sellinger, who 
is now at the University of Michigan 
Mental Health Research Institute, did 
the same for D-amino acid oxidase, an 
enzyme that oxidizes the unusual D­
amino acids found in certain bacterial 
constituents. 

On a visit to New York, Baudhuin 
joined forces with Miklos M Uller (who 
had come to us from Hungary with a 
major interest in the lysosomes of proto­
zoa) and with a gifted graduate student, 
the late Brian H. Poole. The results of 
this collaboration were most instructive. 
Particles biochemically similar to the 
liver microbodies (except that they lack 
urate oxidase) were found in the mam­
malian kidney (where microbodies had 
first been detected morphologically) and 
also in the protozoan Tetrahymena pyri­
formis, a ciliate whose cytoplasm like­
wise contains microbodylike organelles. 
In addition to catalase and D-amino 
acid oxidase the particles were found to 
contain a hydroxy acid oxidase acting 
notably on glycolate and lactate and (in 
kidney but not in the other two mate­
rials) an L-amino acid oxidase acting 
on the usual amino acids that make 
up proteins. 

These findings indicated we were 
dealing with a cellular organelle likely 
to be widely distributed in the animal 
kingdom. They also provided a possible 
clue to what the microbody does in life. 
We were particularly impressed with the 
fact that the various oxidases in the new 
particles, although they can oxidize a 
wide range of substrates, have one fea­
ture in common : in oxidizing these sub­
strates they red uce oxygen to hydrogen 
peroxide. Catalase thereupon red uces 
the hydrogen peroxide to water. To re­
d uce is to add electrons. For catalase 
the electron donors are such small mol­
ecules as methanol, ethanol, nitrite or 
formic acid or, in the absence of such 
a donor, hydrogen peroxide itself. To­
gether the oxidases and catalase can 
therefore be pictured as forming a prim­
itive respiratory chain in which elec­
trons removed from various metabolites 
are eventually added to oxygen, form­
ing water. Unlike the major respiratory 
chain of the mitochondria, this one is 
mediated by hydrogen peroxide and is 
not coupled to phosphoryl at ions that 
yield adenosine triphosphate (A TP), the 
cell's major energy carrier. 

On the basis of these considerations 
I proposed in 1965 that the new 

particles be named peroxisomes. The 
term has been widely accepted, although 
there is still something of a nomencla­
ture problem. Be that as it may, the 
concept implied by the word peroxi­
some has provided a useful link con­
necting a variety of microbodylike par­
ticles that are found throughout the eu­
karyotic kingdoms. 
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The concept is also physiologically 
significant, as has been shown most 
elegantly by Britton Chance and his co­
workers at the Johnson' Research Foun­
dation in Philadelphia. By means of a 
sensitive spectrophotometric technique 
they measured the extent to which cata­
lase is complexed with hydrogen perox­
ide in intact rat livers maintained in the 
laboratory. In agreement with the per­
oxisome concept they found that liv­
er-cell catalase is normally complexed 
with hydrogen peroxide to be broken 
down; that the addition of known sub­
strates for the oJUdases increases the 
supply of hydrogen peroxide, and that 
the addition of substrates for the action 
of catalase accelerates the compensato­
ry unloading of hydrogen peroxide from 
the enzyme-peroxide complex. 

Implicit in the peroxisome concept is 
the central importance of catalase as the 
single agent of hydrogen peroxide dis­
posal, whatever the nature of the oxi­
dase substrates that have supported for­
mation of the peroxide. Indeed, catalase 
seems to be present in all representatives 
of the peroxisome family, and often it is 
a major component of the particles; in 
rat liver, for instance, it accounts for 
as much as 15 percent of their total 
protein. A word of caution is required. 
Peroxisomes are certainly not the only 
site of hydrogen peroxide metabolism. 

There are oxidases that yield hydrogen 
peroxide in the cytosol (the fluid ma­
trix of the cell), in the outer membrane 
of the mitochondrion and perhaps else­
where in the cell. Most cells hav.e at least 

,one peroxidase in addition to catalase 
that is capable of breaking down hydro­
gen peroxide. There is also evidence that 
catalase itself is not always confined to 
the peroxisomes; there may be signifi­
cant amounts in the cytosol. 

The next installment in the story be­
gins with another transatlantic ex­

change. At the University of Oxford in 
1957, in the laboratory of the late Sir 
Hans Krebs,. his student Hans L. Korn­
berg discovered the glyoxylate cycle. 
In the 1930's Krebs had worked out 
the citric acid (or tricaboxylic acid, or 
Krebs) cycle, the final common meta­
bolic pathway for the oxidation of fuel 
molecules. The glyoxylate.cycle is a var­
iant of the Krebs cycle. In it the se­
q uence of four reactions whereby isoci­
trate is converted into malate in the 
Krebs cycle, with the release of two mol­
ecules of carbon dioxide, is bypassed; 
it is replaced by a two-reaction se­
q uence that consumes an additional 
acetyl group furnished by acetyl coen­
zyme A (acetyl CoA) and leads to the 
formation of succinate as a by-product. 
Whereas one acetyl group is complete-

ly oxidized to carbon dioxide at every 
turn of the Krebs cycle, in the glyoxyl­
ate cycle (named for a key intermediate 
of the bypass) two acetyl groups are con­
densed to succinate at every turn. 

Now, one of the major sources of ace­
tyl CoA in living cells is what is called 
the beta oxidation of fatty acids. More-

. over, the succinate generated from ace­
tyl CoA by the glyoxylate cycle can be 
converted into carbohydrate by way of 
a segment of the Krebs cycle, phospho­
enolpyruvate and reverse glycolysis. 
The glyoxylate cycle can therefore sup­
port gluconeogenesis, or the new for­
mation of carbohydrate, from fat. It is 
the cycle's main biological function, 
and one of major importance. 

Two workers attracted to Oxford by 
Kornberg's discovery subsequently took 
their interest to the U.S. One was Harry 
Beevers, who' moved from Britain to 
Purdue University and set out to investi­
gate the way in which the glyoxylate cy­
cle is put in motion in germinating cas­
tor beans. This phenomenon, which is 
common to all fatty seedlings, serves to 
provide the young shoots with carbohy­
drate (at the expense of the seeds' oily 
stores) until the first green leaves appear 
and photosynthesis begins. Beevers and 
his co-worker Rowland W. Breidenbach 
located the'two enzymes catalyzing the 
two glyoxylate-bypass steps in what ap-

LEAF PEROXISOME, a large microbody housing a -remarkably reg­
ular crystalline aggr.egate believed to consist of the enzyme catalase, 
is enlarged some-58,OOO diameters in this· micrograph made by New­
comb .and Sue Ellen Frederick. The peroxisome is wedged between 
two chloroplasts arid is adjacent· to. a

-
mitochondrion in a tobacco-

leaf cell; the large open area is the cell's central vacuole. The close as­
sociation of the three kinds of organelle facilitates a circuitous meta­
bolic pathway. Glycolate formed in chloroplasts is oxidized to glyox­
ylate.in peroxisomes; subsequent steps in mitchondria·and then back 
in peroxisomes lead to the formation of carbohydrate in chloroplasts. 
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CENTRIFUGAL FRACTIONATION separates cell components 
into.fractions, which can be analyzed for their enzyme content to re­
veal the association of particular enzymes with particular cellular 
structures. A cell homogenate is spun in a centrifuge at progressively 
higher speeds. The classic fractionation scheme (right) yielded nucle­
ar mitochondrial and microsomal fractions and a largely fluid super­
natant. A modified procedure (left) developed in the author's labora­
tory some years ago subdivided the mitochondrial fraction. The re­
sulting light mitochondrial fraction was layered onto a sucrose densi­
ty gradient and subjected to density equilibration (center), separating 
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its components into three layers on the basis of their density. The lay­
ers were defined by peaks in curves for three marker enzymes (bol-
10m): cytochrome oxidase (a mitochondrial enzyme), acid phospha­
tase (known to be present in Iysosomes) and urate oxidase, which 
appeared to be associated with a different particle. The peaks (and 
the fractions they define) were close together when normal rat cells 
were fractionated (A). When rats were injected with a detergent that 
accumulates in Iysosomes, the density of the Iysomes was selectively 
lowered (B), and they could be clearly separated from particles con­
taining urate oxidase: the microbodies now known as peroxisomes. 
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peared to be a novel kind of cytoplasmic 
particle. The same particles contained 
the three other" glyoxylate-cycle en­
zymes, which could also be found in the 
mitochondria as part of a regular Krebs 
cycle. The new particles could be puri­
fied by centrifugation in a sucrose gradi­
ent, where they equilibrated at a high 
density, as our liver peroxisomes had; 
they were found to have the general 
morphological characteristics of micro­
bodies. In accordance with the new par­
ticles' biochemistry Beevers called them 
glyoxysomes. 

Plant and animal biochemists are no­
toriously insulated from each other, 

and the connection between these find­
ings and ours might long have gone un­
noticed but for another former associ­
ate 01 Kornberg's. James F. Hogg of 
Queens College of the City University 
of New York had visited Oxford and 
there had begun investigating the gly­
oxylate cycle in Tetrahymena pyriformis. 
My colleague MUller, embarking on a 
search for lysosomes in the same organ­
ism, called on Hogg for technical advice 
and was easily convinced to cast his net 
wider: to look for glyoxylate-cycle and 
Krebs-cycle enzymes too. Their collab­
oration led to the discovery that the two 
glyoxylate-bypass enzymes are present 
in the peroxisomes of T. PYriformis. In 
the protozoan they are not, however, ac­
companied (as they are in castor-bean 
glyoxysomes) by the three enzymes the 
glyoxylate cycle has in common with 
the Krebs cycle; those enzymes are 
found only in the mitochondria with the 
other Krebs-cycle enzymes. 

In the spring of 1967, at that great 
annual fair of American biological sci­
entists known as the Federation meet­
ings, Breidenbach announced the first 
findings on castor-bean glyoxysomes. 
MUller was there to report on the pres­
ence of glyoxylate-cycle enzymes in Tet­
rahymena peroxisomes. After the meet­
ing it did not take the Purdue investiga­
tors long to detect in their castor-bean 
preparations both catalase and some 
oxidases (including urate oxidase) that 
yield hydrogen peroxide, thereby iden­
tifying glyoxysomes as peroxisomes. 
The name glyoxysome continues to take 
precedence over peroxisome whenev­
er glyoxylate-cycle enzymes are recog­
nized in the particle. This creates a cer­
tain amount of confusion because it is 
not exactly clear at what stage a peroxi­
some becomes a glyoxysome. Does it 
have to contain a complete glyoxylate 
cycle, as in fatty seedlings? Or are the 
two bypass enzymes enough, as in T. 
PYriformis? And what if only one of the 
two enzymes is found? 

Apart from the nomenclature prob­
lem, the difference between the castor­
bean glyoxysomes and the Tetrahymena 
peroxisomes is illuminating. In the seed-
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PRIMITIVE RESPIRATORY CHAIN mediated by hydrogen peroxide (H202) is charac­
teristic of peroxisomes and gives them their name. One of various oxidases in the particle oxi­
dizes a substrate (RH2), passing its electrons to oxygen to form hydrogen peroxide, which is 
reduced to water by catalase. Electrons for the reduction come either from one of various 
small molecules (R'H2) or, if no other donor is available, from hydrogen peroxide itself (color). 

lings the glyoxysomes contain a com­
plete glyoxylate cycle and the mitochon­
dria a complete Krebs cycle, so that 
there is duplication of the three enzymes 
common to both cycles. Gluconeogene­
sis and the oxidation are clearly separat­
ed, and each has its own supply of acetyl 
CoA. In Tetrahymena the mitochondria 
hold the whip hand by controlling the 
supply of isocitrate to the peroxisomes. 
Oxidation is clearly dominant, and only 
those isocitrate molecules that are not 
funneled into the Krebs cycle, and leak 
out of the mitochondria, are available to 
start down the gluconeogenesis pathway 
in the peroxisomes. (The mitochondria 
are needed for gluconeQgenesis even in 
the fatty seedlings. Only there can suc­
cinate be converted into phosphoenol­
pyruvate to enter the reverse-glycoly­
sis pathway.) 

In higher animals the enzymes of the 
glyoxylate cycle appear to have been ca­
sualties of evolution. Mammals, includ­
ing human beings, are unable to make 
carbohydrate from the common fatty 
acids. Recently, however, glyoxylate­
cycle enzymes have been detected in cy­
toplasmic particles in epithelial cells of 
the bladder of the toad; they are said to 
be associated with catalase, as they are 
in the glyoxysomes (peroxisomes) of 
fatty seedlings and T. pyriformis. This 
finding supports the hypothesis that 
there is a phylogenetic relation between 
these particles in both the plant and the 
animal kingdoms. 

In pursuing his glyoxysome studies 
Beevers, with T. G. Cooper, made the 

surprising discovery of another meta­
bolic pathway: glyoxysomes in germi­
nating castor-bean seedlings have all the 
enzymes needed for the beta oxidation 
of fatty acids to generate acetyl CoA, a 
capability thought to be limited to mito­
chondria. The topographical associa­
tion of beta oxidation with the glyoxy­
late cycle makes for efficiency in the 
overall gluconeogenetic process. The 
glyoxysomal enzymes for beta oxida­
tion catalyze the same reactions as their 
mitochondrial counterparts, with one 
interesting exception. The enzyme that 
initiates each cycle of oxidation, which 
in mitochondria is a dehydrogenase 

feeding electrons into the phosphorylat­
ing respiratory chain, is a simple hydro­
gen peroxide-prod ucing oxidase in the 
glyoxysomes. Shades of peroxisomes! 

It is astonishing that the wider signifi­
cance of this observation failed to be 
recognized for almost 10 years (even 
by those who firmly believed plant gly­
oxysomes and animal peroxisomes are 
related phylogenetically) in spite of a 
highly suggestive finding made in the 
course of studies on clofibrate, a drug 
given to lower serum lipids in patients 
with a high blood-fat level. Investigators 
at the CIBA, Ltd., laboratory in Basel 
had found as early as 1965 that clofi­
brate induces a dramatic proliferation 
of peroxisomes in the rat liver. 

The observation attracted a great deal 
of interest and was confirmed elsewhere; 
other drugs that lower blood fats, even 
some unrelated structurally to clofi­
brate, were found to have the same ef­
fect, and the statement was repeatedly 
made that peroxisomes must play a role 
in lipid metabolism. Yet not until 1976 
was this statement given experimental 
corroboration, when my associate at 
Rockefeller, Paul B. Lazarow, demon­
strated that beta-oxidation enzymes are 
present in rat-liver peroxisomes and are 
enhanced by a factor of 10 or more after 
clofibrate treatment. 

Lazarow's report elicited follow-up 
studies in a number of laboratories. The 
main peroxisomal beta-oxidation en­
zymes from rat liver were purified and 
characterized by Takashi Hashimoto of 
the Shinshu University Faculty of Medi­
cine in Japan, who showed them to be 
entirely unrelated chemically to the cor­
responding mitochondrial enzymes. The 
peroxisomal beta-oxidation system has 
been induced experimentally with many 
different fat-lowering drugs; it can also 
be induced by high-fat diets or by expo­
sure to cold, to both of which enhanced 
fatty-acid oxidation would seem to be 
an appropriate physiological response. 

Imitating in reverse the role played by 
castor-bean glyoxysomes, liver per­

oxisomes mediated an important trans­
disciplinary fertilization process, this 
time with plant biochemistry as recipi­
ent and animal biochemistry as donor. 
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The result of the exchange was new in­
formation about photorespiration, a 
paradoxical phenomenon that has puz­
zled plant biochemists for decades. 

As the term indicates, photorespira­
tion is a process whereby light induces 
an increase in the amount of oxygen 
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(PEROXISOME) 

r 
OXALOACETATE 

consumed by the tissues of green plants. 
It is associated with the production of 
glycolate by chloroplasts, the photosyn­
thetic organelles. In the chloroplast ri­
bulose-bisphosphate carboxydismutase, 
the key enzyme of carbon assimilation, 
has a dual function. In the absence of 
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GLYOXYLATE CYCLE (orange arrows) is a variant of the Krebs cycle (blue), the major 
metabolic pathway for oxidation of fuel molecules. In the glyoxylate cycle four Krebs-cycle 
steps are bypassed by a two-reactiou sequence (green), which supplies succinate as a by-prod­
uct. The succinate can be converted into glucose and other carbohydrates (red). Seedling-ceU 
glyoxysomes have enzymes for a. complete glyoxylate cycle; the Krebs-cycle enzymes are in 
the mitochondria, and so the enzymes catalyzing the three steps common to the two cycles are 
duplicated. In the protozoan Tetrahymena pyriformis the peroxisomes contain only the two 
bypass enzymes and lack the other three glyoxylate-cycle enzymes; the mitochondria supply 
isocitrate to the peroxisomes, which return malate to the mitochondria (broken black arrows). 
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oxygen the enzyme acts exclusively to 
fix carbon dioxide, converting ribulose 
bisphosphate into two molecules of 3-
phosphoglycerate. When oxygen is pres­
ent, however, it competes with carbon 
dioxide; part of the ribulose bisphos­
phate is diverted into an alternative oxi­
dative pathway that yields one mole­
cule of phosphoglycolate and one of 
phosphoglycerate instead of two phos­
phoglycerates. 

The subsequent breakdown of ph os­
phoglycolate by a phosphatase yields 
glycolate, which is a major product of 
isolated chloroplasts and of certain uni­
cellular algae when they are illuminated 
in the presence of oxygen. The larger the 
photorespiratory response, the smaller 
the net photosynthetic yield of a plant, 
and so the magnitude of photorespira­
tion can have economic significance. 
The magnitude depends essentially on 
the ratio of oxygen to carbon dioxide, 
so that it varies inversely with a plant's 
ability to concentrate carbon dioxide. 
Tropical grasses such as corn, sugarcane 
and sorghum are particularly efficient in 
this respect. 

The glycolate formed photooxida­
tively in chloroplasts was known to 
be further oxidized to glyoxylate, with 
the consumption of additional oxygen. 
Where and how this further oxidation 
takes place remained uncertain until a 
hydroxy acid oxidase acting on glyco­
late was found in association with cata­
lase in the peroxisomes of rat liver. That 
finding stimulated N. Edward Tolbert 
of Michigan State University to over­
come various difficulties besetting the 
homogenization and fractionation of 
green-leaf tissue. He thereupon discov­
ered that peroxisomes are the site of gly­
colate oxidation. Like other representa­
tives of this versatile family, leaf peroxi­
somes equilibrate at a high density in a 
sucrose gradient, and they display the 
morphological characteristics of micro­
bodies. 

These green-leaf microbodies, which 
have been studied particularly by El­
don H. Newcomb and his co-workers at 
the University of Wisconsin at Madison, 
are objects of great beauty. They may 
measure as much as 1.5 micrometers 
in diameter and often contain dense 
nucleoids, or crystalline inclusions, that 
are believed to consist of catalase. Ac­
cording to Tolbert, the glyoxylate made 
by oxidation of glycolate is converted 
into the amino acid glycine by an en­
zyme (a transaminase) in the peroxi­
somes. The scene then shifts to the mito­
chondria, where two glycine molecules 
are transformed oxidatively to the ami­
no acid serine and carbon dioxide. The 
serine goes back to the peroxisomes, 
where it is converted into glyceric acid, 
which, after phosphorylation, can con­
tribute to the formation of carbohydrate 
in the chloroplasts. This circuitous jour­
ney is reflected vividly in the morpho-
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logical disposition of leaf peroxisomes: 
they are often seen wedged tightly be­
tween chloroplasts and mitochondria. 

M icrobodies containing peroxisomal 
and glyoxysomal marker enzymes 

were detected in the yeast Saccharomyces 
cerevisiae in 1968 by Charlotte J. Avers 
of Rutgers University. The study of 
yeast strains that can grow on unusual 
substrates suggests that their adaptabili­
ty is due to certain remarkable induci­
ble metabolic properties of their perox­
isomes. 

Saburo Fukui of Kyoto University 
and his colleagues first noted a marked 
proliferation of catalase-containing mi­
crobodies in strains of the yeast Candi­
da that are grown on the long-chain hy­
drocarbons called alkanes. The parti­
cles conta.in catalase, several oxidases, 
a complete beta-oxidation system, the 
two glyoxylate-bypass enzymes (but not 
the three other enzymes of the glyoxy­
late cycle) and enzymes that remove hy­
drogen from long-chain alcohols and al­
dehydes. The mitochondria of the same 
organisms house the Krebs-cycle en­
zymes and alcohol dehydrogenases but 
no beta-oxidation system. These find­
ings suggest that the peroxisomes (with 
the assistance of mitochondria to fill in 
the glyoxylate cycle) play a major role 
in making carbohydrates from long­
chain alcohols that are derived from 
the alkanes. 

A most dramatic metabolic adapta­
tion is seen when the yeast Hansenula 
polymorpha is grown on a medium in 
which the only source of carbon is meth­
anol. Several groups of investigators in 
the Netherlands, Germany and Japan 
find such yeast cells are filled with large 
microbodies packed so tightly that they 
become almost cubic in shape. Much of 
the volume of these microbodies is oc­
cupied by a large crystalline structure 
composed of alcohol oxidase. The en­
zyme oxidizes the methanol to formal­
dehyde, generating hydrogen peroxide 
that is disposed of by catalase; the form­
aldehyde is subsequently converted into 
carbohydrate by a special pathway in 
the cytosol. There is evidence that yeasts 
may develop other peroxisome-mediat­
ed metabolic adaptations when they are 
grown on certain nitrogenous substrates 
such as o-amino acids, urate, choline or 
simple amines. 

In mammals typical microbodies are 
seen only in a few organs, notably the 
liver and the kidney; these organs also 
have much higher catalase levels than 
other tissues. Small amounts of catalase 
are found, however, in every type of 
cell. When it is not in typical peroxi­
somes, the enzyme appears to be associ­
ated with smaller membrane-bounded 
particles, some .1 to .2 micrometer in 
diameter, which are often elongated and 
sometimes are even snakelike in form. 
These particles have been named micro-

peroxisomes by Alex and Phyllis M. 
Novikoff and their collaborators. In­
creasing evidence for the presence of 
oxidases in these small structures sug­
gests that they may indeed be relat­
ed functionally to peroxisomes, even 
though they are different from micro­
bodies morphologically. 

How do peroxisomes (or glyoxy­
somes) originate? Do they resem­

ble mitochondria, which are present in 
the germ cell and give rise to more mito­
chondria by growth and division? Or 
are they more like primary lysosomes, 
which arise from a pinching off of bits 
of the Golgi apparatus, which in turn is 
derived from the cell's major network of 
membranous channels, the endoplasmic 
reticulum? Many morphologists have 
reported seeing continuities between the 
membranes of plant or animal per ox i­
somes (or glyoxysomes) and the endo­
plasmic reticulum. These observations, 
together with some early reports that 
liver catalase is synthesized on ribo­
somes bound to endoplasmic reticulum 
(the "rough" endoplasmic reticulum), 
inspired the hypothesis that peroxi­
somes arise from the reticulum by bud­
ding. Peroxisomal proteins, it was pro­
posed, are synthesized on membrane­
bouI\ded ribosomes, delivered into the 
lumen of the endoplasmic reticulum 
and thence transferred to peroxisomes 
by way of connecting channels. 

In our Rockefeller laboratory first 
Poole and then Lazarow could find no 
evidence for this model. Lazarow and 
his collaborators find instead that pro­
teins of the peroxisomal matrix are syn­
thesized on free ribosomes in the cyto­
sol. In experiments in which animals 
are fed amino acids labeled with a ra­
dioactive isotope, newly made (labeled) 
peroxisomal proteins are recovered en­
tirely in the soluble fraction of homog­
enized liver cells. After a brief sojourn 
(an average of less than 20 minutes for 
catalase) in what one assumes (until 
there is proof to the contrary) to be the 
cytosol, the proteins are transferred to 
the peroxisomes by an unknown mech­
anism. Other investigators working on 
rat liver have reported similar results, 
and the main features of this scheme 
seem to apply also to the biogenesis of 
glyoxysomes in several different kinds 
of seeds. 

The mechanism of translocation of 
the newly made proteins across the 
peroxisomal membrane does raise a 
puzzling problem. Proteins made by ri­
bosomes on the rough endoplasmic re­
ticulum are in effect injected into the 
membrane system by the ribosomes. In 
the case of proteins introduced from 
the cytosol into mitochondria, a "pre­
protein" chain is shortened as it passes 
through the mitochondrial membrane, 
perhaps providing energy for the trans­
fer. In the absence of either active ri-
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FATTY ACIDS are converted in seedling 
glyoxysomes to yield acetyl coenzyme A, the 
fuel for the glyoxylate cycle and hence for 
gluconeogenesis (the new production of glu­
cose and other carbohydrates). The beta-oxi­
dation pathway that accomplishes this conver­
sion begins with an acyl coenzyme A, an acti­
vated fatty acid: a chain of CH2 groups (some 
represented by R, for radical) linked by a CO 
group to a sulfur atom of coenzyme A. Each 
round of beta oxidation removes two CH2 
groups and yields a molecule of acetyl coen­
zyme A. In glyoxysomes (but not in mito­
chondria, the other site of beta oxidation) the 
first enzyme of cycle generates hydrogen per­
oxide, hallmark of peroxisomal metabolism. 
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bosomes to "push" large protein mole­
cules such as enzymes into a membra­
nous structure or proteolytic clipping 
to "pull" it in, where does the needed en­
ergy come from? One is tempted to 
think in terms of a self-assembly proc­
ess within the peroxisome, with proteins 
that become attached to the particle 
membrane by a receptor-binding mech­
anism being somehow pulled through 
it and trapped inside the particle in 
multiprotein complexes. It is suggestive 
in this respect that dense aggregates, 
sometimes crystalline in nature, are so 
often observed inside peroxisomes. 

Whatever the nature of the transloca­
tion mechanism, there is evidence that it 
can be reproduced in the test tube. When 
peroxisomal (or glyoxysomal) proteins, 
newly synthesized in the laboratory and 
labeled with a radioactive isotope, are 
mixed with peroxisomes (or glyoxy­
somes), some of the protein can be re­
covered from within the particles. This 
has been done with cucumber-seedling 
glyoxysomes by Wayne M. Becker of 
the University of Wisconsin and with 
rat-liver peroxisomes by Yukio Fujiki in 
Lazarow's laboratory. 

The finding that proteins in the per­
oxisome's matrix are translocated 

from the cytosol, does not in itself rule 
out the possibility that the particle's 
membrane may originate from the en­
doplasmic reticulum and may even re­
main attached to it. It is equally possi­
ble, as Lazarow has pointed out, that 
peroxisomal-membrane proteins too are 
synthesized on free ribosomes, and that 
they are then inserted into the mem­
brane of preexisting peroxisomes. Mito­
chondrial-membrane proteins and even 
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some proteins of the endoplasmic retic­
ulum originate in this way. 

The fact that the Novikoffs and others 
have described direct continuities be­
tween peroxisomes and the endoplasmic 
reticulum would seem to argue in favor 
of the first possibility, were it not for the 
difficulty of identifying endoplasmic re­
ticulum unequivocally on purely mor­
phological grounds. Lazarow and Helen 
Shio have looked for continuities by 
staining for specific products of peroxi­
somes and of the endoplasmic reticu­
lum. In no case were such products seen 
en route from one structure to the other; 
there is no luminal communication be­
tween the two. Lazarow has also shown, 
with Fujiki and others, that the mem­
branes of the two structures have a very 
different chemical composition. 

In view of these facts one should con­
sider the possibility that what looks like 
a system of connections to the endoplas­
mic reticulum may conceivably be a sys­
tem linking peroxisomes into some kind 
of special "peroxisomal reticulum" (La­
zarow's phrase) or "microbodial com­
partment" (a term used by K. Gorgas of 
the University of Heidelberg). Evidence 
for such a compartment in at least cer­
tain cell types has come from workers in 
Germany and Portugal who have com­
bined staining with serial sectioning. 
Such reconstruction has not yet been 
done for liver cells, but the characteris­
tic clustering of liver peroxisomes and 
their striking biochemical homogeneity 
have long suggested to us that there too 
microbodies may be interconnected. It 
remains for future work to clarify this 
important issue. 

Particles identified biochemically as 
peroxisomes or glyoxysomes have been 
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PHOTO RESPIRATION competes with photosynthesis in the chloroplast. In photosynthesis 
carbon dioxide is fixed by an enzyme that converts ribulose bisphosphate into two molecules 
of phosphoglycerate (arrow to left). In the presence of oxygen the same enzyme acts as an oxy­
genase, diverting some of the ribulose bisphosphate into a pathway yielding only one molecule 
of phosphoglycerate along with a molecule of phosphoglycolate (arrow to right). The hydroly­
sis of phosphoglycolate produces glycolate. The glycolate is exported to peroxisomes and oxi­
dized to glyoxylate, which is' converted into glycine. Two glycine molecules are transformed in 
the mitochondria to make serine and carbon dioxide. Back again in peroxisomes, the seriue 
is converted into glyceric acid, which contributes to carbohydrate formation in chloroplasts. 
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found in a wide variety of cells in all 
kinds of organisms above the bacte­
ria. Whether these particles belong to 
plants, fungi, protozoa, invertebrates or 
higher animals, they show so many simi­
larities and overlaps of all kinds that one 
can consider them members of a single 
family. For the sake of simplicity I shall 
refer to them henceforth as peroxi­
somes. My reason is that glyoxysomes, 
whether complete or incomplete, share 
the important properties of peroxi­
somes, whereas the reverse is not al­
ways true. To call them microbodies, 
on the other hand, could be misleading. 
As will become clear, not all micro­
bodies are peroxisomes. 

Peroxisomes in different organisms 
and tissues harbor various overlap­

ping sets of enzymes from a growing list 
that already includes more than 40 dis­
tinct enzymes. So far no peroxisome has 
been found that has all the enzymes on 
the list; whether this is owing to the 
absence of certain genes or merely to 
their repression in a particular species 
is a question worth raising, given the 
striking degree of inducibility manifest­
ed by many peroxisomal enzymes. 

For all of the functional diversity of 
peroxisomes, two metabolic features 
emerge as constants. One is the associa­
tion of hydrogen peroxide-producing 
oxidases with catalase, the character­
istic to which peroxisomes owe their 
name. The substrates of this oxidative 
activity are numerous and varied. They 
include amino acids (both 0 and L), 
hydroxy acids, fatty acids, alcohols, 
amines and a purine, but not the major 
electron carrier red uced nicotinamide 
adenine dinucleotide (NADH). Appar­
ently any electrons delivered to NAD+ 
(the oxidized form of the carrier) inside 
the peroxisomes have to be shuttled to 
the mitochondria for oxidative dispos­
al. Alternatively, they could be handed 
over in the cytosol to a potential peroxi­
somal substrate such as lactate or etha­
nol and so be returned to the peroxi­
somes for final disposal. No energy-re­
trieval mechanism has yet beenJound to 
be coupled to peroxisomal oxidations. 

The second function that comes 
through as some kind of metabolic leit­
motif of peroxisomes is gluconeogene­
sis. I have mentioned its occurrence in 
germinating fatty seedlings, in Tetrahy­
mena, in the leaves of photorespiring 
plants and in yeasts growing on alkanes 
or methanol. Even in mammals one is 
struck, as we were many years ago, by 
the fact that peroxisomes are seen main­
ly in the two major sites of gluconeogen­
esis, the liver and the kidney, but so far 
there is no evidence that they participate 
in the new formation of carbohydrate in 
these tissues. 

The wide distribution of peroxisomes 
in all major groups of eukaryotes (or-
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ganisms with nucleated cells) indicates 
that the organelles existed in the primi­
tive unicellular organism thought to be 
the common ancestor of all eukaryotes . 
The rudimentary character and energet­
ic wastefulness of the peroxisome's res­
piratory apparatus suggest that peroxi­
somes preceded mitochondria in the an­
cestral organism. 

If peroxisomes supported oxidative 
metabolism in some primitive cell 

devoid of mitochondria, the possibility 
exists that the original cell line may have 
survived to this day. This idea prompted 
M Uller to look for protozoa that have no 
mitochondria but do have microbodies. 
He chose the trichomonatids, a group of 
flagellates that, in addition to being en­
dowed with beautiful microbodies and 
no mitochondria, have great economic 
and medical importance as parasites of 
the genital tract in animals and human 
beings and as agents of sexually trans­
mitted diseases. 

With Donald G. Lindmark, who is 
now at Cornell University, M Uller suc­
ceeded in isolating and characterizing 
the trichomonad microbodies. He did 
not find what he was looking for, how­
ever. Instead of descendants of an ances­
tral peroxisome he found hydrogeno­
somes : organelles capable of oxidizing 
pyruvate to acetate and carbon dioxide. 
The oxidation is coupled to the synthesis 
of ATP. The electrons released by the 
oxidation are transferred to oxygen if it 
is available; under anaerobic conditions 
the electrons are transferred instead to 
protons (H + ) to form hydrogen (H2) '  

Hydrogenosomes owe their ability to 
prod uce hydrogen to their having both 
the appropriate hydrogenase and a spe­
cial electron-transport protein (a ferre­
doxin with a low oxidation-red uction 
potential) that serves as the electron ac­
ceptor for the enzyme pyruvate dehy­
drogenase. The ferredoxin also enables 
hydrogenosomes to reduce certain low­
potential nitroimidazole derivatives and 
thereby convert them into compounds 
that are highly toxic to the cell. Such a 
property can be turned against its own­
er, and nitroimidazole drugs have be­
come the standard treatment for tricho­
monad infections. Natural selection has 
not failed to wage its counteroffensive, 
and M Uller is now tracking down patho­
genic strains that have become resistant 
to the available drugs. 

Quite aside from its considerable bio­
logical interest, the discovery of hydro­
genosomes thus contributes to the war 
against what has become the most wide­
spread venereal disease in the U.S. And 
once again I must point out to the fun­
ders and planners of scientific research 
that M Uller was not proposing to enroll 
in this public-health cause-or even try­
ing to understand hydrogen prod uction 
in trichomonads. He was angling for an 
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UNUSUAL MICROBODY, the hydrogenosome, was discovered in Tritrichomollas foetus, a 
protozoan parasite that lacks mitochondria. Hydrogenosomes house enzymes that oxidize pyru­
vate, in the process generating adenosine triphosphate (A TP), the cellular energy carrier. Elec­
trons removed from pyruvate are transferred to the electron-transport protein ferredoxin and 
finally to oxygen if it is available (brokell black arrow), possibly forming water. In absence of 
oxygen electrons are transferred to protons (H+ ), generating molecular hydrogen (colored arrow). 

ancient peroxisome and came up instead 
with a hydrogenosome at the end of 
his line. So far no biochemical kinship 
has been found between the two types 
of microbodylike particles. Presumably 
they are not related. 

The latest (but perhaps not the last) of 
the microbodies was discovered by Fred 
R. Opperdoes in the laboratory of Piet 
Borst at the University of Amsterdam. 
Behind its perfectly legitimate mor­
phological credentials this microbody 
turned out to be hiding a large segment 
of the glycolytic chain, the major path­
way for the breakdown of glucose into 
smaller carbon compounds. A number 
of protozoan blood parasites (including 
the agents of African sleeping sickness, 
of the dreaded Chagas' disease of Latin 
America and of leishmaniasis in many 
parts of the world) have been found to 
harbor this unusual organelle. It has 
been named the glycosome. 

In all other animal cells so far investi­
gated in this respect, the enzymes of the 
glycolytic chain are free in the cytosol; 
to find much of this system seq uestered 
within a membrane-limited particle is 
very peculiar indeed. Aerobically glyco­
somes collaborate with mitochondria in 
supporting the energy needs of the cells 

in which they are found. They can also 
provide energy on their own in the ab­
sence of oxygen or if the mitochondri­
al oxidative pathway is blocked by the 
drug salicylhydroxamic acid. Their en­
zymes have physicochemical properties 
q uite unlike those of the usual glycolyt­
ic enzymes, even though they catalyze 
most of the same reactions. Glycosomes 
may therefore be a v ulnerable target for 
chemicals that interfere selectively with 
their special enzymes; such chemicals 
could serve as drugs to combat the dead­
ly diseases caused by glycosome-carry­
ing parasites. (Again basic research has 
practical application. Opperdoes now 
heads the tropical-disease unit at the 
International Institute of Cell ular and 
Molecular Pathology, which we have 
established in Br ussels specifically to fa­
cilitate this kind of fertilization.) Glyco­
somes, for all of their morphological 
similarity to the microbodies of animal 
and plant cells, are very different bio­
chemically from peroxisomes and are 
probably not related to them. 

Aseemingly simple and still widely ac­
cepted explanation for the evolu­

tionary origin of microbodies is to view 
them as offshoots of the main cytomem-
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brane system. As I have indicated, much 
of what is known about the biogenesis of 
peroxisomes and glyoxysomes (there is 
no information on that of hydrogeno­
somes or glycosomes) does not support 
such an origin. What one sees in the case 
of peroxisomes-the posttranslational 
transfer of proteins through the cyto­
sol-resembles instead the biogenetic 
pathway of many proteins that are en­
coded in the nucleus, synthesized in the 
cytoplasm and then introduced into mi­
tochondria and chloroplasts. These are 
the two membrane-bounded organelles 
many biologists believe are derived 
from endosymbionts. The idea is that 
small bacterial cells, having respectively 
the ability to catalyze oxidative phos­
phorylation and to photosynthesize, 

were engulfed by a primitive ancestor of 
today's eukaryotic cells and stayed on to 
develop a symbiotic relation with the 
larger cells and eventually to become 
organelles. And so the question arises: 
Could microbodies too have originated 
as endosymbionts? 

Now, the main evidence for such an 
origin in the case of mitochondria and 
chloroplasts is that both of those organ­
elles contain their own DNA, specifying 
some of their own proteins, and the ge­
netic machinery to replicate it, tran­
scribe it into RNA and translate the 
RNA into protein. A few years ago there 
was a report that what looked like DNA 
could be seen in hydrogenosomes, but 
MUller has not been able to confirm the 
claim biochemically; there is no evi-

HYDROGENOSOMES of Trichomol/as ,'agil/atis are enlarged some 40,000 diameters in this 
micrograph made by Shio. The large dense objects are rosettes of glycogen, a storage form 
of glucose. The striated object at the left in the micrograph is a riblike structure, the costa. 

GLYCOSOMES, which are generally smaller than other microbodies, are enlarged 1 05,000 di­
ameters in a micrograph made by Pierre Baudhnin. The particles are seen in Trypallosoma 
brucei, a protozoan parasite of domestic animals in Africa that is transmitted by the tsetse fly. 
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dence that any of the microbodies has its 
own genetic system. A secondary argu­
ment for a symbiont origin of mitochon­
dria and chloroplasts is that both of 
those organelles are bounded by a dou­
ble membrane, the outer one of which 
may be a descendant of a vacuolar 
membrane that once housed the origi­
nal bacterial symbiont. The microbod­
ies (except for hydrogenosomes) are 
bounded by a single membrane. 

These negative arguments do not 
make a watertight case against an endo­
symbiont origin for microbodies. One 
could point out that mitochondria and 
chloroplasts have lost to the nucleus 
more than 90 percent of their genetic 
information. Might the loss not be 100 
percent in the case of organelles that 
may have been adopted as endosymbi­
onts earlier? As for the two-membrane 
argument, not all endoparasites are en­
closed in a vacuole. Some are naked in 
the cytoplasm. 

What makes the endosymbiont hy­
pothesis attractive, besides the bio­

genetic argument already mentioned, is 
the primitive-one is tempted to say 
"bacterial"-character of the metabol­
ic functions subserved by microbodies. 
The glycolytic chain is thought to be 
among the oldest enzyme systems, dat­
ing back to before photosynthesis, when 
there was virtually no oxygen in the 
atmosphere; it could survive in a par­
ticularly ancient form in the glycosome. 
The ability to reduce protons to mo­
lecular hydrogen, characteristic of the 
hydrogenosome, may also belong to 
early anaerobic days; it has been pre­
served in a similar form in Clostridium, a 
group of anaerobic bacteria that in­
cludes the agents of gas gangrene. As for 
the peroxisome, it could embody an ear­
ly protective adaptation to the appear­
ance of oxygen. A simple, non phospho­
rylating peroxisomal type of respiration 
could have preceded the more advanced 
phosphorylating form found in some 
bacteria and in mitochondria. A final 
peroxisomal quality that is also charac­
teristic of bacteria is ready adaptation to 
the availability of unusual nutrients. 

These are flimsy arguments, to be 
sure. When it comes to events that hap­
pened more than a billion years ago, 
facts are scarce and imagination has an 
open field. The possibility that micro­
bodies originated as symbionts would 
hardly be worth mentioning if it were 
not for the fact that it .can be tested. One 
can determine the amino acid sequence 
of microbody proteins (or the nucleo­
tide sequence of the genes encoding 
them) for comparison with the sequence 
of homologous molecules in various eu­
karyotic and bacterial cells, and the de­
gree of relatedness may reveal some­
thing about the ancestry of microbodies. 
Such work is now in progress. 
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Museum piece, 
circa 1987. 

The clapstick may be taking an early 
retirement. This and other conventional 
tools of the filmmaking trade may find 
themselves relegated to crates and 
carted off to museums. 

What will replace them? Kodak film 
with Datakode magnetic control sur­
face! This radical advance in film manu­
facture, which unites chemical and 
magnetic imaging technologies, gives 
film the ability to "converse" with 
computers. This achievement could 
substantially reduce the time and costs 
associated with film postproduction. 

The Datakode magnetic control sur­
face is a thin, transparent layer of iron 
oxide particles (approximately 9 bil­
lion per square inch) coated across the 
entire back of the film during manufac-

© Eastman Kixlak Company, 19H3 

ture. Less than 8 microns thick, this 
transparent layer provides the means to 
record machine· readable information 
(100 bits of binary data in a single track 
on each frame of film), 
and makes possible a 
uniform frame·index­
ing code that can be used with both film 
and videotape. Best of all, it accom· 
plishes this interface without altering 
the quality or characteristics of the 
final image. 

In the not· too-distant future, the use 
of discs, video displays, time·code 
synchronization, and automated print­
ing equipment will speed filmmakers 
through all the noncreative, repetitive 
steps associated with film post­
production. 

The new Datakode magnetic surface 
is more than just another milestone for 
Kodak and a boon to filmmakers. It rep' 
resents the most significant develop­
ment in motion picture technology in 
the last 50 years. It's a victory for science. 
And for the chemists and researchers 
who met the challenge to add to film's 
capabilities. 

For more information on the new 
Datakode surface, send your request to: 
Eastman Kodak Company, Department 
GBSA-7, 343 State Street, Rochester, NY 
14650. 

Kodak. Where tecbnoIogy anticipates need. 
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The new Honda Prelude began as a clean 
piece of paper. 

Honda engineers sketched a superior 
aerodynamic shape. A low wedge with a wide 
stance and increased overall length. 

. Once the design was conceived, they set 
about perfecting it. They made the windshield 
and door handles flush with the body. New 
retractable halogen headlights raise in such a 
way to cause less turbulence. 

Underneath is a new front suspension. It's a 
unique double wishbone, low-profile concept 
inherited from Honda Formula racing car 
experience. Independent MacPherson struts 
© 1983 American Honda Motor Co., Inc. 

support the rear wheels. A low center of gravity 
contributes to handling and stability. 

A new engine improves performance. It has 
12 main valves, 2 intake and 1 exhaust for each 
cylinders main combustion chamber. The result 
is better breathing and efficiency. And the dual 
carburetors make highway passing power more 
than passable. 

. 

Engine displacement is upped to 1829cc. 
With the standard S-speed shift, there's an 
increase of 33 percent in horsepower. There's 
also a new 4-speed automatic transmission 
available. Variable-assist power steering comes 
only with the automatic. 
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Particular attention was given to the new 
interior. There's more room. Front bucket seats 
hold you firmly and comfortably for extended 
touring. Push-button controls are all within 
easy reach of the driver. Your hands easily grip 
the thicker 3-spoke steering wheel. 

And when you aren't carrying passengers in 
the rear seats, the rear seatback unlocks with 
a key and folds down for added luggage space. 
It also gives you access to the trunk. And trunk 
size has been increased by 20 percent. 

A power-operated Moonroof is included in 
the long list of Honda standard equipment. 
Along with our best AMlFM stereo radio with 

digital electronic tuning and an autoreverse 
cassette and four speakers. 
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SCIENCE AND THE CITIZEN 

The Trouble with Trident 

T
he decision by the Reagan Admin­
istration to accelerate the devel­
opment of the Trident II sea­

launched ballistic missile (SLBM) re­
flects among other things a growing 
appreciation of certain advantages in­
herent in deploying strategic nuclear 
weapons at sea rather than on land. Un­
like land-based intercontinental ballistic 
missiles (ICBM's) such as the Minute­
man and its proposed replacement, the 
MX, SLB M's on submerged submarines 
are difficult to locate accurately; hence 
they are essentially invulnerable to a 
preemptive "counterforce" attack and 
seem certain to remain so for the fore­
seeable future. Moreover, U.S. ballistic­
missile submarines, by virtue of their 
range and mobility, are capable of 
launching a prompt retaliatory strike 
on the U.S.S.R. from many directions, 
thereby complicating any attempt to 
thwart a counterattack by means of 
an anti-ballistic-missile (AB M) system. 
In short, SLBM's come close to being 
an ideal deterrent force against a nu­
clear attack. 

The mobility of ballistic-missile sub­
marines, combined with the need for 
them to go undetected, has until now 
made SLBM's considerably less ac­
curate than ICBM's and accordingly 
less suitable as counterforce weapons 
against "hard" targets such as missile 
silos and command, control and com­
munications facilities. The Trident II, 
however, promises to overcome this 
limitation. Technological advances in 
missile-guidance systems are expected 
to give the Trident II an accuracy com­
parable to that projected for the MX. As 
a result the new generation of SLBM's 
should in principle be capable of de­
stroying the entire range of potential tar­
gets in the U.S.S.R. 

From the viewpoint of arms control 
the accelerated Trident II program must 
be considered a mixed blessing. On the 
one hand, it can be argued that greater 
reliance on submarine-based missiles 
would contribute to strategic stability; 
because submarines are apparently in­
vulnerable, no attack could destroy the 
entire retaliatory force. Even if the Rus­
sians were to launch an attack, at least 
SLB M's would not draw fire to the con­
tinental U.S. 

On the other hand, any analysis of 
counterforce-capable SLBM's ought to 
consider how the Russians are likely to 
react to the deployment of such missiles 
by the U.S. The U.S.S.R. now has most 
of its strategic nuclear weapons in the 
form of fixed land-based missiles. In ad­
dition it is generally agreed that the 
U.S.S.R. is far behind the U.S. in the 
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development of an antisubmarine-war­
fare capability. Consequently Russian 
leaders might well perceive the Trident 
II program as a potentially dangerous 
first-strike threat to their ICBM force. 
One "quick fix" response could be the 
deployment of mobile land-based mis­
siles. Another could be the adoption of 
a "launch on warning" policy, an out­
come fraught with ominous possibil­
ities, particularly given the red uced 
warning time available in the case of an 
actual or apparent SLBM attack. 

The Administration's proposed mili­
tary budgets for the fiscal years 1984 
and 1985 allocate respectively $ 1.5 and 
$2.2 billion for development of the Tri­
dent II, up sharply from the current fis­
cal year ($369.7 million). If Congress 
approves the acceleration of the Trident 
II program, the first of the new missiles 
could become operational as early as 
1988. As matters now stand, the full Tri­
dent II program calls for the deploy­
ment of 20 Trident submarines over the 
next decade, each one bearing 24 Tri­
dent II missiles; each missile in turn is 
reported to have a range of 6,000 miles 
and to be capable of carrying between 
10 and 15 nuclear warheads with an 
explosive yield of 475 kilotons each. 
(The current generation of Trident I 
missiles are less accurate, have a range 
of 4,800 miles and carry between eight 
and 10 warheads of 100-kiloton yield.) 
The projected total cost of the Trident 
II program, including submarines, mis­
siles and bases, is said to be roughly 
$60 billion. 

Betting the Farm 

The largest program of agricultural 
research in the U.S. is sponsored by 

the Department of Agriculture. Some of 
the work is done by the department's 
staff of scientific workers and some is 
done by outside agencies with funds 
provided by the department. Most of 
the in-house work is done by the Agri­
cultural Research Service, which has a 
research budget of more than $400 mil­
lion per year. In recent months the ARS 
has been the subject of considerable crit­
icism both from within and from out­
side the Federal Government. Partly in 
response to the criticism, the agency has 
proposed a new research agenda that 
would increase the amount of work it 
does in basic science, particularly in ar­
eas related to new biological technol­
ogy. The agenda would reduce the 
amount of work directed toward the im­
provement of plant and animal produc­
tivity, which has long been the largest 
single project carried out by the ARS. 

Some of the most pointed criticism of 
the ARS came at a conference held last 

summer at Winrock, Ark. The confer­
ence was organized by Denis J. Prager, 
assistant director of the Office of Science 
and Technology Policy, and it included 
representatives of government, universi­
ties, foundations and private industry. 
Science for Agriculture, the report of the 
conference, concludes that the quality 
of research done by the Department of 
Agriculture has been declining steadily 
for several decades. According to the 
report, until the 1930's workers in the 
department did much of the fundamen­
tal work in basic science related to agri­
culture. Furthermore, because of its 
scientific preeminence, the staff of the 
department was able to provide strong 
formal and informal leadership in es­
tablishing priorities for all agricultural 
research done in the U.S. 

In the past 50 years, however, the 
work of the ARS has become progres­
sively more parochial, more fragment­
ed and less fundamental in a scientific 
sense. Most projects are now aimed at 
solving specific local problems in ani­
mal and plant husbandry, such as how 
to eliminate a particular parasite in a 
small geographic area. As a result the 
department no longer exercises effec­
tive leadership in the setting of research 
priorities. 

At least two outside influences have 
apparently contributed to a decline in 
the quality of ARS research. The first 
influence is that of Congress. Particular­
ly since- the 1950's, members of Con­
gress, motivated by a desire to have Fed­
eral research facilities in their state, 
have been instrumental in the prolifera­
tion of ARS stations. There are now 148 
ARS experimental stations in the U.S., 
ranging from the Agricultural Research 
Station at Beltsville, Md., with 450 sci­
entific workers, to stations with only two 
or three workers. It is generally agreed 
that the cumbersome and inefficient in­
stitutional structure of the agency has 
contributed to its scientific decline, but 
attempts to close small facilities have 
met with much political resistance. 

The second influence is a sharp de­
crease in the proportion of financial sup­
port for agricultural research done by 
state agencies that is provided by the 
Federal Government. Under the Hatch 
Act of 1887 the Government distributes 
funds for agricultural research to state 
governments. The amount depends on 
the size of the state's rural and farm 
population. Most of the money goes to 
support the state agricultural experi­
ment stations. The states are required to 
match the amount provided by the De­
partment of Agriculture, which is now 
about $ 140 million. In recent years, 
however, the contributions of the states 
have far exceeded those of the Depart-
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ment of Agriculture: their contribution 
is now about $700 million. 

The effect of both congressional and 
state influence has been to shift research 
in the direction of applying well-known 
technologies and scientific results to the 
solution of local agricultural problems. 
Obtaining new fundamental scientific 
results and developing new technologies 
has largely been left to universities and 
private industry. The new ARS research 
agenda, which covers the years from 
1984 through 1990, represents an at­
tempt to reverse these trends. The pro­
posal assumes that the current ARS re­
search budget of $413 million will re­
main unchanged through 1990, after the 
effects of inflation have been taken into 
account. Under the proposal no ma­
jor work now done by the ARS will be 
eliminated, but funds will be redistrib­
uted among the existing categories of 
research. Work on the productivity of 
crop plants and farm animals, which 
currently constitutes 60 percent of the 
ARS budget, would decrease to 52 
percent by 1990. Most of the savi·ngs 
would be distributed among projects 
concerned with human nutrition, soil 
and water conservation, and commod­
ity conversion and delivery. 

Funds would also be redistributed 
within the major categories. For exam­
ple, under the heading of plant produc­
tivity, work on insects, diseases and 
nematodes in field horticulture would 
decrease from $27 to $14 million. In the 
same category work on maintaining the 
genetic diversity of crop plants would 
increase from $10 to $12 million. A to­
tal of $75 million would be redistributed 
among existing projects. 

Among those who attended the Win­
rock conference there are sharp differ­
ences of opinion on the new direction 
at the ARS. John A. Pino, director for 
agricultural sciences of the Rockefeller 
Foundation, described the agenda as "a 
move in the right direction [that] pro­
vides a stronger focus on some of the 
basic aspects of agricultural science." 
Pino added that in his opinion the ARS 
had a responsibility to do work that 
would lead to "an understanding of 
some of the fundamental processes . . .  
involved in the interaction of plants 
and animals." He said of the current 
proposal: "I hope it's more than a cos­
metic change." He noted, however, that 
the agenda merely redistributes funds 
without eliminating any of the work 
currently being done. To make a funda­
mental change in the direction of re­
search, substantial cuts will have to be 
made, he said. "Some surgery is going to 
be needed. It remains to be seen whether 
the surgery can be done and upheld." 

James T. Bonnen, professor of agri­
cultural economics at Michigan State 
University, on the other hand, ques­
tioned the notion that the solution to the 
problems of the ARS is an increased 

90 

commitment to basic science. Accord­
ing to Bonnen, "some critics of the agen­
cy talk as if the ARS ought to do only 
basic science. If that is so, how do you 
get the very large national agenda of ap­
plied work done? If Federal agencies 
won't do it, it won't get done." The pri­
mary role of the ARS, he said, should 
be to work on national problems in ap­
plied science and technology. "The peo­
ple who are critical of the ARS come 
from one end of the spectrum: basic sci­
ence. They apparently have no appre­
ciation for the intervening institutions 
between basic science and [agricultural] 
productivity." 

Living Color 

In recent years the most important tool 
for the study of how the brain sees 

has been the microelectrode. Inserted 
into the brain of experimental animals, 
it has revealed that nerve cells in the 
retina, in the cerebral cortex and in the 
lateral geniculate nucleus (a group of 
cells interposed in the visual pathway 
that leads from the retina to the cerebral 
cortex) respond preferentially to partic­
ular patterns of lightness and darkness 
in the visual field. The neural mecha­
nism underlying the perception of color, 
however, has remained elusive. Two re­
cent discoveries promise to change that. 
One of them was made with microelec­
trodes in the brain of the monkey; the 
other is based on investigations of how 
colors look to a human observer under 
special circumstances. The new discov­
eries support the growing consensus that 
the brain performs several simultaneous 
analyses of the visual world, processing 
visual information in a number of more 
or less independent ways before reinte­
grating the data to produce the unified 
conscious sensation of sight. 

Some of the simultaneous analyses 
the brain brings to bear on vision be­
came apparent in the 1950's and 1960's 
as David H. Hubel and Torsten N. Wie­
sel of the Harvard Medical School de­
scribed the physiological properties of 
nerve cells in the visual cortex, the spe­
cific part of the cerebral cortex receiving 
visual data from the retina by way of the 
lateral geniculate nucleus. They worked 
mostly with cats. The cells with the sim­
plest properties were found to be most 
responsive (that is, they changed their 
pattern of electrical activity most mark­
edly) when the investigators presented 
a small bar of light at a particular orien­
tation in a particular part of the cat's 
visual field. If the orientation was al­
tered or the bar was enlarged, the cell 
became less responsive. Indeed, its elec­
trical activity could be inhibited. Evi­
dently the cell reacted to "on" regions 
and "off " regions in the visual field. In 
many cases the regions were arrayed so 
that the resulting "receptive field" of 
the cell (the locus in the visual field to 

which the cell is sensitive) had an "on" 
center and an "off " surround. 

Other cells in the visual cortex have 
more complex receptive fields. They re­
spond best to discontinuous bars of light 
at particular places and orientations. An 
overall pattern emerged, in which nerve 
fibers carrying visual data from the lat­
eral geniculate nucleus pass their signals 
to cells in a certain layer of the visual 
cortex; it is designated layer 4c. The cells 
in this layer monitor specific parts of the 
visual field but have no specificity for 
the orientation of the stimulus. They 
communicate, however, with cortical 
cells in layers 2 and 3, and the communi­
cations are "wired" in ways that make 
the latter cells quite sensitive to stimulus 
orientation. The cells in layers 2 and 3 
communicate in turn with cells in layers 
5 and 6 in ways that give many of the 
cells in these deepest cortical layers 
still more complex sensitivities. The pat­
tern offered tantalizing hints of how the 
brain might analyze images for their 
forms, or at least for features such as 
edges and corners. It offered no hint of 
how the brain sees colors. 

While Hubel and Wiesel were making 
their discoveries, Edwin H. Land and his 
colleagues at the Polaroid Corporation 
were formulating the retinex theory of 
color vision. Land began by noting that 
the colors of a scene look much the same 
to an observer no matter how the scene 
is illuminated (in sunlight, for example, 
and then in deep shade). Moreover, a 
scene illuminated with artificial light in 
a quite narrow range of wavelengths 
often turned out to retain a surprising 
wealth of perceived colors. Land con­
cluded that the colors seen by an observ­
er have no simple relation to the wave­
lengths of the light entering the eyes. 
The colors result instead from computa­
tions performed by the brain. 

The retina is known to have three dis­
tinct types of cone cells, which are the 
light-receptor cells sensitive to color. 
One type is most sensitive to the shorter 
wavelengths of visible light, the second 
to the middle wavelengths and the third 
to the longer wavelengths. Land there­
fore proposed that each type of cone cell 
supplies information enabling the brain 
to compute ratios of brightness in the 
corresponding range of wavelengths. 
The ratios would be calculated at the 
boundaries between objects of differ­
ing color encountered along arbitrary 
paths across the visual field. The proc­
ess amounts to the assignment of three 
brightness values (short-, middle- and 
long-wavelength "lightness") to any giv­
en part of the visual field. The triplets of 
brightness values are scaled by condi­
tions that apply across the entire field; 
thus the ratios are not much affected by 
how the field happens to be illuminated. 
As a result the triplets can yield more or 
less invariant color sensations. 

"Since we are uncertain of the loca-
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tion of the mechanisms that mediate 
these processes," Land wrote in 1977, "I 
have coined the term retinex (a combi­
nation of retina and cortex ) to describe 
[them]. " Land, in collaboration with 
Hubel and with Margaret Livingstone 
of the Harvard Medical School, now re­
ports the results of an experiment that 
enables the investigators to specify a 
location in the brain: it is the cerebral 
cortex. In each trial of the experiment 
subjects were asked to call out a succes­
sion of small letters flashed rapidly at 
the same place (a "fixation point ") on a 
screen. Well to the left of the fixation 
point lay a collage of colored paper. At­
tending to the flashing letters ensured 
that the collage lay entirely on the left 
side of each subject's visual field. 

The collage could be illuminated by 
light shone through various filters. Each 
filter, however, had a hole cut in it, so 
that the illumination of a small test spot 
surrounding the fixation point never 
changed. If the perception of color de­
pended on only the wavelengths of light, 
the test spot would always look the 
same. In fact it did not. " With the filters 
in place," Land and his colleagues write 
in a paper to be published in Nature, "the 
test spot was a chalky white, whereas 
with no filters it was a deep purple-al­
though the flux from the test spot had 
not changed at all. " In accord with the 

retinex theory, the altered illumination 
of the collage had affected the percep­
tion of color throughout the visual field. 

Next Land and his colleagues enlisted 
the assistance of a 29-year-old man, iden­
tified as J . W., who had undergone neuro­
surgery two years earlier in a successful 
effort to reduce the number and severity 
of his epileptic seizures. The surgeon 
had cut the corpus callosum: a massive 
plate of nerve fibers that connect the 
cortex of the left and right cerebral hem­
ispheres. Like other split-brain patients, 
J. W. showed no obvious subsequent im­
pairment. His color vision was normal. 
Tests determined that the parts of the 
cerebral cortex specialized for language 
were on the left side of his brain. Thus 
J. W. could give verbal descriptions of 
things in the right half of his visual field. 
(Information from the right half of the 
field passes from the eyes to the left side 
of the brain. ) Things in the left half of 
the field could not be described; infor­
mation from the left visual field contin­
ued to pass from the eyes to the right 
side of the brain, but since the corpus 
callosum had been severed, the brain no 
longer had a path by which information 
could cross from the right side to the 
language centers on the left. 

When J. W. was tested with Land's ap­
paratus, the results were remarkable. At 
first the collage was in the left half of 

the visual field. The test spot spanned 
the vertical midline, which divides the 
halves of the field. J. W. "consistently 
reported that the test spot was 'white' 
regardless of the illumination. " Then a 
mirror was interposed, so that the col­
lage was in the right half of the visual 
field. J . W. 's first comment was that "he 
saw 'all colors . . .  . '  It turned out that 
he was describing the entire [collage], 
something he had apparently not been 
able to do when it was presented to his 
nonverbal hemisphere. " After that he 
described the test spot as purple or as 
white, "in complete agreement with the 
appearances to a normal observer. " 

If the retinex calculations were done 
by neurons in the retina, whose grasp of 
the visual world extends well across the 
vertical midline, the severing of the cor­
pus callosum would have no effect on 
the perception of color. Each side of 
the brain would get the same color sen­
sations based on identical retinex cal­
culations, and J . W. 's responses would 
always duplicate those of a normal ob­
server. J. W. 's responses did not. They 
show that the retinex calculations need 
the corpus callosum to provide a path 
from one side of the brain to the other. 
"The calculations," Land and his col­
leagues conclude, "must [occur] in the 
cerebral cortex. " 

Without the second recent discovery 
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Land's finding would have been vexing, 
because the cells in the cerebral cortex 
known to be sensitive to color are inca­
pable of performing retinex calcula­
tions. Opponent-color cells, for exam­
ple, had been known since the late 
1950's. Gunnar Svaetichin of the Vene­
zuelan Institute of Neurology and Brain 
Research and Edward F. MacNichol, 
Jr., of Johns Hopkins University first 
described them in the retina of vari­
ous shallow-water fishes, and they have 
since been found by Hubel and Wiesel in 
the visual cortex of the monkey. Like 
other cells in the visual cortex, they re­
spond in opposite ways to "on" and 
"off " regions in their receptive field. In 
the case of the opponent-color cells, 
however, the response depends on the 
wavelength of light. An opponent-color 
cell might be excited by a small red spot 
and inhibited by a large field of green. 
("Red" and "green" refer here to wave­
lengths of light, not to perceived colors.) 
Presumably the input to the cell derives 
ultimately from at least two types of 
cone cells. The problem is that a red spot 
on a green background would leave 
the cell unaffected. The excitation and 
the inhibition would cancel each other. 
Since the cell could make no response to 
a boundary between contrasting colors, 
it could make no contribution to retinex 
calculations. 

What is needed for the calculations is 
a network based on what are termed 
double-opponent-color cells. A cell of 
this type might be excited by, say, a 
small red spot in a particular part of 
the visual field. It would be inhibited 
by a small green spot in the same posi­
tion. The colors surrounding the posi­
tion would have the opposite effect: red 
would be inhibitory and green would be 
excitatory. The cell would thus make no 
response to white light of any pattern, 
nor to diffuse light of any wavelength. It 
would make no response to a large ex­
panse of red or of green; the center ex­
citation and the surround inhibition 
would cancel. Its greatest excitation 
would be in response to a red spot on 
a green background, its greatest inhibi­
tion in response to a green spot on a 
red background. Hence it is special­
ized to respond most markedly to con­
trasting colors. 

In the 1960's Nigel W. Daw, who 
is now at the Washington University 
School of Medicine in St. Louis, found 
double-opponent-color cells in the reti­
na of the goldfish. Soon a number of 
investigators began to find them in the 
visual cortex of the monkey. In all ac­
counts, however, the cells were discon­
certingly few and gave no sign of being 
concentrated in any particular corti­
cal locus. Then in 1978 Margaret T. T. 

Wong-Riley, who is now at the Medical 
College of Wisconsin, stained the visual 
cortex of the monkey by a techniq ue 
that reveals the distribution of cyto­
chrome oxidase, an enzyme found in mi­
tochondria. Mitochondria are the or­
ganelles that produce energy in living 
cells; thus the stain is thought to mark 
sites of great activity in a tissue. Wong­
Riley found dense concentrations of cy­
tochrome oxidase in flask-shaped blobs 
about 200 micrometers in width spaced 
at .5-millimeter intervals across the vis­
ual cortex. In 1980 it emerged that the 
blobs form a polka-dot array in layers 2 
and 3. It has since emerged that the 
blobs receive nerve fibers from the later­
al geniculate nucleus. 

Hubel and Livingstone employed a 
microelectrode to probe the cells in the 
blobs. None of them was sensitive to 
the orientation of a bar of light. Appar­
ently they take no part in the analysis 
of edges and corners. On the other 
hand, as many as 90 percent of them 
are sensitive to color. Most are double­
opponent-color cells. 
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may differ depending on 
speed, distance, weather. 
Actual highway mileage 
lower. Some 
Buicks are . '-
equipped with 
engines produced by 
other GM divisions, 
subsidiaries, or 
affiliated com­
panies worldwide. 
See your Buick 
dealer for details. \\buIdJtt)1lDUreaQ)lma.erll;Ma1luldt? 
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to make the development of a vaccine 
against malaria feasible in principle. 
The' manufacture and testing of such a 
vaccine is probably some years away, 
however, in part because of a disagree­
ment between the biotechnology com­
pany that would manufacture the vac­
cine and an international agency that 
has helped to support the research. 

After World War II there was reason 
to hope that a .combined attack on 
Allopheles mosquitoes with DDT and on 
Plasmodium parasites with new specific 
drugs might soon bring malaria under 
control. For a time there was progress. 
N ow the incidence of malaria is on the 
rise, however, and so is the death rate. 
The logistics of spraying and of drug 
delivery have been daunting in underde­
veloped regions and particularly in trop­
ical Africa, where malaria is endemic 
and a million children die of the disease 
every year. 

In this situation a malaria vaccine 
would be an ideal weapon, but the plas­
modium is a difficult target for immu­
nologists. Four species cause malaria in 
human beings and each one carries on 
its outer surface a different set of an­
tigens, the proteins that provoke (and 
become the targets of) an imm une 
response by antibody-secreting cells. 
The antigens may also vary in different 
strains of a single species. Indeed, the 
plasmodium displays different sets of 
antigens successively in the several mor­
phological stages of its complex life 
cycle in the mosq uito and in the h u­
man victim. The mosquito's bite injects 
sporozoites, which infect liver cells 
and divide to form small merozoites. 
Each merozoite invades a red blood 
cell, grows through several stages and 
divides into from 12 to 24 new merozo­
ites that burst out of the cell and invade 
other cells. A few merozoites develop 
into gametocytes, whose ingestion by a 
biting mosq uito initiates a new cycle 
and spreads the disease. 

The complexity of the various para­
site forms and their antigenic variability 
have made it clear that intact parasites, 
whether attenuated or killed, will not 
serve as the active agent of a vaccine. 
The effort recently has been to develop a' 
vaccine by finding and isolating a partic­
ular antigen, preferably one whose role 
in infection is so important that it pre­
cl udes much variability from strain to 
strain. For some years Ruth and Victor 
Nussenzweig of the New York Universi­
ty School of Medicine and various col­
laborators have taken that approach. 
They have isolated from the surface of 
the sporozoites that cause a number of 
animal and human malarias a protein 
whose composition is similar in all spe­
cies and that has a role in the process of 
infection. By crossing specific antibody­
prod ucing cells with cells of the tumor 
called a myeloma they have made hy­
bridoma cells that secrete monoclonal 

antibodies directed specifically against 
the sporozoite surface protein. Injected 
into chimpanzees, the antibodies give a 
measure of passive immunity against 
malaria, suggesting that the surface pro­
tein should serve as an effective antigen. 

To make the large quantities of the 
protein needed even for testing a vac­
cine one might dissect millions of mos­
quito salivary glands and isolate the 
sporozoites and then the protein. An al­
ternative is to find the gene encoding the 
protein, introduce it into Escherichia coli 
and get the bacteria to manufacture the 
protein. That is what G. Nigel Godson 
of N. Y. U., with his students Joan Ellis 
and Luiz Ozaki, has done. 

Godson's method, which is reported 
in detail in Nature, relied heavily on the 
existence of the N ussenzweigs' mono­
clonal antibodies. He extracted messen­
ger RNA (the nucleic acid into which 
the DNA of genes is transcribed and 
that in turn is translated to make pro­
tein) from mosq uitoes infected with P. 
kllowlesi, a plasmodium that causes ma­
laria in monkeys. He made DNA from 
the RNA, broke up the DNA into thou­
sands of short fragments and inserted 
each fragment into a plasmid: a small 
circular piece of bacterial DNA that 
serves as a vehicle for cloning. Each 
plasmid was inserted into bacteria. To 
find any bacteria that were synthesizing 
the P. kllowlesi surface protein, and must 
therefore carry on a plasmid the gene 
encoding the protein, he tested each bac­
terial colony with the monoclonal anti­
body to the protein. When he found 
such bacteria, he grew their plasmid in 
quantity and showed by various tests 
that it did indeed carry the gene for the 
designated protein. The next step will be 
to show that when the protein made in 
bacteria is injected into monkeys, it con­
fers immunity to malaria. 

With the gene for the P. knowlesi pro­
tein in hand, it should not be hard to find 
the gene (which must be quite similar) 
for the analogous protein of P.lalcipa­
rum, the agent of the lethal form of hu­
man malaria. That effort is under way at 
N.Y.U. Meanwhile the institution has 
filed for a patent on the process and has 
been negotiating an agreement licensing 
Genentech, Inc., a San Francisco com­
pany that specializes in recombinant­
DNA technology, to develop, test, man­
ufacture and market a vaccine. Any in­
come to N.Y.U. would be devoted to 
research in tropical medicine. The li­
censing agreement req uires the approv­
al of public agencies that have helped to 
fund the work. 

One of the agencies, the World Health 
Organization (WHO), objected to a pro­
vision giving Genentech exclusive mar­
keting rights, without which the compa­
ny is reluctant to develop the product. 
WHO is presumably worried less by the 
financial aspects of the agreement than 
by the possibility that Genentech, hav-

ing tied up rights to the vaccine, might 
never market it. Agency officials have 
often complained that drugs having crit­
ical importance for the underdeveloped 
world are sometimes not made available 
because there is no profitable market for 
them in affluent countries. 

Prime Time 

When a computer that can do a mil­
lion operations per second is re­

sponding to keystrokes made at inter­
vals of some tenths of a second, it can 
have a lot of spare time. Paul A. Pritch­
ard of Cornell University decided to 
put a computer to work in those idle 
moments. He instructed the computer, 
whenever it was not busy doing some­
thing else, to search for a series of at 
least 18 prime numbers that advance 
in an arithmetic progression. (A prime 
number is divisible only by itself and 1; 
in an arithmetic progression the differ­
ence between each number and the next 
is the same). 

Pritchard wanted 18 such prime num­
bers because the previous record, set in 
1977, was 17. Nipping in for a microsec­
ond here and a millisecond there on 
a computer that is devoted mainly to 
word processing and runs 24 hours per 
day, he was able to find a series of 18 
arithmetic-progression primes in less 
than a month. The computer was actual­
ly working on the problem for an aver­
age of about 10 hours per day. The se­
ries begins with 107,928,278,317' and 
rises by an increment of 9,922,782,870 
to 276,615,587,107. The numbers be­
fore the first in the series and after the 
last (taking into account the same incre­
ment) are not primes. 

The strategy for the search was based 
on the fact that in any arithmetic pro­
gression of II primes the common differ­
ence must be divisible by all the primes 
less than or eq ual to II, except in the rare 
case of a series whose first number is n. 
In Pritchard's search n was 18, and so 
the common difference had to be divisi­
ble by 2, 3, 5, 7, 11, 13 and 17. Pritchard 
also included 19 in case the computer hit 
on a series of more than 18 arithmetic­
progression primes. The common differ­
ence must be a multiple of the product 
of these eight primes, namely 9,699,690. 
Pritchard therefore had the comput­
er choose a prime in some designated 
range of numbers, construct an arith­
metic series by repeatedly adding a m ul­
tiple of the product and test the resulting 
numbers for primality. 

Pritchard had his in-and-out program 
going on two computers, each a fairly 
standard machine that is not notably 
fast. One of them is still searching after 
thousands of hours. Pritchard is contin­
uing the search with both machines. He 
expects to find more IS-term primes in 
arithmetic progression and hopes to find 
one with 19 terms. 
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Modern Pork Production 
Pork currently provides some 25 percent of the energy and 9 percent 
of the protein human beings get from animal sources. The interaction 
of economics and biology has given rise to a new kind of pig farming 

The pig lingers in the memory of 
many people as a farmstead ani­
mal that roots in the ground for 

various edibles, wallows in mud and is 
fed slop and swill, meaning the liquid 
and semiliquid leavings from the farm­
er's kitchen and the operation of the 
farm. That is not the pig of modern agri­
business. Such a pig lives indoors for its 
entire brief life: born and suckled in a 
farrowing unit and raised to slaughter 
weight in a nursery and later in a grow­
ing-feeding unit. It is fed a computer­
formulated diet based on cornmeal and 
soybean meal with supplements of pro­
tein, minerals and vitamins. Unless it is 
destined for breeding, it is sent to mar-

. ket at five or six months of age, hav­
ing reached the slaughter weight of 220 
pounds or more from its birth weight of 
about two pounds. In the U.S., which is 
one of the leading countries in the pro­
duction of pork, some 97 million pigs 
with a value of$8.9 billion went to mar­
ket in 1980. 

It is best to be' precise about termi­
nology. All pigs, wild and domestic, are 
swine, members of the family Suidae, 
which in turn is a member of the mam­
malian- order Artiodactyla (even-toed 
ungulates). In the U.K. all domestic 
swine are called pigs, but in the U.S. the 
term applies technically to young swine 
weighing less than about 120 pounds; 
the others are called hogs. One hears 
also of boars (uncastrated males), bar­
rows (castrated males), gilts (virgin fe­
males), sows (females that have. bred) 
and shoats (newly weaned piglets). 

The domestic pigs of today are de­
scended from' the European wild pig 
(Sus sera/a) , which is also known as the 
European wild boar. Pigs living in the 
wild are still found in many regions 
of the world. Except for old males, 
which are solitary, wild pigs live in 
groups. They are nocturnal and omniv­
orous, digging for edible roots and tu­
bers, gathering fruits and nuts on the 
ground and also eating a -large variety of . 
insects, reptiles', birds and small mam� 
mals. The wild pig stands-about 90 cen- . 
timeters (35. inches) tail at the shoulder. 
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and has a thick coat of bristly hair. It 
is a fast runner and a good swimmer. 

The time of domestication of the pig 
is lost in history. One study has it that 
the earliest known domestication of pigs 
was in what is now Iraq in about 6750 
B.C. A Chinese sch0lar has asserted that 
domesticated pigs were to be Sound in 
his ·countr·y by 2900 B.C. Probably the 
attractiveness of the pig as a domestic 
animal originally was that it is an effi­
cient scavenger and will eat a wide vari­
ety of foods. That is still its role in many 
developing countries. 

In modern agribusiness the pig is at­
tractive because of its efficiency in con­
verting feed into food. Today's pig gains 
a pound of weight for each three or 3.5 
pounds of food it eats. Fifty years ago it 
took more than four pounds of food to 
achieve the same result. In terms of the 
pig's yield of edible energy per calorie 
consumed it outdoes cattle, lambs and 
poultry. Indeed, the production of pork, 
like that of 'beef, lamb and poultry, is 
based on the economic advantage for 
the farmer of selling his crops through 
animals at a higher profit than he would 
realize by selling the crops directly for 
human food. 

From the cpnsumer's point of view 
the meat of the pig has high nutrition­
al values. A four-ounce serving of lean 
pork supplies about three-fourths of the 
adult's daily need for thiamin and iron, 
from a fourth to a third of the need for 
niacin, vitamin B-6 and vi.tamin B-12, 

. half of the need for protein and most of 
the' req uirement for trace minerals. In 
North America and Europe the annual 
consumption of por:k is about 60 pounds 
per capita; the worldwide average, how­
ever, is less than 20 pounds per capita. 

Since the .demand for animal protein in 
the diet increases linearly with average 
per capita income in a country, the geo­
graphic disparities in the consumption 
of pork largely reflect the huge disparity 
in per capita income among countries. 

.Modern Practices 

The trend that took the pig out of the 
pigpen and "into a carefully controlled 
environment resulted from high labor 
costs, the rise in land values, the fact that 
it became more profitable to raise crops 
on productive land than to keep animals 
on it, the ability to keep the pig's diet 
under closer control indoors and the 
possibility for more effective control of 
diseases and parasites. On a farm that 
raises pigs from birth to marketing age, 
which is a strong modern trend, a typi­
cal physical arrangement includes a unit 
housing pregnant sows, a farrowing unit 
where the sows give' birth, a nursery 
and a growing-finishing unit. They all 
have slatted floors for easier removal 
of wastes. In Temperate Zone farms 
each unit (except sometimes the grow­
ing-finishing unit) has a heating system. 

The main task of husbandry is feeding 
the pigs, an operation that accounts for 
from 55 to 85 percent of the total cost of 
the commercial production of pork. The 
varjations result from ·the relative costs 

- of feed; labor and housing 'between one 
farm and another or from one season 
to the next. The 'economics of feeding 
swine depend on the local availability 
and price of feedstuff, competition for 
a particular foodstuff for consumption 
by people or by other domestic animals 
and the prices of the protein, mineral 
and vitamin supplements. 

TOTA.VCONFINEMENT UNIT depicted on the opposite'page keeps pigs indoors from. birth 
untiI.they are sent to' market. The perspective is straight dow.n on a five.-building complex, with 
sections of the roofs removed to show the. activity inside .. In .the -farrowing unit pigs are born 
and suckled while the sow remains in a metal crate. that prevents her from rolling onto her pig­
lets. In the nursery, the grower and the finisher. the pigs are fed carefully formulated diets de­
signed to' bring them to the slaughter weight of 220 pounds or 'more at the age of five or six 
months. Many iarms·that.raise·pigs in this W!ly have:theog.-ower and finisher as one building. 
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The pig's digestive system and the 
human one are similar, so that the pig 
farmer is in direct competition with the 
human population for food supplies. 
The degree of competition is related 
to cultural differences in food prefer­
ence. For example, in the U.S. wheat 
and potatoes are usually not fed to pigs 
because the human demand for these 
crops holds the price tOO high, whereas 
in other parts of the world pigs often get 
wheat and potatoes in their diet. 

The farmer must plan on using up 
about 800 pounds of a typical concen­
trated diet based on cornmeal and soy­
bean meal for each pig marketed at 220 
pounds. The total includes feed that 
goes to the breeding herd and also takes 
into account the fact that even in a well­
run operation a fair number of pigs 
die before reaching marketable age. Of 
the 800 pounds of feed from 100 to 200 
pounds consist of the protein, miner­
al and vitamin supplements needed to 
make up the nutritional deficits in corn 
and cereal grain. The nutritional re­
q uirements of pigs at various stages of 
prod uction have been so precisely de­
termined that commercial feed manu­
facturers now formulate diets by com­
puter. The number of farmers working 
the diets out on their own computers is 
increasing. 

SUS SCROFA 

DUROC 

POLAND CHINA 

Although unprocessed corn and cere­
al grains make up a major part of most 
diets for pigs, the computer-formulated 
least-cost rations contain progressively 
higher proportions of by-product food­
stuffs, including wheat and corn bran 
from mills, grains and solubles from dis­
tilleries and blood meal, meat meal and 
bone meal from slaughterhouses. Such 
by-products would have little value if 
they were not sold as feed for livestock; 
if they were simply discarded, the cost 
of disposing of them would significant­
ly increase the market price of the fi­
nal product. 

It has also been found that forage 
crops such as alfalfa can be incorpo­
rated in the diet of pigs, particularly 
pregnant females. The reproductive 
performance of such females has been 
shown in recent tests to be normal when 
high-q uality alfalfa meal constitutes 96 
percent of the diet, with mineral and vi­
tamin supplements making up the oth­
er 4 percent. 

Biology of the Pig 

The yearly production calendar of the 
pig farm must be geared to the biologi­
cal timetable of the pig. Although a pig. 
reaches puberty at five or six months of 
age, it is common for mating to be de-

BERKSHIRE 

HAMPSHIRE 

SPOT 

layed until about eight months so that 
the animal will be larger and 'Physiologi­
cally more mature. The gestation period 
is about 1 14 days, and the lactation peri­
od of the female continues for from six 
to eight weeks. The estrous cycle takes 
up about 2 1  days and repeats through­
out the year. Pregnancy halts the cycle, 
which is also inhibited in the pig (as it is 
not in the cow) by lactation. The cycle 
resumes in from three to 10 days after 
weaning, which normally is done when 
the pigs are from four to six weeks old. 

The pig's natural course of develop­
ment dictates that the female can com­
plete her first pregnancy at about one 
year of age and that she can complete 
no more than 2.7 cycles of reprod uction 
and lactation per year thereafter. In 
practice the average reproductive rate 
of a herd is closer to 1. 8 litters per year 
after adjustments are made for barren 
sows, failure to conceive on the first 
mating and other factors. A litter con­
sists typically of nine or 10 piglets, of 
which 7.2 on the average survive to 
maturity. 

Although a newborn pig weighs only 
about 2.2 pounds, it grows at a phenom­
enal rate, normally doubling its weight 
in the first week and tripling it by the 
end of the second week. A weight of 15 
pounds after three weeks is not uncom-

CHESTER WHITE 

LANDRACE 

YORKSHIRE 

PUREBRED BREEDS. provide the stock for the crossbred herds 
found. on most commercial pig farms. Also portrayed is the ancestral 
pig, the European wild boar (Sus seroja). The. Berkshire and the oth-

er domesticated purebreds shown here constitute the seed stock for 
most of the crossbreeding in the U.S. A few countries raise mainly 
purebreds, such as the Landrace herds predominating in Denmark. 
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mono A market weight of from 220 to 
240. pounds is attained by about five 
months of age, but individual pigs are 
known to have reached 200 pounds in 
less than 120 days having eaten less 
than two pounds of feed per pound of 
gain in weight. 

Male pigs are normally castrated d ur­
ing the first few days or weeks of life to 
avoid. the marketing of pork with the 
objectionable taste associated with the 
meat of mature boars. The surgery can 
be done much later, however, with the 
same effect, and it is noteworthy that 
intact males grow faster and are leaner 
than castrates. As a result research is 
under way in several countries to devel­
op mature boars that yield meat lacking 
the objectionable taste. Farmers often 
delay the castration of potential breed­
ing boars in order to have more time 
to choose the ones that seem likely to 
make the best sires. 

Role of Crossbreeding 

The genetic base for improving the 
breed in economically important ways is . 
a group of purebred populations that 
constitute less than 10 percent of the to­
tal population of swine in most coun­
tries. There are exceptions, as in Den­
mark, where most of the pigs produced 
are purebred Landrace. In most other 
developed countries a few major breeds 
provide the seed stock for a commer­
cial pork-production industry based on 
crossbreeding. In the U.S., for example, 
some eight breeds fulfill that role. In ad­
dition to the Landrace they include the 
Berkshire, the Chester White, the Du­
roc, the Hampshire, the Poland China, 
the Spot and the Yorkshire. Most of 
the swine breeds that figure in commer­
cial production throughout the world 
originated in the U.S. or the UK. The 
Yorkshire of the U.S. is similar to the 
Large White of Europe, and the Amer­
ican Landrace is similar to the Land­
race of the Scandinavian countries. 

Crossbreeding, involving from two 
to four breeds in a typical systematic 
breeding program, accounts for more 
than 90 percent of the total annual sup­
ply of pork. Crossbred pigs are superior 
to their purebred parents in such eco­
nomically important traits as rate of sur­
vival, rate of growth, efficiency in utiliz-' 
ing feed, production of milk and num­
ber of offspring. Crossbreeding is a valid 
method of production only if it con­
tinues to result in heterosis ("hybrid 
vigor"): the improved average perform­
ance of the crossbred progeny over that 
of their purebred parents. Continued 
progress in increasing the efficiency of 
swine production by crossbreeding de­
pends on the intensive selection of pure­
bred stock for excellence in the appro­
priate heritable traits. 

Some of the pig farms in the US. are 
"farrow to finish" enterprises, in which 
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EXTENT OF PIG PRODUCTION in various countries is suggested by this comparison of hu­
man and pig popUlations. For each country the black numeral is the human population, the col­
ored numeral the pig population, both in millions. The bar shows the number of pigs as a per­
centage of the humau population. The comparison is somewhat inexact because of variations 
in the "extraction rate," the ratio of the number of pigs sent to market per year to the number 
on hand at any one time. For example, in the U.S. the rate is about 1.S and in Brazil about .4. 

99 © 1983 SCIENTIFIC AMERICAN, INC© 1983 SCIENTIFIC AMERICAN, INC



ANATOMY OF THE PIG is depicted in a presentation that shows the skeleton, the muscula­
ture and the internal organs. A widely employed butcher's terminology for cuts of the meat is 
also shown. Variations of and additions to the terms (chitterlings, for example) are often seen. 

tOO 

the pig spends its entire life on one farm. 
Others are "feeder pig" operations that 
raise piglets to tl).e age of from eight to 
10 weeks (shortly after weaning) and 
then sell them to "finishing pig" en­
terprises that feed them to marketable 
weight. The two types of operation that 
handle piglets do certain things routine­
ly: clip' the "needle teeth," or incisors, 
which might otherwise injure the sow 
when the piglet suckles; inject iron; dis­
infect the navel; notch ears for purposes 
of identification, and dock the tail be­
cause pigs have a ·tendency to chew the 
tails of other pigs. 

Pig farms also maintain vaccination 
programs to control infectious diseases, 
spraying and drenching programs to 
control internal and external parasites, 
mating and culling programs to main­
tain reprod uctive efficiency and to op­
timize the use of the farm's facilities, 
and marketing programs to maximize 
the net income. A farm with purebred 
animals must in addition keep detailed 
and accurate records of the genetic 
identity of its pigs. It must also devel­
op effective advertising and marketing 
programs so that other pig farmers will 
be aware of what the farm has to offer 
for crossbreeding. A finishing enterprise 
has fewer critical requirements in hus­
bandry and is less labor-intensive, but it 
has to be aW'are of the condition of the 
market so that the farm does not have 
too many or too few pigs at a given time. 

A major task in managing a pig farm 
is looking after the health of the an­
imals. Pigs are vulnerable to a large 
number of infectious, metabolic and nu­
tritional diseases. Modern advances in 
the prevention of infectious disease and 
in the control of external and internal 
parasites have reduced the veterinary 
bills the pig farmer once paid for the 
treatment of acute illness among his 
animals. Such advances have brought 
about increased emphasis on the health 
of the herd and on disease-prevention 
programs involving vaccination against 
infectious diseases, routine control of 
parasites and close restrictions on the 
movement of pigs from one farm to an­
other. Many commercial pork-produc­
tion enterprises maintain herds that are 
relatively free of disease by measures 
that include limiting human and ani­
mal traffic and quarantining new breed­
ing stock brought into the herd; in the 
jargon of the industry such a herd is 
SPF, or specific-pathogen-free. 

Certain metabolic diseases still cause 
significant financial losses even in well­
managed herds. One is porcine stress 
syndrome, which is associated with spe­
cific breeds and genetic groups. Anoth­
er is the metritis-mastitis-agalactia com­
plex, a multifactor disease syndrome 
resulting in a high rate of death among 
newborn pigs. 

Nutritional diseases are less common 
now than they once were, but a few still 
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appear even with today's sophisticated 
techniq ues for formulating diets. For 
example, an acute deficiency of sele­
nium and vitamin E causes excessive 
deaths among growing pigs in certain 
regions of the u.s. and elsewhere that 
have a low content of selenium in the 
soil, resulting in a deficiency of the ele­
ment in the plants grown there. As such 
deficiency syndromes are recognized the 
feed industry responds by providing 
appropriate supplements. Sometimes a 
supplement cannot be added to feed in 
the U.S. without the approval of the 
Food and Drug Administration. Seleni­
um is an example, since it was known for 
its toxic properties before it was recog­
nized as an essential nutrient; the FDA 
authorizes the addition of inorganic se­
lenium to the diet of young pigs at levels 
of up to .3 part per million. 

Prospective Changes 

Although the pig industry has been 
greatly transformed over the past 30 
years by advances in agricultural tech­
nology, biological knowledge and veter­
inary medicine, it seems probable that 
biological research now in progress will 
result in even further changes. They can 
be considered under the headings of ge­
netics, nutrition and reproduction. 

In genetics the farmer seeking· bet­
ter heritable traits in his crossbreeding. 
activities is being aided by the work 
of population .geneticists, who not o/illy 
capitalize on the sophisticated modeling 
techniques made possible by comput­
er technology'but also introduce geneti­
cally diverse breeding stook into cross­
breeding programs. Much research by 
geneticists in the U.S. Department of 
Agriculture and private organizations is 
directed at improving recognized traits 
that are beneficial in the production of 
pork and at finding new traits that might 
be beneficiaL 

Techniq ues for estimating. accurately 
the body composition of live animals, 
such as the measurement of back fat 
by ultrasonic devices, and for predict­
ing the subsequent body composition 
of an animal by appropl'iate measure� 
ments done early in life offer possibili­
ties for more effective selection of de­
sired traits such as leanness .. Genetic 
engineering by recombinant-DNA tech­
niq ues ("gene splicing") shows promise 
of opening the way to the large-scale 
production of pig hormones by bacte­
ria. With growth hormone made in this 
way the farmer might get his pigs to 
market weight sooner. Synthetic.growth 
hormone is also being investigated as a 
modulator of milk secretion and the 
growth of lean tissue in a number of 
farm animals, including the pig. 

Genetic variation in economically im­
portant traits such as growth and lac­
tation is related to hormones, enzymes 
and various intracellular processes. The 

genetic bases for these relations are not 
well understood. Laboratory work on 
the growth of muscle cells in culture, 
together with other in vitro efforts to 
understand how protein and fat are syn­
thesized and broken down, offers the 
possibility of fuller knowledge of the 
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metabolic processes that control the 
buildup of muscle tissue in pigs and oth­
er animals. 

In nutrition recombinant-DNA tech­
niques may soon be applied to change 
the activity of the microfiora in the pig's 
gastrointestinal tract in order to make 
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DIGESTIVE SYSTEMS of the sheep and the pig are compared. The sheep is a ruminant, with 
a large stomach consisting of four parts: the rumen, the reticulum, the omasum and the aboma­
sum. The system evolved to digest cellulose. Grass eaten by the sheep passes first into the ru­
men; it is later regurgitated and chewed further. After it is swallowed again it passes successive­
ly into the other three parts of the stomach. The pig is an omnivore, but it cannot digest much 
cellulose. Research under way aims to.exploit recombinant-DNA techniques ("gene splicing") 
to change the activity of the microftora in the pig's gastrointestinal tract to deal with prepa­
rations derived from grass and other fibrous plants, greatly expanding the sources of pig feed .. 
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cellulase, the enzyme that cleaves cellu­
lose, the most abundant cOl)stituent of 
plants, into its glucose monomers. Such 
a development would change radically 
the constraints on pig production im­
posed by the inability of the animal to 
digest cellulose and other complex car­
bohydrates. Foods the pig cannot now 
eat or fully digest would then be avail­
able to pig husbandry. 

Recombinant-DNA techniques ap­
plied in- another important way may 
soon make amino acids, the monomers 
of protein, available to animal husband­
ry. Recombinant-DNA strains of bacte­
ria that are efficient producers of ami­
no acids can be grown on a pilot scale. 
If amino acids made in this way were 
available at prices competitive with the 
cost of standard feed, more than four 
billion pounds of feed protein could be 
saved annually. The metabolic needs of 
the farm animal could be met with a 
low-protein feed combined with a well­
balanced mixture of amino acids. 

New types of feed will also play an 
important role.in the future of pork pro­
duction. Plant breeders continue to de­
velop new varieties of corn, barley and 
oats with a high content of lysine, an 
amino acid essential to animal nutrition 
that is deficient in older varieties of 
these grains. Animals fed with the high­
lysine varieties would need less supple­
mental protein. In developing countries 
pigs are being fed local products that 
were not traditionally a part of the pig's 
diet; examples include sweet potatoes 
and fish meal in New Guinea and banan­
as in Ecuador. Finally, several microbi­
al sources of protein, including dried 
bacteria, yeast and algae, offer a poten­
tial supply of feed for pig farmers. 

The interest in improving reproduc­
tion stems from the high death rates 
among pigs before birth and soon after­
ward. In the U.S. prenatal mortality is 
normally from 20 to 40 percent. A sow 
releases about 17 ova per period of es­
trus. Although about 95 percent of the 
eggs are fertilized, only 9.4 pigs are born 
on the average and 7.2 survive to mar­
ketable age. Even in Denmark, where 
emphasis is laid on efficiency in pork 
production, 20 percent of the pigs in a 
litter die before being weaned at the age 
of from six to eight weeks. 

AUTOMATIC FEEDING ARRAY for pigs 
is designed to be part of a total-confinement 
unit. The feed from the storage bin is corn 
or cereal grains, moved from the bin to the 
mixer by an electrically operated auger. Pro­
tein, mineral and vitamin supplements are add­
ed at a rate of about one pound for each four 
to eight pounds of grain. The mixture is moved 
to the feeders by overhead conveyor belts or 
augers. The slotted floor facilitates waste re­
moval. The feeder portrayed on the cover of 
this issue is a unit in such a feeding system. 
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Research on the genetic, endocrine 
and nutritional factors associated with 
high prenatal mortality shows the prom­
ise of making it feasible to induce super­
ovulation-the release of a larger num­
ber of eggs-by administering suitable 
hormones. It has been possible for some 
time to synchronize ovulation in a group 
of virgin females by administering hor­
mones, but the practice has not been 
widely followed because techniq ues for 
freezing the semen of boars have not 
been available. Synchronized ovulation 
or superovulation coupled with artifi­
cial insemination with fresh or frozen 
semen from genetically superior boars 
may make it possible to achieve higher 
rates of live births per pregnancy. 

An improvement in reproductive ef­
ficiency must be accompanied by im­
proved methods of caring for piglets in 
the days following birth. The sow's co­
lostrum, the milk she secretes in the first 
few days after she gives birth, contains 
antibodies against pathogens that may 
infect the piglet. It has been found that 
after the piglets have received the colos­
trum for two or three days they can 
be reared successfully on liq uid or dry 
diets. Indeed, dry diets may be associat­
ed with higher survival rates and a low­
er incidence of diarrhea. Combining the 
technology that would raise the average 
of viable pigs per litter to 15 or 20 with 
the early weaning of part of the litter 
after two or three days could result in 
a Significant increase in the number of 
pigs marketed annually per breeding fe­
male from the present norm of from 12 
to 14 to an average of 24 or more. 

Attainable Goals 

The prospective advances of pig 
farming imply it is possible to envision 
certain goals that should be attainable 
within the next 20 to 30 years. This has 
been done by workers at universities and 
by my colleagues at the Meat Animal 
Research Center of the Department of 
Agriculture for eight factors that are 
economically important in the produc­
tion of pigs. The number of litters borne 
per sow annually should rise from 1.8 to 
2.2 and the number of pigs marketed per 
sow annually from 13 to 24. Today's 
high losses should decline; expressed 
one way, as the percentage of loss of 
pigs between birth and weaning, the 
change should be from the current 15 to 
30 percent to 5 to 10 percent, and ex­
pressed in terms of the number of pigs 
raised per litter the change should be 
from 7.2 to 1 1. The number of pounds 
of feed per pound of gain in body weight 
from birth to market is now 3.5 and 
can be expected to be 2.5 or less, and 
the months of age from birth to market 
should decline from the five or six of the 
present to four or five. Because leanness 
of meat is increasingly sought by con-
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sumers, one can expect the percentage 
of fat in the edible parts of the carcass to 
decline from 4 1  percent to 32 percent or 
less and the average thickness of back 
fat at the time of marketing to decline 
from 1.6 inches to less than .8 inch. 

In 1978 Henry A. Fitzhugh and some 
of his colleagues at the Winrock Inter­
national Livestock Research and Train­
ing Center projected the proportions of 
food energy and protein that human be­
ings will obtain from pigs, ruminants 
and poultry by the year 2000. They fore­
saw an increase of 23 percent in the 
number of pigs, 23 percent for poultry 
(chickens, ducks and turkeys) and 29 
percent for ruminants (cattle, sheep and 
goats) between 1970 and 2000. In ad­
dition they predicted that food energy 
from pigs will be 2 15 billion megacalo­
ries in 2000 compared with 144 billion 
in 1970 and that protein from pigs will 
be three million metric tons compared 
with two million in 1970. Pork will pro­
vide 23 percent of the energy and 8 per­
cent of the protein from animal sources, 
including milk, compared with 25 and 9 
percent respectively in 1970. In other 
words, although the production of pork 
is predicted to increase substantially, the 

overall contribution of pork to human 
nutrition is predicted to decline slightly. 

Other Roles of the Pig 

Besides its importance to agriculture 
the pig is valuable as a model animal 
for many physiological and nutritional 
studies related to human health. Pigs 
are similar to human beings in the anat­
omy and physiology of several organs 
and organ systems, including the teeth, 
the eyes, the kidneys, the cardiovascular 
system, the skin and the digestive sys­
tem. Studies of the pig have helped in 
elucidating a variety of human disorders 
such as cardiovascular disease, diabetes, 
gastric ulcer, muscular dystrophy, alco­
holism and obesity. 

In clinical medicine the heart valves 
of the pig have often been inserted as a 
replacement for damaged human heart 
valves. Several vital substances extract­
ed from the tissues of the pig are widely 
employed in medicine. They include in­
sulin from the pig pancreas and hep­
arin (an anticoagulant) from the pig 
lung. Moreover, the skin of the pig can 
be grafted successfully onto the human 
body to repair burns. 
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New Inorganic Materials 

Synthetic organic materials have come to play a key role in modern 
civilization, but unusual materials made out ofsand, clay and other 
minerals have the advantage of requiring a smaller input of energy 

Took around you and you are likely to 

L see things made of a wealth of di-
verse materials: metals, plastics, 

ceramics, glass and concrete. They are 
the stuff of a technological society. It 
takes energy to make them. In fact, the 
worldwide prod uction of materials for 
construction and manufacturing annu­
ally calls for the equivalent in energy of 
109 tons of oil, or 15 percent of the total 
worldwide expenditure of energy. The 
amount is equal to the total worldwide 
expenditure of natural gas. 

The amount of energy required to 
make a material varies greatly from one 
material to another. It is useful to take 
portland cement as a standard, because 
it is made from chalk and clay, two read­
ily available constituents of the crust of 
the earth. Moreover, portland cement is 
prod uced on a huge scale: almost 109 
tons per year worldwide. It takes about 
3 X 1010 joules of energy to make a cu­
bic meter of portland cement. It takes 
six times as much to make a cubic me­
ter of polystyrene plastic and 29 times 
as much to make a cubic meter of stain­
less steel. 

Plainly portland cement, an inorgan­
ic material, has a considerable advan­
tage in energy over plastics, which are 
made from organic material, and met­
als, which are smelted by processes that 
require very high temperature. This 
advantage; together with the wide and 
ready availability of the earth chemicals 
(the oxides of silicon and a�uminum, the 
carbonates of calcium and magnesium 
and so on), suggests that technology 
should reexamine inorganic materials as 
replacements for energy-expensive ma­
terials, particularly at a time when ener­
gy itself is expensive and an end can be 
seen to the ready availability of hydro­
carbons in the form of oil. Research we 
shall describe in this article is demon­
strating that inorganic materials can in 
many applieations indeed supersede the 
energy-expensive materials of' present­
day technology. 

The· first materials employed' by hu­
man beings were flint and other kinds 
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of stone, along with materials of ani­
mal or vegetable origin such as skin, 
bone and wood. Together they enabled 
human beings to excel at hunting and 
food gathering. Flint is hard, brittle and 
amorphous in its microscopic structure; 
thus it fractures conchoidally and can be 
fashioned into a sharp cutting edge. The 
Stone Age use of flint grew to such a 
scale that flint had to be mined rather 
than searched for in surface deposits. 

The next material was bronze, which 
must have arisen from the chance 

juxtaposition of easily smeltable rocks 
(ores of copper and zinc) with sources 

. of heat and with carbon. At much the 
same time it was discovered that wet 
clay would harden when it was baked 
and that before the baking it could be 
molded into a useful shape. Somewhat 
later came the reduction of iron ore into 
metallic iron. The earliest synthetic­
material technologies, then, were metal­
lurgy and ceramics. 

A much later advance was the discov­
ery, by the Romans, that a mixture of 
volcanic ash and lime reacts with water 
to form a hard, solid mass: a cement. 
This was the first low-temperature inor­
ganic technology. In the reaction the sili­
ca (Si02) in the ash combines with the 
lime (Ca(OH)z) to. form a calcium sili­
cate that has no regular chemical com­
position. In 1824 Joseph Aspdin im-

. proved on the· technology by heating 
lime with a material such as clay, which 
contains silica. The result, after cool­
ing, is portland cement clinker, which 
includes the silicates 2CaO, Si02 and 
3CaO • Si02. When the clinker is. mixed 
with water, it sets to a hard, firm, rock­
like solid. Instead. of shaping rock by 
chipping or cutting, civilization could 
now cast or mold it into the familiar 
form of concrete (cement mixed with 
sarid and stone). 

Metals, ceramics, rock and cement 
continued to dominate technology until 
the early years of this century: Cement, 
however, served only in low-grade ap­
plications. Then came the age of plas-

tics, which can be said to have begun in 
1907, when Leo H. BaekeJand produced 
the first synthetic resin, Bakelite. Even 
before that, some natural polymers had 
been modified into materials with novel 
and useful properties. Natural rubber, 
for example, stretches when it is pulled. 
In 1839 Charles Goodyear found that 
the addition of sulfur stiffens it. The sul­
fur atoms form bridges between the 
hydrocarbon chains of which the rub­
ber is composed. Nitrocellulose, devel­
oped by Christian Friedrich Schonbein 
in 1845, is brittle. In 1864 Alexander 
Parke discovered that the addition' of 
camphor, a gummy substance from the 
camphor tree, makes it pliable. The cam­
phor molecules act as a lubricant be­
tween hydrocarbon chains. The plasti­
cized nitrocellulose served as the first 
motion-picture film. 

In the wake of Bakelite the age of 
plastics began in earnest. Synthetic rub­
ber appeared in 1910, polystyrene in 
1925 and nylon, polyethylene and poly­
esters in the 1930's. By 1940 the syn­
thetic-polymer industry was well estab­
lished. In that year the raw material for 
some 95 percent of all synthetic organ­
iC'chemicals was coal. Today, four dec­
ades later, when the production of syn­
thetic organiC' chemicals has increased 
more than a hundredfold, the raw mate­
rial for some 97 percent is petroleum. 
Although the price of petroleum is cur­
rently decreasing somewhat, over the 

-past eight years it has increased some 
fifteenfold. 

What is the future for materials 
technology? One prospect is to de­

rive synthetic' polymers from coal once 
again. Surely that will happen. Anoth­
er prospect is that the earth chemicals 
will again become prominent as raw 
materials. Apart from their availabil­
ity, inorganic solids are intrinsically 
much stiffer than organic polymers. 
Moreover, concern is growing about 
the fire hazard of organic materials in 
homes and public bu'ildings. Inorganic 
materials do not burn. 
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In the 1960's it was hoped that inor­
ganic polymers would .be synthesized in 
great variety and would find commer­
cial application. Each inorganic poly­
mer would be analogous to the organic 
polymers in being a long chain of re­
peating monomers, but the backbone of 
the chain would consist of atoms other 
than carbon. To date the only successful 
synthetic inorganic polymer that has 
emerged is silicone. In silicone the back­
bone consists of silicon atoms and oxy­
gen atoms in alternation. Hence synthet­
ic inorganic polymers have largely re­
mained a dream. On the other hand, 
inorganic polymers taken fairly direct­
ly from nature are very widely used in­
deed; an example is glass. Moreover, the 
silicate rocks of the earth's crust consist 
of both chains and rings of silicon atoms 
and oxygen atoms in alternation. The 
problem is that the production of mate­
rials such as glass, as it is currently con­
ceived, calls for high temperature, and 
high temperature defeats the objective 
of turning to inorganic materials in or­
der to conserve energy. 

There is a second problem. Consider 
the basic properties of materials that de­
termine how the engineer incorporates 
them into a design. Three such proper­
ties are stiffness (the resistance of a ma­
terial to bending), tensile strength (resis­
tance to pulling) and fracture toughness 
(resistance to impact). They are proper­
ties any do-it-yourselfer would judge in­
formally as he handled a material and 
decided whether or not to use it. Organic 
polymers and organic materials such as 
wood are not as stiff as inorganic ma­
terials such as ceramics and glass (one 
reason many synthetic organic mate­
rials are reinforced by incorporating 
into them fibers of inorganic material). 
The inorganic materials, however, lack 
toughness. If inorganic materials are to 
stand any chance of replacing plastics 
(and metals) in some applications, their 
toughness will have to be improved. 

Can these two problems be solved? 
That is, can sufficiently tough inorganic 
materials be made at low temperature? 
The study of living organisms suggests 
they can. Living organisms exploit calci­
um carbonate, calcium phosphate and 
silica with remarkable control and so­
phistication. The abalone shell, for ex­
ample, is 99 percent calcium carbonate; 
it is almost entirely chalk. Yet its tensile 
strength is more than 100 megapascals 
(14,500 pounds per square inch) and its 

SPRING .MADE OF CEMENT is shown un­
der 300 pounds of tension (top) and under no 
tension (bottom). The cement is specially pre­
pared to have no pores or other internal flaws 
larger than a few micrometers across. As a re­
sult the cement, which is called macro-defect­
free, or MDF, cement, is highly resistant to 
fracture. Indeed, it is as strong as aluminum. 
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ABSENCE OF LARGE PORES in MDF cement is displayed in micrographs of a polished sec­
tion of ordinary cement (top) and MDF cement (bottom). The pores in ordinary cement (black 
patches) can compose as.much as 30 percent of the volume of the material . .They are responsi­
ble for its lack of strength. The micrographs were made at an enlargement of 50 diameters. 
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toughness is more than 1,000 joules per 
sq uare meter of new surface -generated 
by fracturing, which makes it compa­
rable in that respect to polystyrene and 
Plexiglas. 

An examination of the shell's micro­
scopic structure by means of electron 
microscopy shows how these properties 
are achieved. Flat plates of calcium car­
bonate, each about .2 micrometer thick, 
are stacked with impressive uniformity 
and are separated from each other by a 
thin layer of protein. A crack in the shell 
is thus forced to traverse a tortuous path 
and so the shell's fracture toughness is 
great. In a way that is not yet understood 
the protein serves the abalone as a tem­
plate for the deposition of an ordered 
pattern of inorganic material at the tem­
perature of the environment. The same 
is true of the growth of bone. 

Tet us examine in detail how a man­
L made inorganic material, say the ce­
ramic porcelain, is created. The contrast 
with how the abalone fashions its shell is 
instructive. The basic process of making 
porcelain was discovered in China and 
was brought to the West in the early 
18th century by Father F. X. d'Entre­
colles, in what was probably the first re­
corded instance of industrial espionage. 
d'Entrecolles had spent time in Jingde­
zhen, a center of porcelain making in 
Jiangxi Province, and had learned Chi­
nese in order to determine the role in 
porcelain making of the kind of clay the 
Chinese called kaolin. (To this day ka­
olin is one of the few Chinese words in 
the English language.) 

High-quality ceramics such as porce­
lain are made by firing, that is, by heat­
ing to high temperature a mixture of 
quartz, feldspar and clays (usually ka­
olin and ball clay, a fine-grained clay 
that has some organic matter in it). To 
begin with, each of the powdered raw 
materials is mixed with water. The re­
sulting pastes are pressed in a cloth to 
remove the excess water; then the pastes 
are combined and extruded through a 
screw under vacuum to remove most 
of the air in the mixture. The mixture 
is dried and shaped, much as a potter 
would shape it, and the resulting object 
is put into a gypsum mold to remove still 
more of the water in it. Next the object is 
coated with a glaze. The glaze is usually 
a clay combined with an additional flux: 
a material that readily fuses. 

After further drying the object is fired. 
At temperatures of some 400 degrees 
Celsius a number of chemical reactions 
begin. Then at 600 degrees the material 
becomes glassy and crystals form in it, 
so that the material shrinks. The temper­
ature is only about a third of the materi­
al's melting point, but that is deliberate: 
melting the material would give rise to 
large, irregular crystals rather than tiny, 
regular ones and in any case would re-
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quire a large and costly expenditure of 
energy. On the other hand, atoms diffuse 
slowly in an unmelted material, so that 
when water evaporates, pores are left 
behind. Moreover, holes remain unfilled 
where clay particles fail to pack tightly. 
Further still, the individ ual crystals in 
the material are of varying composition 
and so are quite different in their me­
chanical properties. Notably they differ 
in their cocfficient of thermal expansion: 
the degree to which heating makes them 
expand and cooling makes them con­
tract. Whcn the ceramic is cooled, there­
fore, somc of the pores and holes may 
fill up but cracks and other blemishes 
develop. Whcn the ceramic returns to 
room temperature, it is brittle and weak. 

That is why all useful ceramic articles 
are coatcd with a glaze. The glaze is cho­
sen to have a coefficient of expansion 
lower than that of the ceramic itself. 
Hence the cooling that follows the firing 

of the ceramic puts the glaze into com­
pression. In effect the glaze holds the 
ceramic in a kind of vise, making it diffi­
cult for cracks to enter the ceramic from 
its surface and thereby lead to breakage. 

Paradoxically, then, the high-temper­
ature process of firing, which is in­

tended to give the ceramic strength by 
allowing diffusion and shrinkage to fill 
up the gaps in the material, succeeds 
only at the expense of introducing 
cracks. High temperature, however, is 
not the only way to make atoms move so 
that they fill up gaps. Another way is to 
make water serve as a solvent for ions 
and as a medium for their diffusion. 
That is what happens in the hydraulic 
cements: solids that set and harden ir­
reversibly in the presence of water. Gyp­
sum is one example; portland cement is 
another. 

When the calcium silicates in portland 

cement are mixed with water, some of 
the water takes part in the production of 
hydrated calcium silicates. Even today, 
150 years after the invention of portland 
cement, the reactions are not well under­
stood. The rest of the water is lost by 
evaporation, leaving pores in the ce­
ment. The pores vary in diameter from 
a few tens of angstrom units to more 
than a millimeter; together they can oc­
cupy 25 to 30 percent of the volume of 
the solid. 

It has been known for many years 
that the strength of a cement, like the 
strength of a fired ceramic, depends on 
this porosity. The exact nature of the 
dependence has been el usive. First it 
was found that the strength of a cement 
depends on the ratio of water to solid 
when the cement is made. The strength 
increases as the proportion of water is 
red uced. Then it was proposed that the 
strength depends on the volume of the 

CEMENT BOTTLE CAP is an instance in which MDF cement re­
places plastic. The cap has been fractured, and the fracture is shown 

crossing the thread of the cap in a scanning electron micrograph made 
at an enlargement of 75 diameters. The fracture is the dark area. 
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pores remaining in the cement after it 
has set. The strength increases as the po­
rosity is reduced. The strength of a typ­
ical cement is actually rather low: its 
flexural strength is usually less than five 
mega pascals and its tensile strength is 
only seven times higher. That is why 
cement and concrete are employed in 
construction only under compressive 
loads and why steel reinforcement is 
added when the material must bear a 
tensile load. 

Suppose the relation between porosity 
and strength is extrapolated to predict 
the strength of a cement that has no 
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pores. The result is a fl\!xural strength 
of about 20 megapascals. The flexural 
strength of aluminum alloys is some five 
times as great, and the flexural strength 
of steel is 50 to 100 times as great. Even 
if the cement were reinforced with as­
bestos or glass fibers, one would predict 
a flexural strength of no more than 40 
mega pascals. 

The extrapolation to zero porosity, 
however, is now known to be in­

valid. The simplest theory to explain 
the fracture of a brittle solid was devel­
oped in 1920 by Alan A. Griffith, who 

was then at the Royal Aircraft Estab­
lishment at Farnborough in. England. 
He proposed that the tensile strength of 
a brittle solid is determined by the size 
of the largest flaw in the material. If the 
theory is correct, the strength of a ce­
ment should increase dramatically as 
the diameter of its largest pores is re­
duced. Conversely, the strength of the 
cement should depend only weakly on 
the number of pores or their volume. 

That turns out to be the case. Anthony 
James Howard, Kevin Kendall and one 
of us (Birchall), working at the Imperi­
al Chemical Ind ustries (ICI) Research 

NYLON - FIBER 
REINFORCED 
MDF CEMENT 

ALUMINUM 

MACRO-DEFECT-FREE 
(MDF) CEMENT 

THREE PROPERTIES of a material are its stiffness (resistance to 
bending), its tensile strengtb (resistance to pulling) and its fracture 
toughness (resistance to impact).' Here the properties are plotted for 
various organic and inorganic materials. The scales are logarithmic. 
Organic materials such as wood rate high in toughness but low in stiff-

ness. Inorganic materials such as glass are essentially the opposite. 
MDF cement rates almost as high as aluminum in all three properties. 
Stiffness and tensile strength are in pascals; one megapascal equals 
145 pounds per square inch. Fracture toughness is the energy (in 
joules) that opens fractures adding up to one square meter of surface. 
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SCIBNCB/SCOPB 

An Advanced Medium-Range Air-to-Air Missile has intercepted a drone target, 
showing its ability to find low-flying targets amid high clutter caused by the 
missile's radar returns reflecting from the ground. The prototype AMRAAM was 
fired from an F-15 fighter from an altitude of 16,000 feet and a range of about 
13 miles. The remotely controlled target flew toward the F-15 only 400 feet 
above the ground and used electronic countermeasures in an effort to jam the 
missile's seeker. Hughes Aircraft Company, AMRAAM's designer, is producing the 
missile under a full-scale development contract for the U.S. Air Force and Navy. 

The infrared-guided Maverick missile has proven its effectiveness against many 
kinds of targets, scoring 20 direct hits in 26 launches in evaluation tests. 
The IR Maverick adds precision night attack capabilities to the U.S. Air Force 
arsenal of air-to-surface weapons. In addition to night and day capability, its 
seeker sees through battlefield haze and smoke. The 20 direct hits were scored 
against moving tanks, a hangarette, radar vans, idling tanks, a simulated large 
building, a patrol boat, and a simulated fuel dump. Eleven hits came at night. 
Weather conditions and terrain varied from humid subtropics to desert to cold 
snowy plains. The misses involved minor hardware or soffware problems that have 
been corrected. Hughes has begun low-rate pilot production of 200 missiles. 

An infrared sensor no larger than a collar button will be the heart of a seeker 
designed to improve the ability of future short-range air-to-air missiles to 
find and track low-flying targets. The sensor is a focal plane array, a tiny 
hybrid sandwich with infrared detectors on one side, each attached to a silicon 
signal-processing chip. It senses temperature differences in a scene and 
creates sharp TV-like pictures. The array is better than existing sensors 
because it is far more sensitive, it reduces confusion sometimes caused by 
ground clutter or background heat, and it can see a target rather than home on 
jet exhaust. Hughes is developing a chip with 4,000 sensors for the U.S. Navy. 
It will form one quadrant of a larger hybrid containing 16,000 detectors. 

A new digitally compensated guartz crystal oscillator is designed for portable 
or remotely located equipment requiring low power and high stability. The 
Hughes oscillators represent the first use of digital techniques to compensate 
for frequency drift with temperature in hybrid oscillators. They use CMOS tech­
nology for minimal power dissipation, and may be customized to specific needs. 

An ultramodern facility spanning 1.75 million sguare feet is the showcase where 
outstanding Hughes engineering combines advanced manufacturing techniques and 
production processes. Our complex is complete, so we're looking for experienced 
and graduating engineers to work on such programs as: infrared thermal imaging 
systems, laser range finders and designators, and missile launching and guidance 
systems. Send your resume to Hughes Electro-Optical and Data Systems Group, 
Professional Employment, Dept. SE, P.O. Box 913, Bldg. E9, M.S. WIOl, El 
Segundo, CA 90245. Equal opportunity employer. 

Creating a new world with electronics r------------------, 
I I 

i HUGHES i 
I I 
L __________________ J 
HUGHES AIRCRAFT COMPANY 

For more information please write: 
P.O. Box 11803, Los Angeles, CA 90291 © 1983 SCIENTIFIC AMERICAN, INC
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POLYMERS, long molecules made up of repeating chemical units, in­
clude a variety of useful materials, both organic and inorganic. Natural 
rubber (a), an organic polymer, tends to stretch when it is pulled. The ad­
dition of sulfur atoms makes it resistant to stretching by forming bridges 
between its hydrocarbon chains. Polyethylene (b) is a synthetic organic 
pOlymer. It was introduced in the 1930's and contributed to the growth 
of the plastics industry. Silicone (c) is synthetic and inorganic; its back­
bone consists not of carbon but of silicon and oxygen in alternation. It 
represents the only commercially successful synthesis of an inorganic 
polymer, yet such polymers are common in nature. The mineral cris­
tobalite (d) is a pOlymer of silicon and oxygen, as is silicate glass (e). 

Laboratories at Runcorn in England, 
have now shown that cement obeys 
Griffith's theory. Moreover, we have de­
veloped ways in which the maximum 
diameter of the pores in cement can be 
reduced from the usual millimeter or so 
to no more than a few micrometers. 
In essence the pores are kneaded out. In 
order to make the kneading thorough 
the cement grains are graded in size and 
a small quantity of a polymer is added 
as an aid to flow. 

The new material has become known 
as macro-defect-free (MDF) cement. 
Tested in bending it shows a strength of 
more than 150 mega pascals and in that 
respect is comparable to aluminum. In­
deed, it is entirely possible to use cement 
to fabricate a spring. 

The fracture toughness of MDF ce­
ment is also notable. Most common 
manmade inorganic materials have a 
fracture toughness of less than 102 

joules per square meter of new surface 
generated by fracturing. In contrast the 
fracture toughness of wood is 104 joules 
per square meter across the grain. (It 
drops to 102 joules per square meter 
with the grain.) The mineral jade has 
a fracture toughness of 103 joules per 
square meter; that is why it can be 
carved delicately to shape. The fracture 
toughness of MDF cement is also about 
103; on a conventional lathe, therefore, a 
block of it can be hollowed into a tube, 
a remarkable performance for an inor­
ganic material. 

Still, no cement is highly resistant to 
impact until it is reinforced with fibers. 
The technology of doing so has recently 
matured. In fact, strips of ordinary ce­
ment can now be made pliable. They 
can be bent like strips of metal. The 
bending does make cracks in the ce­
ment, but the cracks are quite narrow 
and the reinforcing fibers hold the ce­
ment together. Since the cement is made 
at low temperature, the fibers can be in­
expensive organic ones that have a low 
melting point. 

The new high-strength cement has the 
appearance of a ceramic; indeed, it 

would make good cups and saucers. It 
also has many of the characteristics of a 
ceramic. It is strong, hard, brittle and 
stiff, and it is formed largely by covalent 
chemical bonding. It is not, however, a 
refractory: a material that keeps its in­
tegrity at high temperature. The reason 
is that it contains water in chemical 
combination with its calcium silicates. 
At high temperature the water is driven 
off, leaving behind a much weaker solid. 
It would obviously be of value to devise 
methods of manufacturing refractory 
materials at low temperature. 

Two approaches are promising. We 
noted above that the silicate rocks and 
minerals in the earth's crust are poly­
mers in which alternating oxygen atoms 
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and silicon atoms form chains and rings. 
In some of these minerals the chains and 
rings lie in silicate sheets some tens of 
angstroms thick. The sheets are separat­
ed from each other by layers of cations 
(positive ions) such as magnesium. One 
such mineral is vermiculite. George F. 
Walker of the Division of Applied Min­
eralogy of the Australian Common­
wealth Scientific and Ind ustrial Re­
search Organization has discovered that 
the silicate sheets can be separated by 
removing or replacing the cations and 
then applying a shearing force. The re­
sult is a multitude of shards (fragments 
of the silicate sheets) thickly suspended 
in water. The suspension can be dried to 
make a strong, flexible, translucent and 
refractory film. Alternatively, the sus­
pension can be whisked and then al­
lowed to dry to make a refractory inor­
ganic foam much like the organic poly­
mer polystyrene. Here, then, is the com-

plete re-creation of a natural mineral. 
The second approach to the manufac­

ture of refractory inorganic materials at 
low temperature is emerging from the 
study of solids such as glassy aluminum 
phosphate (AIP04). Aluminum phos­
phate is closely akin to silica, the arche­
typical inorganic refractory ceramic, 
and in fact it displays similar crystal 
forms. It is virtually impossible to pro­
duce glassy aluminum phosphate mere­
ly by melting the compound itself. The 
compound decomposes before it melts. 
On the other hand, a crystalline pre­
cipitate with the composition AIP04• 
HCl· (C2H50H)4 can be prepared by 
reacting aluminum trichloride (AICI3) 
and phosphoric acid (H3P04) in ethyl 
alcohol (C2H50H) at temperatures 
lower than zero degrees C. 

The structure of the precipitate is cu­
rious. It consists of aluminum, oxygen 
and phosphorus atoms in a cubic ar-

HYDROGEN 
BONDING 

/ 
CHLORINE 

GLASSY ALUMINUM PHOSPHATE (AIP04) emerges from the reaction of aluminum tri­
chloride (AICI3) with phosphoric' acid (H3P04) in ethyl alcohol (C2H50H). The reaction itself 
yields the intermediate material shown here. Aluminum and phosphorus atoms form the ver­
texes of an approximate cube; oxygen atoms lie along its edges. The cubes are separated from 
one another by ethyl alcohol molecules. At a temperature of approximately 100 degrees Celsius 
the alcohol is lost and the cubes coalesce into a glass. The structure of the intermediate ma­
terial was determined by John E. Cassidy and his colleagues at Imperial Chemical Industries. 
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rangement, but the cubes are prevented 
from linking by intervening molecules 
of ethyl alcohol. On gentle heating to 
about 100 degrees C. the alcohol is lost 
and the cubes do link. They form a 
three-dimensional lattice of aluminum, 
oxygen and phosphorus that is glassy 
and is refractory up to 1,600 degrees 
C., the temperature at which aluminum 
phosphate begins to decompose. The 
glass is inert and insoluble, but the pre­
cipitate from which the glass emerges is 
soluble both in water and in organic sol­
vents. The precipitate can thus be dis­
solved and warmed. The process yields 
glassy coatings. Moreover, the precipi­
tate can be used to bind together par­
ticles of compounds such as alumina 
(AI203) and so can serve the creation of 
a ceramic at a temperature of about 100 
degrees C. 

In related techniques developed by 
B. E. Yoldas of the Westinghouse 

Research Laboratories and by Masayu­
ki Yamane and Tesuo Sakaino of the 
Tokyo Institute of Technology glasses 
are made at low temperature from alk­
oxides: compounds that emerge from 
the reaction between an alcohol and an 
inorganic acid. Methyl alcohol (CH3-
OH), for example, reacts with silicic 
acid (Si(OH)4) to make silicon alkox­
ide (Si(OCH3)4) plus water. If the alk­
oxide is reacted with water, it is trans­
formed into an oxide and an alcohol. 
The alcohol can be removed by gentle 
heating, leaving a glassy oxide behind. 
In principle the glass could be rein­
forced with organic fibers that have a 
low melting point, a strategy that is not 
possible in glass made conventionally 
at high temperature. 

Like the cement described above, the 
glass produced at low temperature is 
porous. Here again, however, the pores 
are small, and so they have little effect 
on many physical properties. In making 
glass one often aims to control not only 
the mechanical properties of the mate­
rial but also the optical properties. In 
particular the transparency of a glass 
req uires that no pores be as large as a 
wavelength of the light the glass is in­
tended to transmit. Many of the glas­
ses prod uced by Yoldas are splendidly 
transparent; they contain no pores larg­
er in diameter than 100 angstroms. 

In the ways we have described, inor­
ganic chemistry is preparing to contrib­
ute to the conservation of energy and of 
hydrocarbons by manipulating inorgan­
ic chemical compounds at low tempera­
ture. This manipulation is being aided 
by advances in the understanding of ma­
terial properties such as porosity. Inter­
estingly, the importance of the control 
of porosity had not emerged from all 
the previous work on high-temperature 
methods of fabrication. It may be too 
early to speak of a new Neolithic age, 
but its beginnings are clearly with us. 
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FOAM MADE FROM VERMICULITE is a newly devised inorgan­
ic material that can supersede organic pOlymers such as polystyrene 
plastic. In vermiculite, silicate sheets are interleaved by layers of mag-

ABALONE SHELL, seen in a scanning electron micrograph, is al­
most entirely chalk (calcium carbonate, or CaC03), yet it is stiff­
er than aluminum and as tough as Plexiglas. It confirms that inor-

nesium ions. The ions are removed and the sheets are sheared. The re­
sulting slurry is whisked and dried to produce the foam. This scanning 
electron micrograph was made at an enlargement of 75 diameters. 

ganic materials can be designed to have new and useful properties. 
The shell consists of calcium carbonate plates that are .2 micrometer 
thick and are separated from each other by a thin layer of protein. 
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Computer-Intensive Methods 
in Statistics 

They replace standard assumptions about data with massive 

calculations. One method, the "bootstrap, " has revised many 
previous estimates of the reliability of scientific inferences 

by Persi Diaconis and Bradley Efron 

M
ost statistical methods in com­

mon use today were developed 
between 1800 and 1930, when 

computation was slow and expensive. 
Now computation is fast and cheap; the 
difference is measured in multiples of a 
million. In the past few years there has 
been a surge in the development of new 
statistical theories and methods that 
take advantage of the high-speed digital 
computer. The new methods are fantas­
tic computational spendthrifts; they can 
easily expend a million arithmetic oper­
ations on the analysis of 15 data points. 
The payoff for such intensive computa­
tion is freedom from two limiting fac­
tors that have dominated statistical the­
ory since its beginnings: the assumption 
that the data conform to a bell-shaped 
curve and the need to focus on statistical 
measures whose theoretical properties 
can be analyzed mathematically. 

These developments have profound 
implications throughout science, be­
cause statistical theory addresses a 
grand question: How is one to learn 
what is true? Suppose 15 measurements 
of some quantity yield 15 moderately 
different values. What is the best esti­
mate of the true value? The methods of 
statistics can answer such a question and 
can even give a quantitative indication 
of the estimate's reliability. Because em­
pirical observations are almost always 
prone to error, conclusions in the sci­
ences (and in many other fields) must 
often be based on statistical measures of 
truth. As a result any development that 
makes statistical inferences more accu­
rate or more versatile can be expected 
to have broad conseq uences. 

The two advantages of the new meth­
ods are best appreciated by compar­

ing them with older ones. First, in older 
methods it was generally necessary to 
make certain unverifiable assumptions 
about the data before statistical analysis 
could proceed. The assumptions often 
involved the bell-shaped curve, which is 
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also called the normal or Gaussian dis­
tribution, after the German mathemati­
cian Carl Friedrich Gauss. When the 
Gaussian distribution is employed, it is 
assumed that random fluctuations, or 
errors, in the experimentally observed 
values of some quantity are scattered 
symmetrically about the true value of 
the quantity. Moreover, it is assumed 
that the greater the error between the 
experimental value and the true value is, 
the less likely it is that the experimental 
value will be observed. Experience has 
shown that Gaussian theory works quite 
well even when the Gaussian distribu­
tion is only roughly approximated by 
the data, which is why statisticians can 
give reliable predictions even without 
computers. For sets of data that do 
not satisfy the Gaussian assumptions, 
however, the results of statistical meth­
ods based on such assumptions are ob­
viously less reliable. Computer-inten­
sive methods can solve most problems 
without assuming that the data have 
a Gaussian distribution. 

Freedom from the reliance on Gaussi­
an assumptions is a signal development 
in statistics, but the second advantage of 
the new techniques is even more liberat­
ing. In older practice the arithmetic op­
erations associated with statistical anal­
ysis had to be done by hand or with the 
aid of a desk calculator. Such calcula-

tions can often be simplified immensely 
if the formulas on which the calcula­
tions are based have a concise analytical 
form. Hence statistical theory tended to 
focus on only a few properties of a sta­
tistical sample, such as the mean, the 
standard deviation and the correlation 
coefficient, that can easily be manipulat­
ed analytically. Many other properties 
of a sample, however, are of interest to 
the statistician but are beyond the reach 
of exact mathematical analysis. The 
new computer-based methods make it 
possible to explore such properties nu­
merically, even though their exact anal­
ysis is currently impossible. Thus the 
new methods free the statistician to at­
tack more complicated problems, ex­
ploiting a wider array of statistical tools. 

To illustrate how the computer has 
been applied to statistical inference 

we have chosen a problem in which only 
15 data points appear. We shall apply a 
method called the bootstrap, invented 
by one of us (Efron) in 1977, which is 
quite simple to describe but is so depen­
dent on the computer that it would have 
been unthinkable 30 years ago. 

Consider a group of 15 law schools 
for which two overall characteristics of 
each entering freshman class are mea­
sured: the average undergraduate grade­
point average (G PA) and the average 

LARGE VARIABILITY of contour lines on a map is revealed by the statistical method called 
the bootstrap; the method requires so many numerical calculations that it is feasible only with 
the aid of a computer. The map at the upper left was constructed from 2,000 measurements of 
the acidity, or pH value,.of every rainfall recorded at uine weather stations over a period of two 
years. (The lower the value of the pH, the greater the acidity.) The contours were drawn accord­
ing to a procedure that can be proved optimal under certain conditions. Nevertheless, the 2,000 
data points are subject to considerable random variability: contours based on another sample 
of 2,000 measurements for the same region and time period might have looked quite different. 
The bootstrap, which was invented by one of the authors (Efron), can estimate from the single 
set of 2,000 data points the amount of variability the contours would show if many sets of 2,000 
data points could be compared. The results of five bootstrap calculations, done with the aid of 
a computer by Barry P. Eynon and Paul Switzer of Stanford University, are shown in the other 
five maps. The variability of the contours shows that the original map must be interpreted cau­
tiously: corridors of low acidity on the original map can become islands on subsequent maps. 
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ORIGINAL MAP BOOTSTRAP MAP 1 

BOOTSTRAP MAP 2 BOOTSTRAP MAP 3 

BOOTSTRAP MAP 4 BOOTSTRAP MAP 5 
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CORRELATION COEFFICIENT is a measure of the tendency of data points plotted on a 
graph to cluster about a line. The coefficient is usually designated by the letter r and can have 
any value between 1 and -1. The more linear the clustering, the greater the absolute value of r. 
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TWO MEASURES for the potential academic performance of the students in the entering 
classes of 15 American law schools are graphed for each school. Each point on the graph repre­
sents the undergraduate grade-point averages (GPA) and the scores on the Law School Admis­
sion Test (LSAT), averaged over all the students in one entering class. The graph shows that 
for the sample of 15 law schools the two measures tend to be proportional: their correlation 
coefficient r is .776. One would like to know how accurately .776 approximates the true value 
of r for all American law schools. That is, one would like to know how much, on the average, 
the observed value of r for a random sample of 15 law schools differs from the true value of r. 

11 R 

score on the Law School Admission 
Test (LSA T). It seems reasonable to 
suppose the two measures ares roughly 
proportional to each other: the entering 
classes with a high average G PA tend to 
have a high average score on the LSA T. 
It is unlikely, however, that the propor­
tionality is exact: the entering classes of 
one or two law schools may show a high 
average G PA but a low average LSAT, 
whereas a few other schools may have a 
low average GPA but a high average 
LSA T. The statistician wants to know 
first of all how close the relation be­
tween the two measures is to propor­
tionality. Moreover, the statistician 
must try to estimate the degree to 
which the available data justify the ex­
trapolation of the first result to all oth­
er law schoolS. In short, how confident 
can one be that the sample of 15 law 
schools gives an accurate picture of the 
population of law schools as a whole? 

The standard measure of the tenden­
cy toward proportionality between two 
variables such as G P A and LSA T is the 
correlation coefficient; it is usually des­
ignated by the letter r. Suppose the data 
for the law schools are plotted on a 
graph where the vertical axis represents 
GPA and the horizontal axis represents 
LSA T. The correlation coefficient is a 
measure of the degree to which the 
points on such a graph tend to cluster 
along a line. The val ue of r is 0 if the 
points are scattered at random and gets 
increasingly close to 1 or -1 as the 
points tend to cluster along a line of pos­
itive or negative slope. (The slope of a 
line is positive if the line slopes up and to 
the right, and the slope is negative if the 
line slopes down and to the right.) The 
correlation between degrees Fahrenheit 
and degrees Celsius, for example, is 1 
because the two variables are directly 
proportional to each other. The correla­
tion between the height of fathers and 
the height of their sons is about .5. Tall 
fathers tend to have tall sons, but the 
correspondence is not exact. The corre­
lation between daily consumption of 
cigarettes and life expectancy has been 
shown to be negative; that is, the greater 
the daily consumption of cigarettes, the 
shorter the life expectancy . 

The observed correlation between 
GPA and LSAT for the 1973 enter­

ing classes of the 15 law schools is .776. 
In other words, there is a strong correla­
tion observed between the two variables 
and a strong tendency for the points de

'
­

fined by the coordinates of each school 
to cluster along a line of positive slope. 
A straightforward mathematical proce­
dure, which takes about five minutes 
with a desk calculator, was applied to 
determine the value of r: the details of 
the calculation are not important except 
that they give a well-defined value of r 
for any collection of data points. 

What grounds does one have, how-
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BOOTSTRAP METHOD is applied to the sample of 15 law schools 
shown in the illustration at the bottom of the opposite page in order 
to assess the accuracy of the correlation coefficient calculated for 
the sample. The data for each law school are copied perhaps a billion 
times and all 15 billion copies are thoroughly shuffled. Artificial sam-

pIes of 15 law schools, called bootstrap samples, are created by select­
ing sets of 15 data points at random from the 15 billion copies. The 
value of r is then calculated for each of the bootstrap samples. Al­
though it is simple in concept, the application of the bootstrap re­
quires so many calculations that it is not feasible without a computer. 
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CORRELATION COEFFICIENT 

FREQUENCY DISTRIBUTION of the' correlation coefficient r is plotted for 1,000 bootstrap 
samples. A widely accepted measure of the accuracy of a statistical estimator such as r is the 
width of the strip under the central part of its frequency distribution whose area is 68 percent 
of the area under the entire distribution. The central strip for the bootstrap distribution is shad­
ed in color; its width is .254. Half of the width of the interval, .127, is a good estimate of the av­
erage amount by which the observed valne of r for a sample differs from the true value of r. 

ever, for believing the true value of r is 
close to .776 for all law schools? After 
all, the sample could be highly atypical 
of law schools in general. The law of 
large numbers guarantees that in large 
samples the statistical estimate of r cal­
culated for the sample is very likely to 
approach the true value of r for the en­
tire population. A sample of only 15 law 
schools, however, is not a large sample. 
Hence some measure is needed that can 
assess the statistical accuracy of the val­
ue of r given by the sample, namely . 776. 
The bootstrap is intended to provide 
such a measure. 

To understand what statistical accu­
racy means for an estimate such as r, 
suppose data were available for addi­
tional sets of 15 law schools, different 
from the sets already sampled. For each 
set of 15 law schools the value of r could 
be calculated, and the amount of varia­
tion in the values of r for many samples 
could thereby be described. For exam­
ple, if 99 percent of the values of r calcu­
lated for the hypothetical samples were 
between .775 and .777, one would assign 
high accuracy to the estimate .776. On 
the other hand, if the values of r were 
spread out evenly from -1 to 1, the es­
timate of r given by the original sam­
ple would have no accuracy and would 
therefore be useless. In other words, the 
statistical accuracy of an estimated val-

120 

ue of r depends on the width of the inter­
val bracketing the estimated value that 
is associated with a certain percentage 
of all the samples. Unfortunately the 
data needed to calculate the value of r 
for many different samples are generally 
lacking. Thus, because the law school 
example is intended to reflect the condi­
tions of real statistical practice, we shall 
assume for the moment that the only 
data available are those for the origi­
nal sample of 15 law schools. Indeed, if 
more data were available, they could be 
employed to give a better estimate for 
the value of r than . 776. 

The bootstrap proced ure is a means of 
estimating the statistical accuracy of 

r from the data in a single sample. The 
idea is to mimic the process of selecting 
many samples of size 15 in order to find 
the probability that the values of their 
correlation coefficients fall within vari­
ous intervals. The samples are generated 
from the data in the original sample. 
The name bootstrap, which is derived 
from the old saying about pulling your­
self up by your own bootstraps, reflects 
the fact that the one available sample 
gives rise to many others. 

In effect, the bootstrap samples are 
generated as follows. The data for the 
first school are copied an enormous 
number of times, say a billion, and the 

data for each of the other 14 schools are 
copied an equal number of times. The 
resulting 15 billion copies are thorough­
ly mixed. Samples of size 15 are then 
selected at random and the correlation 
coefficient is calculated for each sample. 
On a computer the steps of copying, 
mixing and selecting new sets of data are 
all carried out by a procedure that is 
much faster but mathematically eq uiva­
lent: the computer assigns a number to 
each law school and then generates the 
samples by matching a string of ran­
dom numbers to the numbers that corre­
spond to the law schools. 

The samples generated in this way are 
called bootstrap samples. The distribu­
tion of the correl-ation coefficients for 
the bootstrap samples can be treated 
as if it were a distribution constructed 
from real samples: it gives an estimate 
of the statistical accuracy of the value 
of r that was calculated for the origi­
nal sample. We generated 1,000 boot­
strap samples from the data for the 15 
law schools in our sample. Of the 1,000 
samples there were 680, or 68 percent, 
whose correlation coefficients were be­
tween .654 and .908. The width of this 
interval, .254, is the bootstrap measure 
of accuracy of the value of r for the 
sample. Half of the width of the inter­
val, . 127, can be interpreted as the boot­
strap estimate of the average amount by 
which the observed value of r for a ran­
dom sample of size 15 differs from the 
true value of r. 

It is worth noting that the statistical 
accuracy cannot be defined simply as 
the accuracy of an individual estimate 
such as .776, that is, the difference be­
tween the estimate and the true value 
of r. In a real problem this difference 
can never be known; if it were known, 
the problem would vanish, because one 
could subtract the difference from the 
estimate and so obtain the true value 
exactly. Instead the statistical accuracy 
refers, as we have indicated, to the aver­
age magnitude of the deviation of the 
estimate from the true value. 

If the results of the bootstrap distribu­
tion can be taken as a measure of the 
statistical accuracy of the original esti­
mate, then .776 is a rough estimate but 
not entirely worthless. The true correla­
tion coefficient, that is, the value of r 
for the population of law schools as a 
whole, could well be .6 or .9, but it is 
almost certainly not zero. Our theoreti­
cal work shows that the bootstrap mea­
sure of statistical accuracy is depend­
able in a wide variety of situations. 

We can now abandon our self-im­
posed ignorance beca use in the la w 

school example the accuracy of the esti­
mated correlation coefficient can be test­
ed directly. Indeed, we chose the ex­
ample because all the data for aver­
age G PA and average LSAT scores of 
American law school students in 1973 
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have already been gathered. There were 
82 American law schools in 1973, and 
the correlation between G P A and LSA T 
for all the schools was .76 1. (Hence 
.76 1 is the true value of rwe referred to 
above, a quantity that would not be 
known in most situations.) More impor­
tant, the true statistical accuracy of the 
estimate given by the original sample 
can be calculated, because the distribu­
tion of the values of r for many real 
samples of size 15 can be determined. 
Samples of size 15 can be chosen at ran­
dom from the 82 law schools in 8215, 

a 

or about 5 X 1028, equally likely ways. 
In principle the value of r could be cal­
culated for each sample, and so the 
number of samples for which r lies with­
in a small interval could be plotted for 
intervals of equal size. The resulting 
graph is called a frequency distribution. 

In practice the frequency distribution 
for samples of size 15 selected from the 
82 law schools can only be approximat­
ed; a computer set to work at the begin­
ning of the big bang calculating r for 
each of the 8215 samples at a rate of a 
billion a second would still not have fin-

b 

ished the task. Instead r is calculated for 
a large but manageable number of ran­
domly selected samples of size 15, say a 
million samples. 

We found that 68 percent of the corre­
lation coefficients for a million samples 
were grouped between . 606 and .876, 
an interval whose width is .270. In oth­
er words, if a sample of 15 law schools 
is selected at random, the probability 
that its correlation coefficient lies be­
tween .606 and .876 is . 68. Note that the 
width of the interval is in good agree­
ment with that defined by 68 percent of 

BELL-SHAPED SURFACE was employed in 1915 by Sir Ronald 
Fisher in his method for estimating from a single sample how much 
the correlation coefficient varies from sample to sample. In order to 
make such an estimate by Fisher's method it is necessary to assume 
that all the data points in the sample are selected according to prob­
abilities given by the bell-shaped surface. The surface is constructed 
to fit the data in the sample. In the law school example the highest 
point of the surface must lie directly over the point on the plane where 
the GPA and the LSAT points both have their overall average values 
(open circle). The slope and orientation of the surface with respect 
to the plane of the graph depend on how the data points are scattered. 

The contours of equal height on the surface are elliptical, and the 
cross sections are bell-shaped curves of varying width; two cross sec­
tions are shown in the lower part of the illustration. Fisher's method 
can be interpreted as choosing bootstrap samples from among all the 
points on the plane of the graph. The probability of choosing a point 
fron. within a given region on the graph is equal to the volume that 
lies between that region and the bell-shaped surface (volume oj"hole") 
divided by the entire volume that lies between the surface and the 
graph. By carrying out the bootstrap sampling with a computer only 
for the discrete points in the original sample the probability distri­
bution that is given by the bell-shaped surface need not be assumed. 
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the bootstrap samples, even though 
the endpoints of the intervals coincide 
only roughly. 

It turns out that the agreement is 
no accident. Theoretical investigations 
done by Rudolph J. Beran, Peter J. Bick­
el and David A. Freedman of the Uni­
versity of California at Berkeley, by Ke­
sar Singh of Rutgers University and by 
us at Stanford University show that [or 
the correlation coefficient and for a wide 
variety of other statistics the interval as­
sociated with the bootstrap distribution 
and the interval associated with the dis­
tribution of the real samples usually 
have nearly the same width. (Intervals 
that include 68 percent of the samples 
are commonly cited for comparison be­
cause for a bell-shaped curve 68 percent 
of the samples lie within one standard 
deviation of the peak of the bell.) 

At first glance this theoretical result 
I\. seems paradoxical: it suggests that 
from the information in each sample 
one can derive a good approximation to 
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the frequency distribution of the corre­
lation coefficient for all real samples of 
the same size. It is as if statisticians had 
discovered the statistical analogue of 
the hologram, a pattern of light waves 
that is preserved on a surface. The scene 
from which the light waves are emitted 
can be reconstructed in great detail from 
the whole surface of a hologram, but 
if pieces of the surface are broken off 
the entire scene can still be reconstruct­
ed from each piece. Not every sample 
is like a broken piece of a hologram, 
however; the good properties of the 
bootstrap are good average properties. 
Like any other statistical procedure, 
the bootstrap will give misleading an­
swers for a small percentage of the pos­
sible samples. 

Suppose the correlation coefficient for 
the sample o[ 15 law schools had been 
nearly 1. That is, suppose all the data 
points in the sample lay almost perfectly 
along a straight line. The circumstance 
is extremely unlikely, given the real data 
for the 82 law schools, but it could hap-
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STATISTICAL ACCURACY of tbe observed value of r for a random sample can be known 
precisely only if it is known bow r varies for a large number of samples. Tbe 15 law schools 
for which the value of r has been calculated were selected at random from the total popqlation 
of 82 American law schools. Tbe data points in each of tbe four graphs represent the average 
GPA and average LSAT score for each of the 82 law scbools. There are 8215 ways to choose 
samples of 15 law scbools from the total population; four such samples bave been selected by 
circling the points in color. (It is possible to select a scbool more than once in a given sample; 
such scbools have been circled more than once.) The observed values of rfor samples a and bare 
roughly equal to the true correlation coefficient for all 82 schools. The value of r for sample c, 
however, is much too higb and tbe value of r for sample d is much too low. The true variability 
in the value of r for samples of 15 law schools can be determined by finding its value for many 
sucb samples because data for many more than 15 law scbools (in fact, for all 82 of them) are 
available. Additional data, however, are often impossible to obtain. The bootstrap can estimate 
the amount of variability that would be shown by all the samples on the basis of one sample. 

122 

pen. It would then follow that every 
sample generated by the bootstrap pro­
ced ure would also lie along the same 
straight line and so every bootstrap val­
ue of r would be nearly eq ual to 1. The 
width of the interval associated with 68 
percent of the bootstrap samples would 
therefore be approximately zero. Ac­
cording to the bootstrap proced ure, the 
statistical accuracy of the estimated val­
ue of r would be almost perfect, which 
is incorrect. 

The bootstrap does not always guar­
antee a true picture of the statistical ac­
curacy of a sample estimate. What has 
been proved is that the bootstrap gives a 
good picture of the accuracy of the esti­
mate most of the time. There are always 
a few samples for which the bootstrap 
does not work, and one cannot know in 
advance which they are. The limitation 
is not so much a failure of the bootstrap 
proced ure as it is a restatement of the 
conditions of uncertainty under which 
all statistical analyses must proceed. 

What are the advantages of applying 
the bootstrap? In order to appreci­

ate them it is useful to describe how the 
accuracy of the correlation coefficient 
(and of most other statistics) was calcu­
lated before the computer became wide­
ly available. The earlier procedure can 
be described in terms of the bootstrap, 
although it goes without saying that be­
fore the invention of the computer stat­
isticians did not characterize their meth­
ods in such terms. In 19 15 the British 
statistician Sir Ronald Fisher calculated 
the accuracy of r theoretically. Fisher 
had to assume that the data for the two 
variables, average G PA and average 
LSAT in our example, were drawn at 
random from a normal probability dis­
tribution, represented by a bell-shaped 
surface. The surface is a two-dimension­
al analogue of the one-dimensional bell­
shaped curve. There is a family of such 
surfaces whose shape and orientation 
can be chosen to fit the available set of 
data. The surface is fitted to the data in 
the law school sample by placing the top 
of the bell directly over the point on 
the graph where both the G PA and the 
LSA T points have their overall average 
values. The surface slopes downward to 
the graph at a rate that depends on how 
widely the data points are scattered [see 
illustration on preceding page]. 

The bell-shaped surface is interpreted 
as a probability distribution in the same 
way the graph of values of r for law 
school samples is a frequency distribu­
tion. The probability of selecting a point 
on the graph of G P A and LSA T scores 
from within a certain region is equal 
to the volume that lies under the bell­
shaped surface and directly above the 
region, divided by the entire volume of 
the space that lies between the surface 
and the graph. Fisher was then able to 
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generate a distribution for the values of 
r 9Y bootstrapping from the bell-shaped 
probability distribution. In effect, many 
samples of 15 data points are selected 
from the graph according to the proba­
bility given by their position under the 
bell-shaped surface. The value of r is 
calculated for each sample and a fre­
quency distribution for the values of r is 
plotted. According to Fisher's method, 
the width of the interval that includes 68 
percent of the values of r is .226, in good 
agreement with the true value of .270 
but not as close in this case as the boot­
strap estimate of .254. 

The bulk of Fisher's calculation can 
be done analytically because of the as­
sumption that the data in the sample are 
selected from a normal probability dis­
tribution. This assumption is a disad­
vantage of the method, however, be­
cause it might not be true. It is certainly 
not true in the law school example. 
Moreover, even if it is true, there is no 
easy way to check it; in most situations a 
much larger sample, with perhaps sever­
al hundred data points, would be needed 
to verify the shape of the surface. 

The calculations involved in the boot­
strap, in which there are no simplify­
ing assumptions about the probability 
distribution, would have been quite im­
practical 30 years ago. As we have men­
tioned, the calculation of a single corre­
lation coefficient takes about five min­
utes with a desk calculator, and one 
must carry out from 50 to 1,000 such 
calculations before a reasonably accu­
rate frequency distribution for the boot­
strap samples can be determined. 

Today the calculation of a single val­
ue of r takes a ten-thousandth of a sec­
ond with a medium-size computer; at 
such speed the bootstrap becomes fea­
sible for routine application. If 1,000 
bootstrap samples are generated, all the 
calculations necessary to estimate the 
width of the interval that includes 68 
percent of the samples take less than a 
second and cost less than a dollar. The 
cost estimate is based on performing 
about 100,000 arithmetic operations. 
More ambitious bootstrap analyses, 
which give more detailed information 
about the accuracy of r, require about a 
million arithmetic operations. 

The bootstrap is not limited to the 
analysis of the variability of statis­

tics, such as the correlation coefficient, 
that are mathematically simple. It has 
been applied to many problems for 
which the variability of a statistic can­
not be assessed analytically. Consider 
a family of statistics called principal 
components, which were introduced by 
Harold Hotelling of Columbia Univer­
sity in 1933. Principal components were 
devised to solve problems such as the 
following one, given in a textbook by 
Kantilal V. Mardia and John T. Kent 
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CORRELATION COEFFICIENT 

BOOTSTRAP DISTRIBUTION of the correlation coefficient r ("skyline" ill black) closely 
approximates the true distribution of r (smooth curve ill black). The true distribution is actual­
ly plotted for a million samples of size 15, chosen at random from the 8215 such samples that 
can be selected from the 82 law schools; differences between the distribution graphed here and 
the distribution that could in principle be plotted for all 8215 samples are not discernible. The 
shape of the bootstrap distribution also approximates the shape of the distribution that can be 
estimated according to the probabilities given by a bell-shaped surface (smooth curve ill color). 
The agreement suggests the bootstrap can be employed as a measure of the accuracy with which 
the correlation coefficient of the sample predicts the correlation coefficient of the population. 
The rather close agreement among the peaks of the distributions is an artifact of the sample. 

of the University of Leeds and John M. 
Bibby of the Open University. 

Eighty-eight college students each 
take two closed-book tests and three 
open-book tests. Suppose, for the pur­
pose of grading the students, one wants 
to find the weighted average of the five 
scores that generates the greatest differ­
ences among the students. (In order to 
make the ratios and not merely the dif­
ferences of the overall scores as variable 
as possible, the weights must be scaled 
so that the sum of their sq uares is eq ual 
to 1.) One set of weights arises if only the 
final test score is considered; the weights 
assigned would then be 0, 0, 0, 0 and 1. 
If all the students had high scores on 
the final test, however, the summary 
score generated by this set of weights 
would not be effective for differentiat­
ing the students. Another summary 
score arises if each test is given equal 
weight; the weights would then all be 
eq ual to 1 IVS, or about .45. The set of 
weights for the five tests that gives the 
greatest differences among the students 
is called the first principal component. 

The first principal component is im­
possible to describe in a mathematically 
closed form; it must be computed nu-

merically. When the calculation is done 
for the 88 students, the weights of the 
first principal component turn out to be 
roughly equal to one another. The great­
est distinctions can therefore be made 
among the students by finding the aver­
age of the five scores. 

The second principal component is 
the set of weights, subject to a mathe­
matical constraint of independence, that 
gives the second-greatest differences 
among the students. When the second 
principal component is calculated for 
the 88 students, the weights turn out to 
give the difference between an average 
of the open-book scores and an average 
of the closed-book scores. The principal 
components suggest useful and unex­
pected interpretations for the averages 
of the student scores. How reliable are 
the interpretations? If they are to be 
trusted, one must try to determine how 
much variation there is in the values of 
the two principal components for sam­
ples of 88 students selected at random. 

The problem of quantifying the varia­
bility of principal components for sam­
ples of a given size has preoccupied 
many statisticians for the past 50 years. 
If the appropriate normal distribution is 
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assumed, partial solutions to questions 
concerning the frequency distribution 
for the first principal component can be 
given; little is known, however, about 
the second component and higher ones. 
By applying the bootstrap method a 
computer can quickly give an estimate 
of variability for any principal compo-

FIRST PRINCIPAL COMPONENT 
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nent without assuming that the data 
have a normal distribution. 

In principle the bootstrap analysis is 
carried out just as it is for the correlation 
coefficient. Each student's set of five test 
scores is copied many times (that is, all 
five scores are written on the same piece 
of paper) and the copies are thorough-
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PRINCIPAL COMPONENTS are statistical estimators that have been widely applied for cal­
culating summary scores on standardized tests. Suppose 88 students take five tests each and 
suppose, in order to assign a snmmary score, one wants to find the weighted average of the five 
test scores that generates the greatest differences among the students. The first principal com­
ponent is the set of weights that solves the problem. The second principal component is the set 
of weights, subject to a mathematical constraint of independence, that generates the second 
most variable combination of the test scores. To assess the variability of the two principal com­
ponents for many additional samples of 88 students the bootstrap was applied to the single sam­
ple. Each student's score for the five tests was written on a piece of paper, and each set of five 
scores was copied many times. All the copies were then shuffled and bootstrap samples of size 
88 were selected at random. The principal components were calculated for each bootstrap sam­
ple. The variation in the weights for the first 10 bootstrap samples is shown by the black ticks 
on each graph; the red vertical lines indicate the observed values of the weights. The width of 
the central strip under the small bell-shaped curves indicates the variability of the weights. 
The fourth and fifth weights of the second principal component are particularly unstable. 
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ly shuffled. A new sample of size 88 is 
drawn at random and the principal com­
ponents are calculated for it. The sam­
pling is repeated many times and a fre­
quency distribution is plotted for each 
principal component. 

The results suggest that the weights 
associated with the first principal com­
ponent are quite stable: they vary only in 
the second decimal place. The weights 
associated with the second principal 
component are less stable, but in a struc­
tured way. Remember that the second 
principal component was interpreted as 
the difference between an average of the 
open-book tests and an average of the 
closed-book tests. The interpretation is 
confirmed by the bootstrap analysis, but 
the weights given to the open-book tests 
are quite variable. The distribution for 
the principal components generated by 
the bootstrap is a good estimate of the 
true distribution of the principal compo­
nents for samples of size 88. It takes only 
about two seconds for a large comput­
er to do 100 bootstrap replications. 

Not every statistical estimator is a 
number. Nine weather stations in 

the eastern and midwestern U.S. record­
ed the pH level, or acidity, of every rain­
fall from September, 1978, through Au­
gust, 1980. (A pH value of less than 7 
is acidic, and the lower the pH value, 
the greater the acidity.) During the two 
years 2,000 pH values were measured. 
To represent the data Barry P. Eynon 
and Paul Switzer of Stanford prepared 
a pH-contour map of the region; the 
pH values are constant along a contour 
line. Such a map can be generated from 
the data by a well-defined mathemati­
cal procedure called Kriging, after the 
South African mining engineer H. G. 
Krige. Although the contour map is 
strictly determined by the data, it repre­
sents an extrapolation from the data col­
lected at nine stations to many points in 
space and time (in fact, to an infinite 
number) that are not included in the 
original sample. One can therefore ask 
how variable the contours on the map 
would be if random variations yielded 
different samples of 2,000 pH values. 

In this example neither the true con­
tour map nor the true variability of all 
contour maps generated by samples of 
2,000 pH values can be known. Both es­
timates must be made from the original 
data alone if they are to be made at all. 
By bootstrapping the original sample of 
2,000 pH values in a way that preserves 
the geographic relations among the 
weather stations, Eynon and Switzer 
generated the maps shown in the illus­
tration on page 117. There is no general­
ly accepted measure of the variability of 
contour lines on a map, analogous to the 
width of an interval of a frequency dis­
tribution. Intuitively, however, the vari­
ability is readily perceived. It shows that 
the original contour map must be inter-
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LOG VALUE ADDED 
IN MANUFAC TURING 

E1961 

BOOTSTRAP SAMPLE 1 

DATA 

FIND CONSTANTS a, b, c, d, e AND' SO THAT 
THE DATA F I T  THE EQUATION AS CLOSELY AS POSSIBLE: 

0, = a + bC, + cH, + dP, + eV, + to, _ , 

CALCULATE DIFFERENCE E, BETWEEN THE EXACT VALUE OF 0, 
AND THE VALUE OF 0, THAT IS GIVEN BY THE EQUATION: 

= 0,9., - (a + bC'9.' + CH'9.' + dP'96' + eV'96' + '0'9.0) 

= 0,9.2 - (a + bC'9.2 + CH'962 + dP'962 + eV'962 + to'96') 

= 0,9., - (a + bC'9.' + CH'9.' + dP'9.' + eV'9.' + to'9.0) 

BOOTSTRAP SAMPLE 2 

+ a + bC"6' + CH'9.' + dP'96' + eV'96' +, 0'960 

+ a + bC'962 + CH'962 + dP'962 + eV'962 + , 

+ a + be'9.' + CH'9.' + dP'9.' + eV'9.' + ,  I 0;980 

FIND CONSTANTS a', b', c', d', e' AND ,. SO THAT 

LOG VALUE ADDED 
IN MANUFACTURING 

MODEL OF ENERGY DEMAND called RDFOR (Regional De­
mand Forecasting Model) was employed by the U.S. Department of 
Energy to analyze and forecast energy demand in 10 regions of the 
U.S. For each region the data are fitted as closely as possible to a 
mathematical model called a regression equation. The demand for 
energy in any given year is assumed to depend on the demand for en­
ergy the year before as well as on several other measures. Each error 
term E t is the difference between the predicted value of the energy 
demand in a given year and the observed value. Bootstrap samples of 

THE BOOTSTRAP DATA FI T THE EQUATION AS CLOSELY AS POSSIBLE: 

the error terms are selected at random and artificial data for ener­
gy demand are generated by the method shown in the diagram. The 
bootstrapped data are then fitted to a new regression equation, and 
the variability of the regression equations generated by the bootstrap 
gives an estimate of the expected accuracy of the model in predict­
ing energy demand. A bootstrap analysis done by David A. Freed­
man of the University of California at Berkeley and Stephen C. Pe­
ters of Stanford has shown that the variability of the regression equa­
tions is from two to three times greater than was previously thought. 
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preted cautiously. Corridors of relative­
ly low or relatively high acidity on the 
original map can shrink to become is­
lands on a bootstrap map, depending 
on the effects of random "noise." 

Statistical estimation is often carried 
out by making the available data con­
form as closely as possible to some pre­
determined form, or model. The sim­
plest models are the line, the plane and 
the higher-dimensional analogues of the 
plane. Consider the graph of the 15 data 
points that represent the 15 law schools. 
Intuitively there are many lines that 
could be drawn to represent the trend of 
the data points, and so it is reasonable to 
agree in advance on a precise method 
for fitting the points to a line. Probably 
the most widely used estimator in statis­
tics is a method for fitting points to a line 

AGE 

SEX 

PRESENCE OF STEROID? 

ANT
'
IVIR AL ADMINISTERED? 

FATIGUE? 

MALAISE? 

ANOREXI A? 

LARGE LIVER? 

FIRM LIVER? 

PALPABLE SPLEEN? 

PRESENCE OF SPIDERS? 

PRESENCE OF ASCITES? 

PRESENCE OF VARICES? 

CONCENTR ATION OF BILIRUBIN 

CONCENTRATION OF 
ALKALINE PHOSPH ATASE 

CONCENTR ATION OF SER U M  G LUTAMIC-
OXALOACETIC TRANSAMIN ASE ( SGOT) 

CONCENTR ATION OF ALBU MIN 

CONCENTR ATION OF PROTEIN 

PHYSICI AN'S PROGNOSIS 

OUTCOME 

called the least-squares method. The 
method was invented by Gauss and by 
Joseph Louis Lagrange in the early 19th 
century in order to make astronomical 
predictions. 

The least-squares line is the line that 
minimizes the sum of the squares of the 
vertical distances between the data 
points and the line. A straightforward 
calculation gives the equation of the 
least-sq uares line from the data points. 
If the bootstrap is applied to the data, 
fake data sets can be generated, and the 
least-squares method can be applied 
to each fake set of data points in order 
to fit them to a new line. The fluctua­
tion of the lines generated by the boot­
strap shows the variability of the least­
squares method as a statistical estimator 
for this set of data points. 

PATIENT NUMBER 

1 49 1 50 1 5 1 1 52 1 53 1 54 1 55 
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1 52 30 242 1 42 20 1 9  1 9  
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LIVE LIVE * LIVE LIVE * LIVE 

LIVE LIVE DIE LIVE LIVE LIVE DIE 

MEDICAL DATA for seven out of 155 people witb acute or cbronic bepatitis give tbe values 
of 19 variables for eacb person tbat, taken togetber, could predict wbetber a patient will die or 
recover from tbe disease. (An asterisk indicates tbat information is missing.) It is common prac­
tice in statistics to inspect sucb data before a formal model is constructed; tbe aim of tbe inspec­
tion is to rule out all but four or five of tbe most important variables. Peter B. Gregory of tbe 
Stanford University Scbool of Medicine eliminated all tbe variables except tbe patient's mal­
aise, tbe presence of ascites (fluid in the abdominal cavity), the concentration of bilirubin and 
the physician's prognosis. Gregory developed a model based on the four variables that correct­
ly predicted whether or not the patient would die from the disease in 84 percent of tbe cases. 

1 ?6 

The least-squares method and its gen­
eralizations are particularly useful for 
complex problems in which an inves­
tigator must bring large amounts of di­
verse information to bear on a single 
question. The U.S. Department of Ener­
gy, for example, has developed a model 
called the Regional Demand Forecast­
ing Model (RDFOR), which attempts to 
forecast the demand for energy in 10 
regions of the U.S. In the model it is 
assumed that the energy demand for 
each region in a given year depends in 
a simple way on five variables: the 
amount of variation above 75 degrees F. 
in summer, the variation below 65 de­
grees in winter, the price of fuel, the val­
ue added in manufacturing (a measure 
of the economic conditions in the re­
gion) and the energy demand during the 
previous year. 

The five variables can be thought of 
as if they were plotted on a five­

dimensional graph, which is exactly 
analogous to a two-dimensional graph; 
every point on a five-dimensional graph 
corresponds to a possible combination 
of the five variables. The energy de­
mand in a given year associated with a 
known combination of variables can 
then be represented by the height of a 
point in a six-dimensional space above 
the corresponding point on the five­
dimensional graph. The representation 
of the data in a six-dimensional space 
is analogous to representing the depen­
dence of some quantity on two other 
variables as the height of a point in 
three-dimensional space above a two­
dimensional graph. Thus the energy 
data determine a set of points at various 
heights in the six-dimensional space. 

The least-squares method specifies a 
way of drawing a five-dimensional ana­
logue of a plane (called a hyperplane) as 
close as possible to all the points. Be­
cause of the dependence of the energy 
demand on the demand in previous 
years, the variables must be fitted to the 
hyperplane by a generalized version of 
the least-squares method. The gener­
alized method calls for minimizing a 
weighted sum of errors after the weights 
have been estimated from the data. In 
recent years an elaborate method of esti­
mating the accuracy of the procedure 
and the accuracy of its forecasts has 
been developed. 

Freedman and Stephen C. Peters of 
Stanford examined the conventional es­
timates of the accuracy of the procedure 
by applying the bootstrap. In their ap­
proach it is assumed that the . data lie 
close to an appropriate hyperplane,·\:}ut 
it is not assumed that the errors between 
the data points and points that lie on the 
hyperplane are independent of one an­
other. Instead the relation of the errors 
from point to point is allowed to have a 
complicated structure. The bootstrap­
ping of the data was done in a way that 
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Grand Touring. What does it mean? 
In  the new 1983 Toyota 

Cressida, Grand Touring means 
Grand Performa nce. With an amaz­
ing new 2.8 l iter Twi n  Cam engine 
that does to smooth ness and 
quietness of r ide,  what Michelan­
gelo did to a cei l i ng. Add that to 
Cressida's new independent rea r 
suspension , with coi l  spri ngs and 
stabi l izer bar, and its new elec­
tron ical ly  controlled 4-speed 
automatic overdrive transm ission 
and you start to see how grand a 

driving experience can be.  
Cressida's Grand Touring also 

means Grand Luxury. From the 
look of luxury outside - dashing,  
elegant,  refined - to the feel of lux­
ury inside - power windows and 
door locks. Automatic tempera­
ture control air  condition i ng. Varia­
ble assist power steering. Cruise 
control .  AM/FM/M PX stereo re­
ceiver with four speakers. And a 
driver's seat that adjusts to your 
body i n  four disti nct ways. 

What else does Grand 

Touring mean? 
In  the new Cressida,  it rep­

resents a feeling you get, wh i le 
touring town or country. A feel ing 
based on uncompromised per­
formance. And spirited drive. It's 
the i mage of the car you've chosen . 
And of yourself. 

Dash i ng. 
BUCKLE U P- ITS A GOOD FEELING ! 

CRESSIDA MOVES PROUDLY 
INTO THE GRAND TOURING CLASS. 
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preserves the evolution of the energy de­
mand from year to year. The variability 
of the hyperplanes generated by the 
bootstrap showed that the standard er­
ror previously assumed for the energy 
model is usually too small by a factor of 
two or three. The predictions of ener­
gy demand made by this aspect of the 
RDFOR model are therefore much less 
reliable than was once thought. 

The examples we have presented so 
far have involved clearly defined 

statistical properties of samples. In prac­
tice the data can be inspected, sort­
ed, graphed and preanalyzed in several 
ways before they are formally analyzed. 
Estimates of variability that do not take 
such informal practices into account 
may not give an accurate picture of sta­
tistical variability. 

Consider a group of 1 5 5 people with 
acute and chronic hepatitis, initially 
studied by Peter B. Gregory of the Stan­
ford University School of Medicine. Of 
the 1 5 5 patients 33 died and 122 sur­
vived, and for each patient there were 
data for 19 variables, such as age, sex 
and the results of standard biochemical 
measurements. Gregory's aim was to 
discover whether the data could be com­
bined in a model that could predict a 
patient's chance of survival. 

The analysis of the data was done in 
several steps. First, all but four of the 
most important variables were eliminat­
ed, because statistical experience sug­
gests it is unwise to fit a model that 
depends on 19 variables with only 1 5 5  
data points available. The elimination 
of the variables was done in two stages: 
each variable was inspected separately, 

BOOTSTRAP 

SAMPLE NUMBER 

whereupon six variables that appeared 
unrelated to the patients' survival were 
eliminated. A standard statistical proce­
dure was then carried out on the remain­
ing 13 variables, which further reduced 
the number to four. The variables that 
remained were the patient's malaise, as­
cites (the presence of a fluid in the ab­
domen), the concentration of bilirubin 
in the liver and the physician's progno­
sis for the patient. The variables were 
then fitted to a curve that predicts how 
the proportion of surviving patients de­
pends on the values of the variables. 

Such analysis is typical of scientific 
practice. In order to estimate its overall 
variability Gail Gong of Carnegie- Mel­
lon University carried out the entire 
proced ure from preliminary screening 
through the final curve fitting on boot­
strapped samples of the original 1 5 5 
data points. Her results were surprising 
and informative. The set of "important 
variables" generated during the initial 
stages of the analysis was itself quite er­
ratic. For some bootstrap samples only 
the prognosis of the physician was 
found to be important, whereas for oth­
ers such variables as sex, age, level of 
fatigue, concentration of albumin and 
concentration of protein were retained. 
No single variable emerged as signifi­
cant in as many as 60 percent of the 
bootstrap samples. 

Although the fitted curve is intended 
.to predict whether or not a patient will 
survive, it misclassifies 16 percent of the 
original 1 5 5 patients. The estimate of 16 
percent, however, is too small because 
the data on which it is based were also 
employed to generate the curve. The 
analysis generated by the bootstrap sug-

VARIABLES SELECTED 

491 ALBUMIN, PROGNOSIS, SEX 
- - -- . . . � 

492 ASCITES, BILIRUBIN, PROGNOSIS 
._ ..... _- -

493 BILIRUBIN, ASCITES 

494 BILIRUBIN, PROGNOSIS, MALAISE 

1-----
495 ASCITES 

, 496 BILIRUBIN 
-_ .. -

497 ASCITES, VARICES 

498 SPIDERS, PROGNOSIS, ALBUMIN 

499 AGE, PROGNOSIS, BILIRUBIN, MALAISE, PROTEIN, SPIDERS 
. _-

500 ASCITES, PROGNOSIS, BILIRUBIN, PROTEIN 

VARIABLES DESIGNATED IMPORTANT by informal analysis prior to the construction 
of a formal statistical model can show wide variation. In a bootstrap study that simulated both 
the formal and the informal aspects of the statistical analysis, Gail Gong of Carnegie-Mellon 
University programmed a computer to copy the set of 19 variables associated with each patient 
many times. The sets of data were thoroughly shuffled and bootstrap samples of ISS sets of 
data were drawn at random from the collection. Formal and informal techniques of data analy­
sis were then applied to each bootstrap sample, just as they had been for the original sample. 
The variables chosen as important are shown for 10 of the SOO bootstrap samples generated. 
Of the four variables originally chosen not one was selected in as many as 60 percent of the 
samples. Hence the variables identified in the original analysis cannot be taken very seriously. 
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gests a better estimate for the probabil­
ity that the fitted curve will misclassify 
a given patient is .20, 

The prospect of bootstrapping the en­
tire process of data analysis offers hope 
that an extremely difficult problem will 
begin to yield, namely the connection 
between the mathematical theory that 
underlies statistics and actual statisti­
cal practice. The effects of preliminary 
"data snooping" on the final results are 
usually ignored, for no better reason 
than that it is impossible to analyze 
them mathematically. It now appears 
that the bootstrap, applied with the aid 
of the computer, can begin to estimate 
such effects. 

The bootstrap is by no means the only 
statistical method that relies on the 

power of the computer. Several other 
methods such as the jackknife, cross­
validation and balanced repeated repli­
cations are similar in spirit to the boot­
strap but quite different in detail. Each 
of these procedures generates fake data 
sets from the original data and assesses 
the actual variability of a statistic from 
its variability over all the sets of fake 
data. The methods differ from the boot­
strap and from one another in the way 
the fake data sets are generated. 

The first such method was the jack­
knife, invented in 1949 by Maurice Que­
nouille and developed in the 1950's by 
John W. Tukey of Princeton University 
and the Bell Laboratories; it has been 
extensively investigated by Colin L. 
Mallows of Bell Laboratories, Louis 
Jaeckel of Berkeley, David V. Hinkley 
of the University of Texas at Austin, 
Rupert G. Miller of Stanford, William 
R. Schucany of Southern Methodist 
University and many others. The name 
jackknife was coined by Tukey to sug­
gest that the method is an all-purpose 
statistical tool. 

The jackknife proceeds by removing 
one observation at a time from the origi­
nal data and recalculating the statistic of 
interest for each of the resulting truncat­
ed data sets. The variability of the statis­
tic across all the truncated data sets can 
then be described. For the data from the 
15 law schools the jackknife assesses the 
statistical accuracy of the value of r by 
making 15 recalculations of r, one for 
every possible subsample of size 14. The 
jackknife calls for fewer calculations 
than the bootstrap but it also seems less 
flexible and at times less dependable . 

Cross-validation is an elaboration of a 
simple idea. The data are split in half 
and the second half is set aside; curves 
are fitted to the first half and then tested 
one by one for the best fit to the second 
half. The final testing is the cross-valida­
tion; it gives a reliable indication of how 
well the fitted curve would predict the 
values of new data. There is nothing spe­
cial about half splits; for example, the 
data can be split in the ratio 90 to 10 as 
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well. Moreover, there is no reason to 
carry out the cross-validation only once. 
The data can be randomly split many 
times in many ways. 

Cross-validation has been widely ap­
plied to situations in which a curve-fit­
ting procedure is well defined except in 
some crucial respect. For example, one 
might be willing to fit a polynomial to 
the data by the least-squares method, 
but the degree, or highest power, of the 
polynomial to be fitted might still be in 
doubt. (The higher the degree of the 
polynomial, the less smooth the fitted 
curve.) Given that half of the data have 
been fitted by polynomials of various 
degree, cross-validation can choose the 
degree of the polynomial that best fits 
the second half of the data. Seymour 
Geisser of the University of Minnesota, 
Mervyn Stone of the University of Lon­
don and Grace G. Wahba of the Univer­
sity of Wisconsin at Madison have been 
pioneers in this development. 

Instead of splitting the data in half at 
random a more systematic system of 
splits can be employed. The splits can be 
chosen in such a way that the results are 
optimal for certain simple situations 
that allow full theoretical analysis. The 
balanced repeated-replication method, 
developed by Philip J. McCarthy of 
Cornell University, makes splits in the 
data systematically in order to assess the 
variability of surveys and census sam­
ples. Random subsampling, a related 
method developed by John A. Hartigan 
of Yale University, is designed to yield 
dependable confidence intervals in cer­
tain situations. 

There are close theoretical connec­
tions among the methods. One line 

of thinking develops them all, as well 
as several others, from the bootstrap. 
Hence one must ask what assurance can 
be given that the bootstrap will work 
most of the time, and how much it can 
be generalized. To the first question the 
answer is simple. The bootstrap has 
been tried on a large number of prob­
lems such as the law school problem for 
which the correct answer is known. The 
estimate it gives is a good one for such 
problems, and it can be mathematically 
proved to work for similar problems. 

We have suggested the answer to the 
second question through the diversity of 
complex problems to which the boot­
strap has already been applied. What 
is needed for many of them, however, 
is independent theoretical justification 
that the bootstrap estimate of accuracy 
remains as valid as it is for simpler prob­
lems. Current theoretical work seeks to 
provide such justification and to give 
more precise statements of accuracy 
based on the bootstrap. Fisher was able 
to provide a statistical theory that took 
full advantage of the computational fa­
cilities of the 1920's. The goal now is to 
do the same for the 1980's. 
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The Social Influence 
of the Motte-and-Bailey Castle 

The motte was a medieval mound fort; the bailey was an associated 

enclosure. Their appearance in the second half of the 10th century 

diminished central authority in Europe and gave rise to chivalry 

T
he first project of military engi­
neering ordered by William the 
Conqueror after his landing in En­

gland was the hasty construction of a 
motte, a fortification of a kind unknown 
in the British Isles. Designed to provide 
the Normans at Hastings with a strong­
point, the motte was primarily a mound 
of earth surrounded by a ditch. Embed­
ded in the mound were heavy timbers 
that supported a tower put together out 
of prefabricated members. In the years 
that followed the Norman victory the 
occupiers built similar mottes through­
out England, thus securing a firm hold 
over the vanquished. 

The Normans brought their knowl­
edge of mottes with them from France, 
where the building of such simple forti­
fications had enabled nobles, great and 
small, to defy the central authority of 
Charlemagne's successors and to estab­
lish their own domains. It is not too 
much to say that this novel defensive 
weapon revolutionized medieval Eu­
rope. Politically it was the instrument of 
the feudalism that replaced rule from 
a single center. Socially its effects were 
perhaps even more important: the motte 
served as a kind of schoolroom where 
the medieval seigneurs and their reti­
nue learned what was needed to create 
the form of civilized behavior known 
as chivalry. 

Until a few years ago little was known 
about the mottes of France. The only 
archaeology concerned with the Middle 
Ages was the study of major medieval 
buildings, a subdiscipline of history con­
cerned with describing and analyzing 
the technical aspects of masonry con­
struction. The examination of other re­
mains of medieval life was left to geog­
raphers; archaeologists did not bother to 
probe them. Recently, however, schol­
ars at universities and other institutions 
have begun investigating the medieval 
countryside, and their work has begun 
to transform long-established patterns 
of historical thought. 
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by Michel Bur 

Among the areas where progress in 
such research is being made is the study 
of fortified rural habitations. The motte 
has proved to be the most significant of 
these primitive seigneurial strongholds 
of the late 10th century through the 
12th. Thanks to archaeological stud­
ies outside France, particularly those in 
Britain, where the details of the Norman 
Conquest continue to be investigated, 
French defensive earthworks of the pe­
riod are well known. 

A typical motte, appearing in profile 
either as a truncated cone or as part of 
a sphere, could be up to 100 meters in 
diameter at its base and as much as 20 
meters high. Adjacent to most mottes 
was a large earth-walled enclosure, 
known as a bailey, surrounded by a 
ditch and topped with a wood palisade. 
Hence this type of dual defensive earth­
work is called a motte-and-bailey castle. 
Another type of earthwork consists of 
a miniature bailey without a motte: a 
circular or oval bank 30 to 100 meters 
in diameter, surrounded by a ditch and 
topped with a palisade. Some of these 
enclosures served only as pens for live­
stock. Others, particularly those flanked 
by separate stock pens, were actually 
earthen castles oJ a lesser type. 

S
ince 1961 a systematic inventory of 

these primitive seigneurial habita­
tions has been under way in France, 
beginning in the Auvergne. Normandy 
was added to the survey in 1968 and 
Champagne in 1972. Since then the 
work has been extended both eastward 
and westward to include French Flan­
ders, Dauphine, Gascony and Sain­
tonge. Its objective is to find, describe, 
measure and map (on a scale of 
1: 1,000) every vestige of these medie­
val earthworks that remains before 
modern agricultural machinery has 
erased them. The field work is being co­
ordinated with archival research aimed 
at determining the date of construction 
and of abandonment or razing, the name 

given to each motte (such as "strong­
hold" or "castle") and the role in soci­
ety of its inhabitants, such as "count" 
(comes), "knight" (miles) or "seigneur" 
(dominus). The standardization of such 
inquiry should result in a uniformity 
of collected data and so provide, if need 
be with the help of computer programs, 
a solid quantitative base for historical 
speculation. 

A mere sampling of sites would not 
be acceptable. The survey must, like oil 
poured on water, spread outward from 
one community to the next until the cen­
sus is complete. In brief, the study, both 
methodical and exhaustive, is simulta­
neously examining in depth the medie­
val archives and what remains of the 
medieval landscape. 

The motte-and-bailey castle was 
known as a chateau, a word that like 
"castle" is from the Latin castel/urn. It 
was an establishment that served as 
a permanent abode for a seigneur and 
his men-at-arms. The chateau differed 
in size and function from similar but 
much larger defensive enclosures that 
had in the past served as places of ref­
uge for the general population. The dis­
tinction is of particular importance be­
cause the motte, from the military point 
of view, was the most significant tech­
nological innovation of the latter part 
of the 10th century. 

Mottes appeared first in low-lying 
marshy areas in the region between the 
Loire and the Rhine and next on the 
steep hills of the same region. From this 
"homeland" they spread across Europe 
from the Atlantic to the Vistula and 
from Scandinavia to the Mediterrane­
an. With their wood tower-in some in­
stances simply a watchtower, in others a 
larger residential structure-these earth 
mounds were, with one significant dif­
ference, equivalent to the nearly con­
temporaneous great stone donjon keeps 
of the Loire and Normandy. The differ­
ence was that in western Europe the me­
dieval mottes were much more numer-
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ous than the stone castles were then or at 
any time later. 

'
The time when the mottes quickly 

spread across Europe was an eventful 
one. Even before A.D. 1000 parts of 
western Europe (at first France and Ita­
ly and later Germany) had undergone a 
profound political and social transfor­
mation. The structure of Charlemagne's 
empire was in ruins and smaller politi­
cal entities were forming everywhere. In 
place of the Carolingian system of state 
control from the center, men grouped 
themselves around feudal lords. The lo­
cally powerful who were sought out as 
protectors by lesser men now intended 
to exercise for their own benefit the au­
thority they had previously drawn from 
the king. It was a revolution of the land-

. ed aristocracy, the very group from 
whose ranks the sovereign had tradition­
ally recruited his administrators and of­
ficers. In France the landed aristocracy 

eventually dethroned the descendants of 
Charlemagne and in A.D. 987 gave the 
crown to one of their own, Hugh Capet. 
In the years that followed the interests 
of the landed aristocracy stifled those 
principles of peace and common weal 
that had formerly had the support of the 
central authority. 

Such an upheaval could not take place 
without fierce strife: the great nobles 
against the monarch, the same nobles 
among themselves and so on down to 
second- and third-tier seigneurs against 
one another. The 10th century was a 
time of particularly violent competition 
for land and power. If a seigneur was to 
dominate, he needed abundant resour­
ces: the means to maintain troops and 
reward the fidelity of the rank and file. In 
the long run, however, even the most 
determined adventurer was always at 
risk of chance defeat, perhaps only a 
temporary setback, perhaps death in a 

skirmish. No territorial takeover could 
have been lasting without the motte, a 
weapon that enabled those who con­
trolled it to defy their adversaries and 
to transform that defiance into irrevers­
ible victory. 

Just as the waterwheel mill and the 
draft-animal harness revolutionized 
the economics of agriculture, so was 

the motte an instrument of political and 
social revolution. An unskilled peasant 
labor force could easily erect the earth­
works in a short time. Moreover, except 
for its wood superstructure the motte 
was virtually indestructible. When in the 
11 th century provincial authority (it­
self a product of the breakdown of cen­
tral authority) was challenged in such 
strongholds as Normandy and Cham­
pagne, what followed? Mottes sprang 
up all over the two provinces; without 
that weapon those up in arms against 

LARGE MOTTE in tbe Ardennes of northeastern France is seen to 
tbe left of the cburcb in this aerial pbotogI'ltpb of Cornay, a village 
near tbe canal town of Vouziers. Altbougb eroded for more tban sev-

en centuries, tbis eartbwork is still 18 meters bigb, 60 meters in di. 
ameter at tbe base and 35 meters in diameter at the top. The summit, 
which covers an area of 110 square meters, now serves as a cemetery. 

133 © 1983 SCIENTIFIC AMERICAN, INC© 1983 SCIENTIFIC AMERICAN, INC



the provincial authorities could neither 
have initially held their ground nor have 
eventually sunk their roots. 

Motte tactics were not unlike those of 
a huge but simplified game of chess. The 
primary objective was to advance one's 
own pieces without having them cap­
tured. One pushed forward and built a 
motte, strongly barricading one's forces 
within it to resist the siege that one's 
rival, hoping to regain lost lands, was 
sure to begin immediately. In general 
such sieges were failures, and after the 
seigneur and his garrison had survived a 
few such efforts the motte, by now up­
graded to the status of a chateau. was 
guaranteed to endure at least until trea­
son opened the gates or the seigneur 
himself was captured. 

Contemporaneous accounts show that 
the early seigneurs lived in constant fear 

of treason, never being entirely sure 
of their followers' fidelity. They had to 
avoid capture at all costs, a considera­
tion that explains why, when things went 
adversely in formal open battles, the sei­
gneur in command of the losing side was 
the first to leave the field. The reason 
was that once the loser was in the hands 
of the winner he was exposed to intoler­
able pressure, as were his kin and others 
left behind to guard his domain. Many 
a captive seigneur was brought to the 
door of his chateau. to be hanged there if 
his wife did not open the gates. Many a . 
noble who held as hostages the children 
of a traitorous seigneur threatened to 
hang them or blind them if their father 
did not give himself up. Less dramatic 
than such episodes but fully as effective 
in putting pressure on a captive was one 
involving the comte de Blois in 1044. 

After his capture by the comte d'Anjou 
a mere three days of imprisonment con­
vinced him to yield the city of Tours and 
its surrounding countryside in exchange 
for his freedom. 

T
wo schools of medieval historians 
disagree on how the mottes came to 

proliferate so rapidly. One school takes 
the view that most such chateaux were 
legally built by those endowed with 
authority. The other, echoing a phrase 
coined by Norman chroniclers, sees al­
most every motte as a chateau adulterin. 
that is, an unlawful construction. In ef­
fect anyone who declares some action to 
be a revolution necessarily defines as un­
lawful the means by which the revolu­
tion triumphs. Actually whether most of 
the chiiteaux were built by properly au­
thorized persons or more informally by 

MOTTE AT HASTINGS, the site of William the Conqueror's bat­
tle with Harold, appears in a detail from the Bayeux tapestry. The 
corner posts of the tower have been put up and are being covered 

with fresh earth by two men with pickaxes and three with shovels. 
For major operations such as this one and perhaps even for lesser 
operations the motte builders carried with them timbers cut to size. 
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adventurous landed proprietors matters 
little since what counts is not so much 
the source of the power as the purpose 
to which the power was put. This argu­
ment leads to a complementary one. If 
the act of revolution renders unlawful 
all other actions against the challenged 
authority (in this instance a violation 
of the monopoly on fortifications held 
by the crown or by lesser nobility), the 
revolt, if it is successful, soon creates its 
own legality. One is reminded of a 16th­
century epigram of John Harington: 
"Treason doth never prosper: what's the 
reason? / For if it prosper, none dare 
call it treason." 

In a military aristocracy social rela­
tions were based on the vassal's homage 
and oath of allegiance to his superior. 
In other words, the weak became depen­
dent on the strong in return for a reward 
in the form of land: the fief. This prin­
ciple, occupying the middle ground be­
tween strength and weakness, gradually 
became the criterion of a new kind of 
legality that applied eq ually to kings and 
to great nobles: to be accepted as a legal 
occupant the master of a chateau had to 
hold the fortification in fief from a sov­
ereign or a nobleman. In the give-and­
take that naturally put the holders of 
existing fortifications in opposition to 
those who sought to build new ones, an 
equilibrium began to develop. This situ­
ation owed nothing to a policy of direct 
confrontation, an always violent and 
often sterile course of action. It came 
about because of recourse to the legal 
formula of feudalism. For the more 
politically skilled nobles the building 
of a stable establishment called not for 
destroying (or trying to destroy) the 
chateaux adulterins but for bringing 
them into vassalage. Thus the mottes 
on the fringe of any particular juris­
diction were progressively transformed 
into "feudal" mottes, with their exis­
tence no longer contested. 

T
he network of the first French 
mottes had no connection with exist­

ing population centers; the formidable 
mass of the palisaded fortress was raised 
in total disregard of the local popula­
tion. Keeping close watch on their ri­
vals, each seigneur's forces camped in 
the fiat countryside like an army of oc­
cupation, their ties with the country­
folk limited to levies and labor drafts. 
Above all, the chateau sought isolation. 
After that other strategic factors could 
be weighed. The choser, site might be at 
a point controlling travel by road, at a 
central location on a private domain, on 
property stolen from the Church or even 
in a town or close to the wall of a for­
tified city. Beyond any such long-term 
considerations, however, the seigneur 
selected a setting that would enable him 
and his forces both to survive siege and 
to go over to the offensive effectively. 

Under these circumstances it is not 

MOTTE AT DOL in Brittany is attacked in a second detail. Tbe Iigbt bridge at tbe left spans 
tbe motte's moat. A borse ridden by one of William's men is crossing tbe bridge to probe 
tbe motte's defenses. Tbey are apparently weak: at tbe center Duke Conan of Brittany es­
capes by sliding down a rope to tbe far side of tbe moat. He fled to anotber motte at Dinan. 

MOTTE AT DINAN surrenders in a tbird detail. Tbe garrison continues to resist, but two of 
William's men bave crossed tbe moat and are setting fire to tbe motte's timbers witb torcbes. 
At tbe rigbt Conan is seen extending bis lance, passing tbe keys to William as a token of bis 
submission. Notwitbstanding tbis episode, only a few mottes were ever successfully stormed. 
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FORTRESS BOURG OF DAMPIERRE-LE-CHATEAU in the 
department of the Marne, depicted in this drawing after a 15th-cen­
tury engraving, had grown from a motte-and-bailey castle between 
the 12th century and the time when the engraving was made. Only 
one structure remained on the summit of the motte. The associated 

PLAN VIEW OF MOTTE AND BAILEY in the illustration at the 
top of the page shows its substantial dimensions: 120 by 60 meters 
at the base and 75 by 35 meters at the top. The motte earthwork it-
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bailey was surrounded both by a rampart and by a moat. Some of the 
bailey outbuildings, seen in the foreground, are on low ground. Others 
stand on higher ground with a guard tower at the right. Beyond the 
rampart and moat at the left are commercial, residential and religious 
structures, their occupants attracted by the stability of the bourg. 

NORTH 

t 
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I 
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self was 15 meters high. The relation between the motte and the bai­
ley is shown in a section along the line A-B that app,ears at the top left. 
It shows why that part of the bailey was known as the upper town. 
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surprising that a good many of the ear­
liest. chateaux, erected in unsatisfactory 
locations, were later abandoned by their 
builders. A number of anonymous ves­
tiges still bear witness to the precari­
ousness and instability of the first sei­
gneurial habitations. The process of site 
selection, however, soon came to favor 
locations that were easy to defend, had 
a good view of 'the countryside and 
commanded terrain over which it was 
possible to venture in all directions. 

W
hat was chateau life like? Here is 
a 12th-century description of the 

dwelling tower of Ardres in French 
Flanders. The tower of this sizable cha­
teau had three levels. At the ground lev­
el were kept the stores of grain and 
wine. On the next level was the sei­
gneurial chamber, adjoined by smaller 
rooms occupied by the master's young­
er children, his table attendants (bear­
ers of wine and bread) and some other 
servants. On the top level, which was 
also the level of the guard walk, were 
communal sleeping quarters for the 
master's older children, one for the sons 
and another for the daughters. Adjoin­
ing the dwelling tower was another 
three-story structure. There at the 
ground level meat was stored; on the 
n'ext level were the kitchens and quarters 
for the cooks, and on the top level was 
the chapel, facing east. Actually few if 
any of the early chateaux were as spa­
cious and comfortable as Ardres; a sen­
sible fear of fire must have made most 
chateau builders place the kitchens far­
ther away from the dwelling tower. 

Nevertheless, at least at Ardres, the 
seigneur, his family, their table atten­
dants and other servants all lived in the 
dwelling tower. Their cooks lived in 
the adjacent building and perhaps so did 
the chaplain and the sentries of the 
watch. The rest of the establishment­
the knights of the garrison, the admin­
istrators of the seigneurial domain, ar­
tisans such as the blacksmith and oth­
ers needed for the upkeep of arms and 
equipment, and lesser personnel such as 
stable boys-occupied buildings within 
the adjacent palisaded bailey. There sta­
bles, barns, ovens, workshops and simi­
lar outbuildings formed a small, self­
contained community that existed only 
for the seigneur's service and under his 
protection. The small population of the 
typical early chateau scarcely interact­
ed at all with the much more numerous 
peasants who inhabited the villages of 
the countryside. 

This aloofness did not continue for 
long. By about A.D. 1050 clusters of 
outsiders began to establish themselves 
near the chateaux. The root causes of 
this shift appear to have been popula­
tion growth and a resulting social in­
stability. Carolingian Europe had been 
covered with deep forest, and in the 11 th 
and 12th centuries forests were actively 
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cleared to allow agricultural expansion. 
In such newly cleared areas the interests 
of two quite different groups converged. 
The first group consisted of surplus la­
bor hungry for land. The second was 
entrepreneurial: the younger sons of no­
ble families, eager to set up their own 

domain. The convergence of interests 
led to the construction of a new kind of 
fortified site, where the seigneur's cha­
teau and his followers' village all stood 
inside a single defensive earth wall. Ex­
amples are found in southern Aquitaine 
and Champagne. 

Next, beginning in about A.D. 1070, 
local towns arose, particularly in the 
west of France. Churches and market­
places were built in the immediate vi­
cinity of one chateau or another. The 
population attracted to such amenities 
swelled the numbers in the growing set-

FORTRESS BOURG OF RETHEL in the Ardennes, depicted in an­
other drawing after a 15th-century engraving, had also grown from 
a motte-and-bailey castle. By then both the motte and the bailey had 
been faced with blocks of chalk and surrounded with a stone wall 

that had towers placed at regular intervals. The same wall had been 
extended to protect the community that grew up around the priory of 
Notre Dame, at the center. As at Dampierre-Ie-Chateau, the securi­
ty offered by the original motte had transformed it into a major town. 

o 25 50 
, I I 

METERS 

PLAN VIEW OF MOTTE shows how it took advantage of irregular 
terrain. The motte itself was on a rocky spur that extended eastward 
with an almost vertical drop on its south side and an only slightly 
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shallower slope to the east and the north. The motte was 70 meters 
in diameter at the base and 10 meters in diameter at the summit. 
Probably built before A.D. 1026, it rose 21 meters above its base. 
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tlement and soon the seigneur of the 
chateau found himself master of the ad­
jacent bourg, or borough, economically 
and administratively the center of a siz­
able district. 

Such bourgs were variants of other 
settlements, both in the open country 
and close to the few cities, that were 
mUltiplying everywhere at this time. 
They benefited from the same social dy­
namics and often enjoyed the same legal 
privileges. In any event villages without 
chateaux remained more numerous than 
villages with them. This suggests that 
a seigneur's effort to recruit a cadre of 
peasants in order to profit from the eco­
nomic growth of the newly established 
village did not always conclude with a 
company of happy householders settled 
in the shadow of his tower. 

When the fortuitous union of chateau 
and village gave birth to a bourg, the 
presence of the seigneur, his entourage 
and the other clientele of the same social 
class was certainly crucial to making the 
enterprise flourish. Yet for the bourg to 
become firmly rooted other factors fa­
vorable to growth had to exist. One such 
factor was the fertility of the local soil. 
Another was a location on a main road. 
Without such advantages there could 
be little probability of success. Negative 
factors also played a part; many a bourg 
withered away when its adjacent chateau 
was destroyed by chance or by malice. 

These observations, concerned with 
the period of seigneurial consolidation 
from the middle of the 11 th century 
into the 12th, have taken us a long way 
from the initial feudal period, a time 
of struggle when ordinary methods of 
defending habitations were shaky and 
when the new weapon, the motte, first 
came into service as a means of territori­
al domination. Let us now return to that 
earlier period in order to see the role the 
motte played in the evol ution of a new 
kind of man and the molding of his be­
havior. In effect one cannot separate the 
feudal warrior from his environment. 

To begin with, consider the contradic­
tions of the times: on the one hand free­
dom and on the other a subjugated and 
exploited peasantry; on the one hand 
war and on the other a clergy preaching 
peace as the ideal. A seigneur inhabited 
a world of isolation and danger where­
in order to protect himself and his fam­
ily, to sleep in safety, to raise children 
to be knowledgeable about that harsh 
and hazardous life-he needed to hide 
behind an earth rampart and barricade 
himself on a motte. The only way to 
soften those harsh conditions was to de­
pend on the links of kinship or, better, 
on the parent-surrogate links of vassal­
age and an oath of fealty. 

Even with those assurances constant 
vigilance was necessary. At home the 
seigneur lived in fear of treason. In 
battle the knowledge that the stakes 
were high sharpened cunning and in-
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cited treachery. Even a task as simple as 
finding a wife became enmeshed in hag­
gling or led to matchmaking that left 
little room for personal choice. 

Then, little by little, the violence and 
insecurity of these early feudal times 
gave rise, as it were, to their own anti­
bodies. The fear of treason served in the 
end to reinforce the fidelity of the vassal 
and to exalt the loyalty of the warrior. 
The art of war, learned through continu­
ous training from an early age, was not 
sidetracked into becoming the art of am­
bush. Instead it evolved into straightfor­
ward prowess, so that a victor faced by 
a valiant but unlucky adversary-virtu­
ally a mirror of himself-was careful to 
exercise fair play. By the same token 
the young warrior's lust, stimulated by 
the presence of both unmarried and 
married women within the chateau, was 
transformed into civility. 

T
his kind of courtesy was not limit­
ed to the men's attitude toward 

women. It defined the deportment of the 
men in the seigneur's retinue. Within the 
confines of the chateau the choice was 
to live either in fellowship or in antago­
nism. Clearly the best course was to ad­
here to certain rules that made life as 
pleasant as possible or, at the least, to 
refrain from violence. Thus it was that 
in the confined world behind the pali­
sade there slowly developed the moral 
standards that, when feudal society en­
tered its second age at the end of the 
11 th century, inspired the troubadours. 
They sang of chivalry and love, but 
what the songs actually celebrated was 
the dual achievement of stabilization 
and colonization. Those foremost fig­
ures of chivalry, the seigneur's retinue of 
knights, began as simple warriors who 
had attained a higher estate through the 
practice of cavalry warfare. At the same 
time their garrison duties imposed on 
them specific values of courtesy and 
honor: the rules of the game. 

One can conclude that the motte of 
the 10th and 11 th centuries has a his­
torical significance that has not attract­
ed enough notice. As an instrument of 
domination par excellence it should be 
evaluated in terms of technological ef­
ficiency. The waterwheel mill and the 
draft-animal harness played a compara­
ble technological role in the economic 
revolution of the Middle Ages. Consid­
er, however, another factor. The author­
ity of Louis XIV, who ruled France for 
more than half of the 17th century and 
on into the 18th, is regarded as having 
been nothing less than absolute. The 
fact remains that the Sun King in all his 
glory was not as well obeyed as any min­
ister in the French republic of today. His 
orders reached the farthest boundary of 
his realm, but they got there slowly, and 
the functionaries on the spot were left a 
certain margin for interpretation. It is 
not so today. For example, it is enough 

for the Minister of the Interior to book a 
conference call, to lift his telephone and 
have some 100 departmental prefects 
standing at attention at the other end 
of the line. Moreover, any ambiguity in 
his orders can be eliminated as he goes 
along. As a means of exercising authori­
ty in government the telephone not only 
is faster than the written order but also 
can carry more weight. 

Viewed in proportion and at a some­
what different level the motte played a 
role similar to the telephone's but in re­
verse. It diminished the king's preroga­
tives, affording the seigneurs a means of 
weakening central authority and giving 
birth to as many seigneuries as there 
were chateaux. Unable to exercise sov­
ereignty, the king could only act the 
part of a feudal overlord, hoping for 
obedience no longer from subjects but 
rather from vassals. The conclusion is 
self-evident: however powerful the rul­
er and however determined the unruly, 
the outcome for both remained moot 
as long- as neither had an effective tech­
nological advantage. 

A
second conclusion is that the motte 
certainly affected the mass of the 

rural population. From having been 
more or less self-sufficient they found 
themselves tied to the chateaux and their 
seigneurs and forced to pay taxes to 
these new overlords. The effect on the 
behavior of the overlords, however, was 
even more profound. Accustomed to a 
life in large open dwellings in a country­
side populated with peasant freemen, 
the seigneurs in a matter of decades 
found themselves huddling behind ram­
parts, armed to the teeth in order first to 
grasp power and then to keep it. Cling­
ing to this technological instrument of 
terror, the motte, the seigneurs and their 
retinues began to evolve a culture both 
primitive and original. On the one hand 
the culture was two-faced and dedicat­
ed to naked power; on the other it was 
a culture of courage and faithfulness to 
the given word. Certain of the popular 
medieval ballads, the chansons de geste, 
captured this evolving culture as if in a 
living mirror. 

Little by little, as the generations 
passed, a certain equilibrium arose. A 
set of new values acknowledged sei­
gneurial mutuality and made it possi­
ble to live less at sword's point. The 
chateaux became open to friends and 
neighbors; tournaments took the place 
of warfare; shields, once anonymous, 
carried symbols indicating the iden­
tity of the bearer. Where there had 
reigned ruse and brutality there now 
flourished virtues such as prowess, gen­
erosity, courtesy and honor. Such is the 
legacy the period bequeathed us from 
its second stage of development, a leg­
acy, bred in the environment of the 
motte, that deserves to be called the civ­
ilization of the chateaux. 
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Sudden Cardiac Death: 
A Problem in Topology 

Many sudden deaths are the result of fibnllation: a disruption 
of the coordinated contraction of heart muscle fibers. The cause 
may Jie in a state ofaffairs described by a mathematical theorem 

On the campus of the McGill Uni­
versity School of Medicine in 
Montreal the morning of No­

vember 7, 1914, was bright and chilly. It 
was a Saturday, and there were few 
professors or students around to notice 
George Ralph Mines enter his laborato­
ry to begin some weekend experimental 
work. Mines, a 28-year-old physiologist, 
had been doing work on fibrillation, a 
radical disorganization of the heart's 
pattern of contraction. Ordinarily the 
heart contracts as a unified mass, but in 
fibrillation each small region of cardiac 
muscle contracts rapidly and with no 
apparent coordination with the neigh­
boring tissue. 

Mines had been trying to determine 
whether relatively small, brief electrical 
stimuli can cause fibrillation. For this 
work he had constructed a device to 
deliver electrical impulses to the heart 
with a magnitude and timing that could 
be precisely controlled. The device had 
been employed in preliminary work 
with animals. When Mines decided it 
was time to begin work with human be­
ings, he chose the most readily available 
experimental subject: himself. At about 
six o'clock that evening a janitor, think­
ing it was unusually quiet in the labora­
tory, entered the room. Mines was lying 
under the laboratory bench surround­
ed by twisted electrical eq uipment. A 
broken mechanism was attached to his 
chest over the heart and a piece of appa­
ratus nearby was still recording the fal­
tering heartbeat. He died without recov­
ering consciousness. 

The death of George Mines might 
have remained a personal tragedy of lit­
tle scientific interest if it had not been for 
the subject of his last work. Fibrillation 
is one of the major causes of the syn­
drome known as sudden cardiac death, 
which kills several hundred thousand 
people per year in the U.S. Moreover, 
of the several causes of sudden cardiac 
death fibrillation is the least understood. 
It can arise with little warning in appar-
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by Arthur T. Winfree 

ently healthy people. In many instances 
when an autopsy is done, there is no per­
ceptible clinical reason for the drastic 
interruption of the normal coordination 
of the heart. Mines's work shed light 
on part of the problem. He was the first 
to demonstrate that fibrillation can de­
velop after a relatively small electrical 
impulse if the impulse is applied to the 
heart at the right time. Although much 
work has been done on sudden cardi­
ac death and fibrillation since 1914, it 
is still not known conclusively how a 
small stimulus can elicit such a drastic 
response in the heart. 

Intriguingly, the branch of mathemat-
· 

ics known as topology can help to elu­
cidate the problem. Like certain other 
physiological systems, cardiac tissue is 
capable of a rhythmic electrical dis­
charge. If an external electrical impulse 
is delivered to a piece of tissue from the 
heart, the most frequent effect is to shift 
the usual rhythm ahead or back, without 
changing the interval between impulses 
after the stimulus. By means of a top­
ological theorem, however, it can be 
shown that there must be a relatively 
small electrical stimulus that does not 
yield such a predictable shift if it is ap­
plied at the right moment in the cycle of 
beats. Indeed, the experimental results 
indicate that after such a singular stimu­
lus the regular beating can stop. 

The cessation of contractions in a 
small region of heart muscle is not fib­
rillation. It can be shown topologically, 
however, that around a patch of tissue 
where the beat has stopped the condi­
tions are favorable for the creation of a 
circulating wave of electrical impUlses. 
Such a wave could circulate through the 
heart, usurping the function of the nor­
mal pacemaking apparatus. In passing, 
the circulating wave could give rise to 
many smaller waves, causing small ar­
eas of the heart to contract rapidly in 
an uncoordinated way. The best current 
models suggest that a pattern of circu­
lating waves is present in fibrillation. 

The arguments I shall present here 
describing how a singular stimulus can 
cause fibrillation have by no means been 
proved. They are primarily mathemati­
cal arguments and their confirmation 
will require much practical work in 
physiology. Even if they are confirmed, 
their clinical implicatjons are far from 
clear. Nevertheless, topology has pro­
vided a significant new insight into the 
problem of sudden cardiac death. 

Before topology can be applied to 
heartbeat timing we must briefly 

consider the normal structure and func­
tion of the mammalian heart. The heart 
is an extraordinarily complex organ and 
a complete description of it is not possi­
ble here. The following much-simplified 
description concentrates on the proper­
ties of the heart that are pertinent to the 
topological argument. The heart con­
sists of four chambers. The two atriums 
at the top of the heart serve as priming 
chambers. The larger ventricles below 
them are the main pumping chambers. 
Although in its normal operation the 
heart contracts more or less as a single 
mass, it can be noted when the action is 
observed closely that the contraction be­
gins in the atriums and soon thereafter 
spreads to the ventricles. 

The coordination of the four cham­
bers is maintained by the passage 
through the cardiac tissue of a wave of 
electrical impulses that travels quickly 
from cell to cell. The heart is composed 
mainly of several types of specialized 
muscle cells that have the form of 
long fibers. When a fiber is in the rest­
ing state, the electric potential inside 
the cell membrane is somewhat lower 
(more negative) than the one outside 
the membrane. The stimulus for each 
fiber to contract is a rapid increase in 
the potential inside the membrane, at 
the end of which the interior of the cell 
briefly becomes electrically positive 
with respect to the environment before 
the potential decreases again. 
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The changes in electric potential are 
mediated by the flow of several ions (at­
oms with a net electric charge) across 
the cell's outer membrane. The rapid in­
crease in potential is called a depolar­
ization, and it can propagate along the 
muscle fiber as an "action potential" 
much like the ones that convey infor­
mation in the nervous system. After the 
passage of an action potential there is 
a refractory period of a few tenths of a 
second during which normal stimula­
tion cannot elicit another action poten­
tial in the fiber. 

The fibers in the heart are closely ap­
posed to each other. In addition special­
ized organelles in the cell membrane of 
each fiber provide regions of low electri­
cal resistance. These organelles make it 
possible for the triggering electrochem­
ical impulse to pass from cell to cell. 
Therefore an impulse originating in one 
part of the heart can be transmitted 
quickly through the entire organ. More­
over, certain tissues in the heart have the 
capacity to spontaneously generate trig­
gering impulses at regular intervals. The 
regions are called pacemakers and the 
one with the highest intrinsic rate impos­
es its rhythm on the entire heart. 

The fastest spontaneous firings in the 
healthy heart come from a small mass 
of tissue near the top of the atriums 
known as the sinus node. The sinus node 
directly initiates the contraction of the 
atriums. Its impulse also propagates 
to the atrioventricular node, a second 
pacemaker lying between the right atri­
um and the right ventricle. From the 
atrioventricular node the impulse is re­
layed to the muscular wall of the ven­
tricle by the Purkinje fibers. Purkinje 
fibers are adapted for very rapid con­
duction of electrical impulses. They ex­
tend throughout the ventricles in an ar­
rangement that resembles the roots of 
a tree. When the pacemaking impulse 
passes from the Purkinje fibers into the 
ventricular muscle, a wave of contrac-

A ROTATING WAVE of electrical impulses 
can circulate indefinitely in the heart and 
could underlie fibrillation. In a fibrillating 
heart small regions of tissue contract rapidly 
and without coordination. If fibrillation per­
sists for more than five minutes, the victim 
usually dies. The trigger for heart muscle cells 
to contract is an electrochemical impulse. Un­
der certain conditions the impulse can travel 
in a circular path. The upper panel shows the 
path of a rotating wave induced experimen­
tally in rabbit heart tissue by Maurits Allessie 
and his colleagues at the Center for Biomedi­
cine at Maastricht in the Netherlands. Col­
ored areas indicate the distance traveled by 
the wave front in 10 milliseconds; each com­
plete rotation required 105 milliseconds. The 
traces in the lower panel show the electric 
potential at the five labeled points in the tis­
sue. The periodic sharp increases in potential 
mark the passage of the rotating wave front. 
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tion spreads through the ventricles in 
milliseconds. 

At rest the human heart contracts 
roughly once per second. The intrinsic 
beat in the sinus node that determines 
the resting rate can be accelerated or 
retarded by impulses carried by nerves 
coming from the brain, various ganglia 
and the internal organs. Such nerves in­
filtrate the entire heart, but their end­
ings are particularly dense in the pace­
making system. For example, the vagus 
nerve can have a considerable effect on 
local rates of contraction and on the co­
ordination of the entire heart. 

The acceleration and retardation of 
the heart's contractions are usual­

ly smoothly synchronized. The mecha­
nism . can fail, however, if there is an 
infarction: an interruption of the flow 
of blood to a portion of the heart. Syn­
chronization can also fail if the heart is 
exposed to unusually high levels of hor­
mones or ions. Even without physical 
damage or chemical stress synchroniza­
tion can fail if the heart is perturbed by 
substantial electrical stimuli, as in elec­
trocution. The same result can be ac-

S I N U S  NODE 

RIGHT ATR I UM 

RIGHT VENTRICLE 

VENTRICULAR 
SEPTUM 

complished by a small stim ulus if it is 
unfortunately timed. We shall see how 
such small stimuli can cause sudden car­
diac death. 

The term sudden cardiac death was 
coined in 1887 by John A. McWilliam 
of the University of Aberdeen, although 
the phenomenon had been known long 
before then. McWilliam noted that in 
some instances of sudden cardiac death 
the heart did not simply stop but entered 
into violent and disorganized activity. 
Tn the 19th century such violent activ­
ity was referred to as delirium cordis, 
or madness of the heart. The modern 
name, fibrillation, was introduced in 
the 1870's. According to Willis A. Tack­
er, Jr., and Leslie A. Geddes of Purdue. 
University: "When a fibrillating heart is 
held in the hand, it feels like a wad of 
writhing worms. In many cases the rate 
of this random process is so rapid that 
the heart surface seems to shimmer. In 
other instances mUltiple waves of con­
traction and relaxation are clearly vis­
ible." If fibrillation persists for more 
than five minutes, death becomes almost 
certain. After a few gasping breaths res­
piration stops and the victim begins to 

LEFT ATR IUM 

LEFT 
VENTRICLE 

HUMAN HEART is a four-chambered pump. The atriums are priming chambers. The ven­
tricles are the main pumping chambers. The heart's contractions are synchronized by electri­
cal impulses originating in the sinus node. The node, which has a regular intrinsic electrical 
discharge, serves as the pacemaker for the heart as a whole. Its impulse initiates the contrac­
tion in the atriums directly. The impulse is also relayed to the atrioventricular node, and from 
there it is conveyed to the muscular ventricles by specialized conducting fibers, among them 
the Purkinje fibers. Under ordinary conditions the heart contracts almost as a single mass. 
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turn blue because of a lack of oxygen 
in the blood. Convulsions and groaning 
sometimes accompany the stopping of 
respiration. 

There is little agreement among phys­
iologists on the mechanism of fibrilla­
tion. Studies of the membrane in single 
cells have been the so urce of much in­
formation about how electrical impul­
ses are relayed in physiological systems. 
Such work has been particularly inform­
ative about the cells of the nervous sys­
tem. Work with single cells, however, 
has been of only limited help in under­
standing fibrillation. The reason is that 
fibrillation is a disorder of the organiza­
tion of the heartbeat rather than a mal­
function of the individ ual fibers: it af­
fects the timing of activity in the heart 
fibers with respect to one another. In­
deed, it is probable that in the fibrillating 
heart each fiber is responding in the usu­
al way, but the pattern of electrical im­
pulses has been disturbed, resulting in a 
loss of synchronization. 

What could cause the thousands of 
fibers in the human heart to sud­

denly lose the precise coordination they 
have maintained for a lifetime? Maurits 
Allessie of the Center for Biomedicine 
at Maastricht in the Netherlands, point­
ed out to me that in the paper Mines 
submitted to a medical journal just be­
fore his death he proposed that fibrilla­
tion could be caused by an electrical 
wave circulating in the heart muscle. 

In his work Mines delivered electrical 
impulses to the heart, varying the timing 
of the stimulus to cover the interval be­
tween contractions. Most of the stimuli 
Mines applied had no lasting effect, and 
none initiated an unmistakable circulat­
ing wave in the heart tissue. He noted, 
however, that "under some conditions a 
stimulus of very brief duration may in­
duce fibrillation ... if properly timed .... 
The stimulus employed would never 
cause fibrillation unless it was proper­
ly timed." The precise moment between 
beats of the heart when a small stimulus 
can cause fibrillation was rediscovered 
many years after Mines's death; it is now 
known as the vulnerable phase. 

My own interest in the vulnerable 
phase was aroused partly by my being 
a helpless witness to two sudden cardi­
ac deaths. At the time I was working on 
the biological mechanisms of circadian 
rhythms, the intrinsic 24-hour cycles 
many organisms exhibit. Certain topo­
logical features of circadian timing sys­
tems had led me to predict that a sin­
gle brief stimulus, if it was properly 
timed, could cause organisms that had 
been quite rhythmic to lose their regu­
lar rhythm. I had found such stimuli 
and demonstrated their effect, as other 
workers have done since. 

It turns out that the topological prop­
erties of circadian clocks that make 
them susceptible to disruption by a sin-
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gle stimulus are shared by physiological 
systems capable of regular electrical dis­
charges, such as nerve cells, heart mus­
cle fibers and even the heart as a whole. 
A topological property is a property of 
a geometric figure that persists when 
the figure is bent, twisted,  stretched 
or otherwise deformed in a continuous 
manner. For example, an image seen 
through a distorting lens is topologically 
equivalent to the undistorted image.  

Topology might be defined as the 
study of properties that remain un­
changed in spite of quantitative changes 
(but not qualitative ones). Inferences 
based on topological features of a physi­
cal system can be quite effective in mak­
ing predictions without reference to the 
precise quantitative aspects of the sys­
tem. Topological reasoning was valu­
able in my work on circadian rhythms 
because little was known about their 
mechanism, and so quantitative models 
depended largely on guesswork. In con­
trast, so much quantitative informa­
tion has been gathered on the coordina­
tion of the heartbeat that the assembled 
data can be overwhelming. By confin­
ing one's attention to certain topologi­
cal properties of heartbeat timing it 
may be possible to cut through the mass 

·of data and reach an understanding of 
how fibrillation begins. 

The topological qualities of the heart­
beat that are of interest here were first 
suggested by o bservations made in 
about 1930 by J. C. Eccles of the Uni­
versity of Oxford. Like Mines, Eccles 
was examining the effect of the timing 
of an external stimulus on the subse­
quent contractions of the heart. Eccles, 
however, was concerned with the timing 
of the next few beats rather than with 
circulating waves or fibrillation. He 
stimulated the heart of the dog by acti­
vating the vagus nerve, which, as I noted 
above, is one of the regulators of the rate 
of contraction in the normal operation 
of the heart. Eccles observed that after 
a stimulus the heartbeat was perturbed 
but quickly returned to its usual rhythm. 
In many instances the heart recovered so 
rapidly that every complete cycle after 
the stimulus had the normal length; the 
effect of the stimulus was merely to off­
set the usual rhythm. 

Since 1930 a vocabulary has been de­
veloped to describe such changes in 

timing .  The period from the initial beat 
to the application of the stimulus is 
called the coupling interval. The period 
from the stimulus to a subsequent beat 
is called the latency. Since there are 
many beats after the stimulus, there are 
many latencies :  each successive latency 
is the period until a new beat. (It should 
be noted that the topological principles 
under discussion can be applied to sev­
eral biolog ical systems. In this context 
" beat" does not necessarily refer to the 
action of the heart. The beat is s imply 

the event that marks the beginning and 
end of each cycle in the system under 
observation.) 

Depending on the length of the cou­
pling interval and the magnitude of the 
stimulus, the first beat after the stimulus 
can be either delayed or advanced .  Both 
Mines and Eccles observed the effect 
of applying a stimulus with a constant 
magnitude at progressively later times 
in the cycle. When the coupling interval 
is varied in this way, the coupling inter­
val and the latency can show either of 
two distinct relations. Which relation is 
observed depends on the magnitude of 
the stimulus. 

One of the two patterns is called weak 
rescheduling. To understand weak re­
scheduling it is valuable to consider 
what happens when the stimulus is too 
small to affect the timing of the subse­
quent beat. Under these circumstances 
the sum of the coupling interval and the 
latency until the first beat after the stim­
ulus must equal the natural period, or 
the interval between beats in the unper­
turbed system. Hence the coupling in­
terval and the latency must vary inverse­
ly: as the stimulus is given progressively 
later in the cycle, the latency becomes 
progressively shorter. On a graph that 
relates latency to coupling interval all 
beats lie on a diagonal that slopes down 
to the right. As the coupling interval is 
increased smoothly from zero to the full 
natural period, the latency decreases 
smoothly over one full cycle. As a result 
every possible value of latency from 
zero to one full period appears once. 

It is characteristic of weak reschedul­
ing that every value of latency appears 
an odd number of times when the cou­
pling interval is varied over its full 
range. The pattern of later beats result-

ELECTRICAL STIMULUS applied to the 
heart can advance or delay the next beat. In 
the unperturbed cycle (vertical line at upper 
left) the interval between beats is called the 
natural period. When an external stimulus is 
given to the heart (verticailine at upper right), 
the interval from the initial beat to the stimu­
lus is called the coupling interval. The inter­
val from the stimulus to a subsequent beat is 
called the latency. Since there are many beats 
after the stimulus, there are many latencies. 
Any complete natural periods in the latency 
can be removed by winding the line standing 
for the latency around a circle with a circum­
ference equal to the natural period (circle at 
bottom). When this is done, the points stand­
ing for beats after the stimulus lie on top of 
one another. These later beats have all been 
advanced or delayed by the same interval and 
therefore successive beats are one natural pe­
riod apart. The main effect of the stimulus is 
to shift the usual rhythm ahead or behind; 
the natural periodicity is maintained. The ter­
minology employed to describe such shifts 
can be applied to any system that is capable 
of rhythmic firing; "beat" then simply means 
the event that marks the end of the cycle. 
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What if you chose 
as a technical 

II�II 
What should you expect 
from a computer partner? 

Quality-from researching cus­
tomer needs to product develop­
ment, manufacturing, marketing, 
after-sales service, and support! 

Quality, by HP's definition, encom­
passes more than the product. 

T his high quality recently was 

-.. 
....... 

•• 

recognized by the Union of Japa­
nese Scientists & Engineers, who 
awarded a coveted Deming Prize to 
Yokogawa-Hewlett-Packard, HP's 
joint venture company in Japan. 

YHP offers the entire spectrum of 
HP products and in 1981 accounted 
for Japanese sales of more than $200 
million. Nearly 60 percent of the 
products YHP sells are imported 
from HP manufacturing operations 

"At Union Carbide, 
an HP computer network 
automates production 
management and has 
paid for itself in less than 
two years." 

Union Carbide's Linde Division 
in Tonawanda, N. Y., manufactures 
custom production equipment. 
Factory systems manager Doyce 
Coffman says, "When production 
demand fluctuates, it complicates 
our scheduling, product costing, 
and long range planning. 
"To solve these problems we auto­
mated production and materials 
management with a network of HP 
1000 and 3000 computers and 43 
data capture terminals. 
"Because these systems continu­
ously monitor operations and re­
spond in real time, we can identify 
and eliminate production bottle­
necks on line. T he payback? Im­
proved efficiency factory-wide and 
a dollar savings that covered the 
cost of our entire HP network in 
less than two years." 

I·I_-.!T·�l -_ _ L� _ 

The Deming Prize: for outstanding 
merit in the control of quality. 
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Hewlett-Packard 
l!oInputer partner? 

11+1 : 

in the US and abroad. Conversely, 
YHP manufactures and exports 
various products to HP customers 
throughout the world. 

The total quality control approach 
for which YHP was awarded the 
Deming Prize is a point of pride 
throughout HP. Customers in every 
part of the world should expect 
quality as a fundamental element in 
a computer partnership with HP. 

"At Likoff Cardiovascular 
Institute, an HP computer 
processes electrocardio­
grams in minutes instead 
of hours." 

Likoff Cardiovascular Institute, in 
Philadelphia, is a leading center for 
the research and treatment of car­
diovascular disease. Using an HP 
computerized ECG management 
system, the Institute processes 
100,000 electrocardiograms a year, 
70,000 from outside facilities. 
Dr. Gary Anderson, heart station di­
rector, says, "By automating the 
ECG processing cycle, we reduced 
turnaround time per test from 
2% hours to just 4 minutes-and 
reduced patient costs by 10%. 
"With the HP Management System, 
we can retrieve patient records 
instantly, including often critical 
comparison data in our evaluations. 
And because this system handles 
incoming ECGs on a priority basis, 
we're responding to emergencies 
much faster than before, with better 
interpreted ECGs at a lower cost." 

---i--.CI---I • --
-

-­
...... 

You should consider a 
working partnership with 
HP. Now. 
For a free copy of our brochure ex­
plaining HP's practical, proven ap-

When performance must 
be measured by results 

proach to meeting your long-term 
computer and information needs, 
write to A.P. Oliverio, Senior Vice 
President, Marketing, Dept. 207, 
Hewlett-Packard Company, P.O. 
Box 10301, Palo Alto, CA 94303. 

rli� HEWLETT 
��PACKARD 

0002341 
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WEAK AND STRONG RESCHEDULING are two topologically distinct patterns of beats 
following the application of an external stimnlns. The data in the graphs come from work with 
rabbit hearts done by Jose Jalife and Joseph J. Salata at tbe Upstate Medical Center of the 
State University of New York at Syracnse. In each graph the dots stand for the beats that result 
when a stimnlns with a particnlar strength is applied at a con piing interval varying from zero to 
one period. If the stimnlns were too small to advance or delay the next beat, the conpling inter­
val and the latency wonld vary inversely and the dots wonld fall on the diagonal in each square. 
If the stimulus is sufficiently strong, the next beat is advanced or delayed and the dots do not 
fall on the diagonal. If the strength of the stimnlns is below a certain level, however, the latency 
still decreases smoothly over one natural period as the con piing interval is increased. This pat­
tern is called weak reschednling (left). If the stimulns is increased beyond a certain level, the 
latency undergoes no net increase or decrease as the con piing interval is varied through one 
period. The latency can vary by any amonnt as the coupling interval is increased, but it returns 
to the initial level when the conpling interval reaches one fnll period. This pattern is called 
strong rescheduling (right). In the example shown the latency decreases to a minimum, then in­
creases to a maximum before returning to the initial valne. That the two patterns are topologi­
cally distinct can be shown by joining the left and right edges of each graph to form a vertical 
tnbe. (Since the cycle repeats itself every period, the edges are eqnivalent.) The dots on the left 
graph then form a continuons helix and the dots on the right graph form three separate rings. 
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ing from a negligible stimulus is merely 
the limiting case of weak resched uling. 
If the magnitude of the stimulus is in­
creased, the next beat can be either ad­
vanced or delayed, depending on the 
timing of the stimulus. If the strength of 
the stimulus is not increased beyond a 
certain level, however, the latency still 
decreases smoothly and continuously 
as the coupling interval is increased 
through one 'full cycle. The two quanti­
ties are no longer inversely proportion­
al; the plot of latency can curve above 
and below the diagonal as the coupling 
interval is increased. Nevertheless, each 
value of latency still appears an odd 
number of times. 

I f the strength of the stimulus is in­
creased above a certain level, the sec­

ond pattern, strong resched uling, ap­
pears. In strong rescheduling the latency 
undergoes no net increase or decrease as 
the coupling interval is increased over 
one full period. The latency can increase 
or decrease by any amount as the cou­
pling interval is varied, but it returns to 
the initial value when the coupling inter­
val reaches one complete natural peri­
od. For example, when the coupling in­
terval is zero (meaning that the stimulus 
coincides with a natural beat), the laten­
cy could be about one and a half natural 
periods. When the coupling interval is 
increased, so that the stimulus comes 
progressively later in the cycle, the la­
tency decreases to a minimum, then in­
creases to a maximum and ultimately 
returns to the initial value as the cou­
pling interval approaches the natural 
period. As the coupling interval is var­
ied through the complete cycle not all 
values of latency need appear. Further­
more, the values that do appear are seen 
twice: once as the latency is decreasing 
and once as it is increasing. 

The curve described above is only one 
possible example of strong reschedul­
ing. Many other curves are possible. 
What all such curves have in common is 
that each value of latency that appears 
does so an even number of times. Most 
values do not appear; the ones that do 
can appear any even number of times. 
The range of values of the latency that 
do not appear widens with increasing 
stimulus strength. In the limiting case 
of strong rescheduling only one value of 
the latency appears. The limiting case 
follows a stimulus so strong that it 
yields the same result regardless of 
when in the cycle it is applied; the next 
beat always comes, say, half a second 
after the stirn ulus. 

In both weak and strong rescheduling 
the pacemaker resumes its normal peri­
odicity after the advanced or delayed 
second beat. Weak rescheduling has 
long been known. Almost every rhyth­
mic biological process shows weak re­
scheduling if the stimulus is sufficiently 
small. The topologically distinct strong 
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THE CAR: 
Ne\V Renault Alliance. We set out 

to build the best stnall car in the \Vorld. 
Affordable 

European technology. 
on pedestals, rear seat 
passengers can slide their 
feet forward and enjoy 
the ride. 

Inspired performance. 

Our goal was an alliance 
of technology and afford­
ability. Our achievement 
is Alliance, a fine Euro­
pean sedan-built in 
America-for the price of a 
four-passenger econobox. 

Comfort for five. 

Front-wheel drive. Fully 
independent suspension. 
Power front disc brakes. 
Rack and pinion steering. 
Electronic ignition. All 
are standard. 

Alliance 2-door 

Alliance has eight inches 
more rear seat hip room 
than Escort. To comfort­
ably ride five, not four. 

And with the front seats 

Alliance's 1.4 litre 

52 � 1371 �jG" 
engine is electronically 
fuel injected. Small won­
de�then, thatAlliance 
produces such outstand­
ing mileage.** 

'IRE AWARDS: 
MotorTrend experts name Alliance 

1983 ear of the Year. 

Finalists were judged for 
styling and design, qual­
ity, comfort, ride and 
drive, handling, fuel 

economy, performance 
and dollar value. 

"T he Renault Alliance 
is the best blend of inno­
vation, economy, and 
fun-to-drive we have 
seen in almost a decade. 
Moreover, it represents a 
uniquely successful blend 
of outstanding 

European engineering 
and American manufac­
turing know-how." 
-Tony Swan, Editor 

Motor Trend Magazine 
And the European 

version of Alliance was 
named Europe's 1982 Car 
of the Year by 52 journal­
ists from 16 countries. 

$5595* 
Built in America. To last. 

Alliance is covered by 
American Motors' exclu­
sive Buyer Protection 
Plan.® With the only full 
12-month, 12,OOO-mile 
warranty that covers vir­
tually every part even if it 
just wears out. Plus a 
five-year No Rust-Thru 
Limited Warranty. ™ 

Renault Alliance. The 
Alliance of quality and 
affordability is here. At 
Renault and American 
Motors dealers. 

o RENAULT 
American Motors ,.-. 

'Manufacturer's suggested retail price for the Alliance 2·door. Price does not include tax, license, destination charges and other optional or regionally 
required equipment. "Compare 1983 EPA estimates for the Alliance 2·door with estimated MPG for other cars. Your actual mtleage depends on speed, tnp 
length and weather. Actual hlghway mileage and CA figures will probably be lower. 
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Over 300 manufacturers 
sell their microcomputers 
with Microsoft softWare. 

There's a reason. 
Powerful simplicity. That's the concept behind 
every software program we write. Powerful programs 
that let you spend more time thinking about the 
problem ... and less time thinking about the computer. 
That concept has earned us the confidence of over 
300 microcomputer manufacturers. Starting with the 
very first microcomputer you could buy. And today, 
Microsoft® languages, operating systems and applications 
software are running on well over a million micro­
computers. Worldwide. 
Made for each other. Manufacturers literally build their 
computers around Microsoft software. That's no exag­
geration. In fact, Microsoft frequently participates in the 
initial design and development of microcomputers. 
That's a major reason why Microsoft software runs so 
well on the majority of the world's 8- and 16-bit systems. 
User-oriented. Microsoft is the only software supplier 
to offer a full range of compatible operating systems, 
languages, utilities and applications programs. If you're 
not a computer expert, here's what that means to 
you: Better programs. Programs that are not only more 
powerful, but easier to learn and use. 
Better tools. We can't buy your trust. We have to earn 
it. With better products. Tools you can easily 
use to solve complex problems. We started 
with the first BASIC for the first 
microcomputer. Today, we 
offer a broad range of 
proven tools for micro­
computers. Including 
SoftCardTh1 and 
IBM® RAMCard� 

products that materially increase the capabilities of 
Apple ® and IBM PC computers. Plus, business and 
management software such as Multiplan� the pow­
erful electronic worksheet you can learn to use in just 
a few hours. Better tools. Because they're designed 
specifically for your computer. 
Ask y our Microsoft dealer. Most microcomputer 
manufacturers offer their systems with some Microsoft 
software, but you' ll undoubtedly want more. Pro­
grams and languages that solve your specific problems. 
Programs for your industry, business or home. Pro­
grams that do more, yet ask less. Ask your computer 
software dealer for a demonstration. You'll see why 
more than 300 microcomputer manufacturers offer 
their systems with Microsoft software. The reason 
is powerful simplicity. 

BETTER TOOLS FOR MICROCOMPUTERS 

MICROSOFl: 

Microsoft is a registered trademark. 
and Multiplan. SoftCard, RAMCard and the 

Microsoft logo are trademarks of Microsoft Corporation. 
Apple and the Apple logo are registered trademarks of Apple 

Computer, Inc. IBM and the IBM togo are registered trade­
marks of International Business Machines Corporation. The 

Radio Shack togo is a registered trademark of Radio Shack, a 
Division of Tandy CorJX)r8tion. The BurroughS logo is a registered 

trademark of Burroughs Corporation. The Victor logo is a registered 
trademark of Victor Business PrOOucts. T he wang logo is a registered 

trademark of Wang Laboratories. Inc. 
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resched uling, however, was recognized 
in neural pacemakers only five years 
ago. The data on strong rescheduling 
had been published some time before, 
but it took almost a decade for the dis­
tinct pattern to be recognized. The exis­
tence of strong rescheduling in neural 
pacemakers has now been confirmed 
by many workers, most recently by Jose 
Jalife and his student Joseph J. Salata of 
the Upstate Medical Center of the State 
University of New York at Syracuse. 
lalife and Salata found both weak and 
strong rescheduling by stimulating the 
sinoatrial node of the rabbit and exam­
ining the subsequent impulses of the 
pacemaker. 

As we shall see, the fact that the pace­
making apparatus of the heart is capable 
of strong rescheduling provides a cru­
cial link in the argument leading from a 
single small stimulus to fibrillation. To 
understand how this could be so it is 
necessary to consider the latency in de­
tail. As noted above, for each stimulus 
there are many latencies, corresponding 
to the many beats that follow the stim­
ulus. For the purposes of topological 
analysis it is advantageous to subtract 
from each latency any complete natural 
periods incl uded in it. There is a scheme 
for visualizing the result of this opera­
tion that leads directly to the topological 
argument. 

Imagine a ring with a circumference 
eq ual to the natural period of the pace­
maker. The ring is marked with a full 
cycle of colors arranged in the order of 
the spectrum that just fits around the 
circumference. Since the circumference 
of the ring is equal to the natural period, 
each color can be made to stand for a 
particular fraction of the period. For 
example, if red stands for a negligibly 
short latency, then yellow stands for a 
latency of about a third of the period, 
blue a latency two-thirds of the period 
and red again a latency one full natural 
period long. 

Visualize the latency following a par­
ticular stimulus as being represented by 
a long, infinitesimally thin cord. One end 
of the cord corresponds to the time of 
application of the stimulus. A short �is­
tance away is the point correspondmg 
to the first beat after the stimulus. The 
points marking the subsequent beats fall 
at intervals along the cord. The stimulus 
end of the cord is held against the red 
section of the colored ring and the rest 
of the cord is wrapped around the ring 
as many times as it will go. 

When this procedure is carried out, 
the points representing beats after 

the stimulus lie on top of one another. 
Their position on the ring indicates the 
fundamental latency, that is, the time 
elapsed from the stirn ulus to each subse­
quent beat, minus any whole number of 
natural periods that can be subtracted. 
If the points happen to lie in the red part 

QUESTAR ® • • •  the telescope that can take it 
A Questar's durability is the thing 
that amazes so many owners. That 
an instrument so small and so beau­
tiful can exhibit such toughness in 
the clinches is the quality that 
astonishes almost as much as its 
unique optical performance. Hubert 
Entrop, who sends us those great 
deep-sky photographs, keeps writing 
to tell us how he sometimes gets his 
best shots of galaxies and nebulas in 
areas that are exposed to sudden 
mountain squalls and gusting winds, 
but his Questar keeps guiding 
steadily along. Now comes a letter 
from Wings, a group that specializes 
in safaris to far away places. Will 
Russell, their leader, writes: 

"WINGS now owns five Questars 
and during the last two years we've 
used them at Pt. Barrow, Alaska, in 
Kathmandu and Jerusalem, along the 
Amazon, in Kenya, Siberia, Thailand 
and many places in between. We've 
used them in the steaming tropics 
and sub-zero cold; in blizzards, dust 
storms, Atlantic hurricanes, Pacific 
typhoons and just about every other 
sort of weather. We've dropped 

Our booklet describing Questar. the world's 
finest, most versatile telescope. contains an 
astonishing collection oj photographs by Questar 
owners. Send $2 Jar mailing. 

costs on this can· 
tinent; by air to S. America. $3.50; Europe and N. 
AJrica. $4.00; elsewhere. $4.50. 

them, kicked them over, watched 
them blow over, had them partially 
dismantled by foreign security 
guards, run over by airlines luggage 
conveyors and temporarily con­
fiscated. In short, in the past 24 
months we've learned quite a lot 
about using Questars." 

And so, whether you propose to 
use your Questar on your patio or in 
one of those distant spots where 
Russell's Questars have been put 
through their paces, you will be 
reassured to know that Questars can 
take it. We like to think that every­
one babies his or her Questar, but 
obviously Wings isn't able to do this 
and the instruments not only survive 
but turn in fine performances. 

It is nice to know, too, that this 
old, established company still guar­
antees its product for ten years 
against defective parts and workman­
ship. Even Questars that have fallen 
down a flight of stairs or were 
dropped out second story windows, 
have turned up here to be put back 
together for a whole new useful life. 

© 1982 Ouestar Corporation 
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SCIENTIFIC AMERICAN Medicine. 

The answers that you get from 
SCIENTIFIC AMERICAN Medicine are cur­
rent , because each month new chapters 
replace the old . You will know where 
to look for the answers , because this 
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s t ru c t u r e  of m e d i c al  knowled g e , 
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Comprehensive . Leading authori­
ties from Harvard and Stanford cover 
the full range of medicine for you the 
seasoned clinician . 

Complimentary CME . At no extra 
cost , we offer a CME program in which 
you can earn 32 top credits* per year. 

Trial Offer. We invite you to try 
SCIENTIFIC AMERICAN Medicine for two 
months with our compliments . Send 
us the coupon and you will receive the 
two-volume text and two monthly up­
dates . You may also take a CME test for 
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decide to continue the subscription , 
you will owe us $220 for the first 12 
months (current renewal is  $ 17 0 ) ;  
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Please mail the coupon today so that 
we can put medical progress to work 
for you . 
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Pennsylvania,  1-800-662-2444) . 
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Computerized scintigraphy reveals pulmo­
nary thromboembolism. 

Abdominal computed tomogram 
reveals large renal carcinoma 
replacing part of right kidney . 

Echocardiograms from patients with 
aortic regurgitation. 
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The Hughes story continues . . .  
- -

nglneerlng 
lory. 

Beg i n s  with you . You r talent .  You r s k i l l s  and H ughes 
Su pport Syste ms.  

H u g hes Aircraft Company.  A p ioneer  i n  h i g h  tech nology 
electronics .  

H u g hes Su pport Systems provides a broad and 
deep spectrum of su pport act iv it ies i n c l u d i n g :  
f i e l d  engi neeri n g ,  logist ics su pport,  trai n i n g  of 
customer personnel  on H ughes'  systems,  
tech n i cal manuals and other trai n i n g  
m ater ia ls .  P rod u ct l i n e s  inc lude 
computer ized trai n i n g  s i m u l ators and a 
wide variety of automatic test systems.  

H u g hes support eng ineer ing 
capab i l i t ies encom pass programs 
rang i n g  from electro-optics ,  lasers 
and m issi les to ai rborne radar 
systems.  H u g hes creates the 
e lectron ics - Su pport Systems 
shows the wo rld how 
to use them. 

Th is  d iverse organ i zation 
created the F 1 A- 1 8  
S i m u l ator.  E lectronical ly ,  
t h i s  device uses a 
com b i n at ion of 
state-of-the-art 
d isc ip l i nes to recreate 
the s ights ,  sounds and sen sat ions 
of f l ight .  

With 1 , 500 d i fferent projects company-wide,  
H u g hes offers chal lenge and tech nological  g rowt h .  

O u r  cu rrent openings i n c l u d e :  Log istics Support Analysis 
AnaloglDig ital C i rc u it Design Mai ntai nabi l ity 
Automatic Test Systems Design Prod uct Su pport 
Cal i b rat ion P roject E n g i n eer ing 
E lectro-Optical Test ing Real-Time Program m i n g  
E lectro-Optics C i r c u i t  Design Software E n g i neer ing 
E n g i neer ing Writ ing Systems E n g i neer ing 
Fie ld E n g i neer ing Trai n i n g  E n g i neer ing 

If  you ' d  l i ke to be part of a story that's st i ll u n fol d i n g ,  
write you rself i n .  S e n d  you r res u m e  to: 

H u ghes Su pport Systems 
A 1 /1 B404 , Dept.  950 Creating a new world with electronics 
P . O .  Box 9399 r - - - - - - - - - - - - - - - - - - -, 
Long Beac h ,  CA 908 1 0-0463 I I s�s Cit izenship ReqUiresual Opportun ity Employer i H U G  H E S i pport ystems � _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  � 

H U G H E S  A I R C R A F T  C O M P A N Y  

Write yourself in. 
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o -------COUPLING INTE RVALL======-�> 1 

LATENCIES CAN BE ASSIGNED COLORS by means of a cylin­
der with a full cycle of colors around its circumference; the colors 
are arranged in the order of the spectrum (a). The circumference of 
the cylinder equals one natural period. Therefore each hue can rep­
resent a fraction of the natural period. Red stands for a latency of 
zero or one full period. The graphs of weak and strong rescheduling 
shown in the illustration on page 148 are placed against the cylinder 
with the bottom edge of each graph (equivalent to a latency of zero) 
resting on the red band. The graphs are then wrapped around the cyl­
inder; each square panel of the graph wraps exactly once around the 
circumference (b). In weak and strong rescheduling successive beats 
after the stimulus occur one period apart. Hence after the wrapping 
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STRONG 

- - - - - - - -
- -

-
-

-

- - - - - - - -
- -

-
--

successive rows in each graph lie on top of one another. The proce­
dure removes any complete natural periods from the latency. The 
cylinder with the graph wrapped around it is slit open along the edge 
of the red band and laid flat, yielding a row of dots on a square panel 
(c). The row of dQts represents the latencies that result when a particu­
lar stimulus is applied with a coupling interval varying over the natu­
ral period. The colors on which the dots lie are arranged horizontally 
according to the coupling interval (d). The sequence at the left shows 
weak rescheduling. The sequence at the right shows strong reschedul­
ing. If the stimulus were too small to affect the timing of the next beat, 
the wrapping would yield a horizontal sequence beginning with red 
and running smoothly through the full cycle of colors back to red. 
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of the ring, the fundamental latency is 
equal to zero or the natural period of 
the system. If the points lie in the yellow 
part, the fundamental latency is about a 
third of the natural period. Because the 
colors of the ring correspond to frac­
tions of the natural period, the latency 
has been assigned a color that stands for 
its length. 

Any stimulus that yields weak or 
strong rescheduling merely offsets the 
natural cycle of the pacemaker. Any 
such stimulus, depending on its timing, 
can therefore be associated with a fun­
damental latency and hence with a color 
on the ring of latencies. N ow consider 
what happens when the colors that stand 
for latencies are put in the appropriate 
places on a rectangular graph with coor­
dinates representing the coupling inter­
val and the strength of the stimulus. 

The coupling interval is shown along 
the horizontal axis at the bottom of the 
rectangle, with zero at the left and one 
full period at the right. The strength of 
the stimulus is shown along the vertical 
axis at the left edge of the rectangle, with 
zero at the bottom. The points along the 
lower edge of the rectangle represent the 
result of applying a negligible stimulus 
at a coupling interval ranging from zero 
to one full period. As I have indicated,  
such a stimulus yields latencies that de­
crease smoothly through one natural pe­
riod. Therefore when each point along 
the lower edge of the rectangle is as­
signed a color according to its funda­
mental latency, a full cycle of colors in 
sequence appears. 

Along the upper edge are the points 
that stand for the result of applying a 
very strong stimulus at a coupling inter­
val that varies over the full cycle; these 
are the conditions leading to strong re­
scheduling. As we have seen, strong 
rescheduling can result in a latency that 
begins at a value of about one and a half 
natural periods, decreases to a mini­
mum and then increases to a maximum 
before returning to the initial level. Thus 
the upper edge of the rectangular graph 
could be colored in a sequence that in­
Cludes green at the left, orange, green 
and blue in the middle and green again 
at the right. 

The colors along the left and right 
edges of the rectangle represent the re­
sult of applying a progressively stronger 
stimulus at a coupling interval of zero 
(at the left) and of one full period (at the 
right). There could be many different 
sequences of colors along the vertical 
edges, but as we shall see the exact ar­
rangement is inconsequential from a 
topological point of view. It should be 
noted, however, that the pattern must be 
the same on both edges. The reason is 
that a coupling interval of zero is equiv­
alent to a coupling interval of one full 
period, and so stimuli given at those in­
tervals must generate the same pattern 
of latencies. 

o 
------------------------COUPLING I NTERVAL----------------------� 

RECTANGULAR GRAPH can be partially filled in with colors that stand for latencies. Each 
point on the graph stands for a specific combination of coupling interval and stimulus strength. 
The color at the point designates the resulting latency. The lower edge of the rectangle includes 
the full cycle of colors that stands for the effect of applying a negligible stimulus at a cou­
pling interval varying from zero to one period. The left and right edges show the effect of apply­
ing a progressively stronger stimulus at a coupling interval of 0 (at the left) or 1 (at the right). 
The upper edge represents strong rescheduling. Moving around the perimeter of the rectangle, 
one cycle of colors from red back to red is traversed. Beginning at the lower left corner and 
moving right, the full cycle of colors is encountered along the bottom of the graph. Up the right 
edge is a smooth sequence from red to green. Across the top is a sequence from green through 
blue, green, orange and back to green. Down the left edge is a smooth sequence from green to 
red: the same sequence as on the right edge but in the reverse order. Thus there is one full cycle 
of colors on the perimeter of the rectangle. When the perimeter has such a cycle, a circle can be 
inscribed somewhere in the rectangle on which the colors of the cycle appear once each and in 
sequence. A topological theorem called the nonretraction theorem shows that it is impossible 
to associate every point inside the circle with a point on the circle itself and also preserve the 
original continuity of the points within the circle. Therefore the theorem implies there is at least 
one point in the interior of the graph that cannot be associated with a color. In other words, 
a particular combination of stimulus strength and coupling interval does not yield a consis­
tent latency. Such a stimulus represents a mathematical singularity. Its effect on the regular 
rhythm cannot be predicted, but it will not result in a mere offset of the pacemaker's cycle. 

The edges of the rectangular graph 
have now been colored. To continue the 
visual exercise imagine a wheel much 
like the ring of latencies, with a full cy­
cle of colors applied to its rim. The 
wheel is placed at the lower left corner 
of the graph and then moved all the way 
around the perimeter of the rectangle, 
beginning by moving to the right along 
the lower edge. As the wheel is moved it 
is turned so that the color on the wheel 
matches the color appearing underneath 
it on the graph. 

What net advance will the wheel 
have made by the time the circuit 

is complete? Along the lower edge of the 
graph the wheel makes one complete 
forward revolution as it traverses the la­
tencies corresponding to a negligible 
stimulus. Going up the right edge, the 
wheel turns from red to green. Along the 
upper edge the wheel turns from green 
through blue, green and orange before 
returning to green; hence the net for-

ward rotation is zero. Going down the 
left edge of the rectangle, the pattern of 
colors on the right edge is encountered 
again but in reverse order. Therefore, 
whatever the effect of going up the right 
edge was, it is reversed by going down 
the left edge. 

It is apparent that the upper edge 
of the rectangle and the vertical edges 
make no ultimate contribution to the 
turning of the wheel: their turns are self­

canceling. When the wheel returns to the 
red area at the lower left corner of the 

rectangle, the only contribution to its 

turning that has not been reversed is the 

contribution of the lower edge of the 

graph. Thus the wheel makes one com­
plete forward revolution as it traverses 
the perimeter of the graph of latencies. 

What about the points in the interior 
of the rectangle? One might expect to 
find that every possible combination of 
coupling interval and stimulus strength 
is associated with some definite funda­
mental latency. It would then follow 
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that every point in the rectangle co uld 
be ass,igned a color. Furthermore, one 
would expect the latency to change con­
tinuously with any small change in cou­
pling interval or stimulus strength, so 
that the colors in the interior of the rec­
tangle would flow smoothly into one 
another without discontinuities. It is the 
s urprising prediction of topology that 
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such a smooth coloring of every point 
is not possible .  

The topological theorem called the 
nonretraction theorem shows that it is 
impossible to completely retract the 
points on the surface of a disk onto the 
boundary of the disk and at the same 
time ensure that if two points are ad­
jacent on the s urface, they will also be 

65 

0 ----------- COUPL ING INTE RVAL ------------7> 1 

"BLACK HOLES" corresponding to singular stimuli (the ones that do not yield consistent la­
tencies) were found by the authors student Eric Best in a computer simulation of the rhythmic 
firing of the squid giant axon. A mathematical model was employed to simulate the response 
of the axon to various stimuli. The stimulus strength and the coupling interval were varied, and 
the resulting latencies were assigned colors. The squid axon is sensitive to both excitatory and 
inhibitory stimuli. Therefore the simulation yielded two rectangles like the one in the illustra­
tion on page 153. The two rectangles can be joined along the line that represents a stimulus 
of zero strength. The result is the colored graph at the left. The black area in each rectangle rep­
resents stimuli after which the axon does not resume rhythmic firing. Surrounding each black 
area is a full cycle of colors in sequence according to the duration of the latency. The colors 
stream in an orderly way from one black area to the other. When points on the graph that have 
the same latency are connected, the result is a set of contour lines like the ones on a topographi­
cal map. The. contours from the squid-axon simulation are shown above. W hen such contours 
represent latencies, they are called isochrons. The number on the isochron indicates a percent­
age of the natural period. The topology of the colored graph would be unchanged if the graph 

were laid out on a region of the heart. If this were done, the isochrons would represent the laten­
cies of the cells in the region of tissue, that is, the interval after which each cell would fire. 

adjacent when they are retracted onto 
the boundary. Only if at least one point 
is not retracted can the rest be rectracted 
while maintaining their original conti­
nuity. A physical example of the impli­
cations of the nonretraction theorem is 
the fact that a thin film of soap in a 
circular holder cannot shrink onto the 
holder unless the film is pricked. The 
topological significance of the pricking 
is that it removes one point from the 
disk, allowing all the other points to find 
appropriate places on the boundary and 
maintain their continuity. When the sin­
gular point is removed, the rest of the 
film can be continuously retracted onto 
the holder. 

As we saw in the exercise with the 
I\. wheel, the perimeter of the rectan­
gular graph includes a complete cycle 
of colors. Some colors, however, appear 
more than once on the perimeter. Green, 
for example, appears at least four times :  
once on the lower edge and three times 
along the upper edge . It can be shown 
that if there is a f ull forward cycle on the 
perimeter of a rectangle, it is possible to 
inscribe in the interior of the rectangle a 
circle on which the colors of the cycle 
appear once each and in order. The non­
retraction theorem implies that all the 
points inside the circle cannot be retract­
ed onto the circle and also maintain 
their original continuity. It is possible to 
imagine the points inside the circle flow­
ing smoothly toward the circle itself, 
perhaps in a pattern where each point 
moves toward the nearest point on the 
circle . No matter what the pattern of 
flow, however, there m ust be some point 
whose neighbors diverge : that point can­
not itself find a place on the circle . 

If some point inside the circle cannot 
be associated with a point on the circle, 
it follows that there is some point inside 
the circle (and hence inside the rectan­
gle ) that cannot be given a color. Since 
each point in the rectangular graph 
stands for a particular combination of 
stimulus strength and coupling interval 
and each color stands for a fundamental 
latency, the nonretraction theorem im­
plies there is some stim ulus that, if it is 
given at a particular time in the cycle, 
does not res ult in a f undamental latency. 

The point in the rectangle that cannot 
be colored is called a singular point, and 
the corresponding combination of stim­
ulus strength and coupling interval is 
called a singular stimulus. The singular 
stimulus will not be particularly large, 
since it falls somewhere within the rec­
tangle . The upper edge of the rectangle 
stands for stimuli that yield strong re­
scheduling and the lower edge for stimu­
li  that yield weak rescheduling. There­
fore the singular stimulus m ust have a 
strength between the strengths of the 
stimuli that yield the two kinds of re­
scheduling. 

As noted above, the fact that a stimu-
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SINGULAR STIMULI have been shown to exist in heart pacemaker tissue b y  Jalife with 
Charles Antzelevitch of the Masonic Medical Research Laboratory. They worked with Pur­
kinje fibers from the heart of the dog. In each panel the upper trace represents the electric po­
tential of the fiber; the peaks indicate firing. The lower trace represents the small constant cur­
rent applied to the fibers to make them fire regularly. The raised segment of the lower trace 
indicates th� application of a small additional stimulus lasting for 200 milliseconds. If the stim­
ulus is applied soon after the beat, the only effect is to delay the next beat slightly (1). If the 
stimulus is given a little later, the fiber stops firing but resumes its rhythm (2). If the stimulus is 
given still later, the rhythmic firing stops and is not resumed (3). The time when a stimulus can 
have such an effect. is called the vulnerable phase. Stimuli with the right strength given in the 
vulnerable phase correspond to the black regions in the illustration on the preceding two pages. 
If the stimulus is given after the vulnerable phase, the next beat is advanced slightly (4). 

Ius has a consistent fundamental latency 
means it y ields an offsetting of the us ual 
rhythm of the pacemaker without elim­
inating the system's natural periodicity. 
The nonretraction theorem implies that 
there is at least one stimulus that does 
not yield such an offsetting. Whatever 
the result of applying s uch a stimulus 
is, it does not preserve the pacemaker's 
normal rhythm. The nonretraction theo­
rem does not indicate what the actual 
result of applying s uch a stimulus to a 
physiological system might be. The sub­
seq uent beats could be unpredictable 
or nonexistent. The particular combina­
tion of coupling interval and stimulus 
strength that yields s uch a result rep­
resents a mathematical singularity : a 
"hole" in the pattern of timing. 

It  should be noted that the finding of 
the singularity depends on the existence 
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of strong resched uling. If  the pacemaker 
showed only weak resched uling, the col­
ors on the upper edge of the rectangle 
would vary through one full cycle, as 
those on the lower edge do.  In the exer­
cise with the wheel the movement along 
the top would cancel that along the bot­
tom: the wheel would make no net for­
ward motion. As a result the nonretrac­
tion theorem could not be applied.  

The topological patterns of weak and 
strong resched uling apply to sim­

ple systems as well as to complex ones 
s uch as the human heart. To determine 
whether the predicted singularity could 
actually exist in a physiological sys­
tem my student Eric Best employed a 
computer to simulate the action of a 
very simple system capable of periodic 
"beating":  a single nerve cell.  The sim u-

lation was based on a well-known set  
of d ifferential equations form ulated by 
Alan L.  Hodgkin of the University of 
Cambridge and Andrew F.  H uxley of 
University College London to describe 
the propagation of the action potential 
along the giant axon (an exceptionally 
large nerve fiber) of the squid.  Best used 
the Hodgkin-Huxley equations to con­
struct a model of rhythmic firing in the 
squid axon. He then simulated the deliv­
ery of a range of stimuli while varying 
the coupling interval. The resulting la­
tency was recorded. 

The giant axon of the squid is sensi­
tive to both excitatory and inhibitory 
stim uli.  Therefore the simulation yield­
ed two rectangles of the kind described 
above, one rectangle for each type of 
stim ul us.  The two rectangles can be 
joined along the horizontal axis cor­
responding to a stimulus of negligible 
intensity. The meas ured latencies were 
marked in the two rectangles and con­
tour lines were drawn connecting points 
with the same latency, m uch as contour 
l ines on a topographical map connect 
points with the same altitude. Contour 
lines that represent latencies are called 
isochrons. When the isochrons had been 
drawn in the rectangles, the contours 
were filled in with colors indicating 
fractions of the natural period. 

The results of the plotting and color­
ing were quite exciting. In both rectan­
gles the isochrons converge on a "black 
hole " :  a singularity where the latency 
is not defined.  A full cycle of isochrons 
rad iates from the perimeter of each 
black hole, a fact that is of considerable 
significance in connection with fibrilla­
tion. When the two rectangles are joined 
along the horizontal axis, the isochrons 
stream in an orderly way from one sin­
gularity to the other. Although the non­
retraction theorem g uarantees only the 
existence of a sing ular point, the black 
holes in the simulation were s ubstantial 
in area. The reason is that the conditions 
of the simulation were adj usted to over­
come the d ifficulty of finding a singular 
point. As we shall see, the conditions in 
the heart also lead to the expansion of 
the singularity into a substantial region. 

Best's findings have since been con­
firmed in actual biological systems by 
other workers. J ohn M. R inzel of the 
National Institute of Arthritis, Metabo­
lism, and Digestive Diseases and Rita 
G uttman of the Woods Hole M arine 
Biological Laboratory found both excit­
atory and inhibitory singularities in the 
squid giant axon. Jalife and Charles 
Antzelevitch of the M asonic Med ical 
Research Laboratory found excitatory 
and inhibitory singularities that termi­
nate the spontaneous firing of the P ur­
kinje fibers of the dog and the sinus node 
of the cat. 

It  appears that the periodicity of any 
pacemaker capable of both weak and 
strong rescheduling can be eliminated 
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by a brief stim ulus with the right magni­
tude and timing. The contraction of the 
human heart, however, is spatially d is­
tributed, and its arrhythmias, or depar­
t ures from the usual rhythm, often have 
the form of rapidly circulating waves 
rather than unpred ictable timing or fail­
ure to fire. In particular, fibrillation is a 
spatial d isorganization of the normal 
contraction. Can the d iscovery of topo­
logically singular points, fascinating as 
it  is, throw any light on the cause of 
fibrillation? 

There is a connection between the sin­
g ularities and circulating waves, b ut in 
order to understand the connection it 
is necessary to consider how waves of 
electrical impulses propagate in the 
heart. In heart m uscle the electrochemi­
cal impulses that trigger a contraction 
propagate without attenuation. Each fi­
ber restores the passing signal to its full 
strength before the s ignal is transmitted 
to a neighboring cell.  Therefore if the 
signal could be deflected into a circu­
lar path, it  could continue propagating 
around the heart indefinitely. The phe­
nomenon is referred to in modern clini­
cal terminology 

,
as reentry. 

The continuous circulation of an elec­
trical wave in the heart can become 

established only if the circular path of 
the wave is too long to be traversed 
within the refractory period that follows 
each action potential. If  the period of 
the circulating wave were shorter than 
the refractory period, the wave would 
disappear after a single circuit because it 
would then enco unter fibers still unable 
to fire. I t  is now known that waves can 
circulate on an appropriate path in the 
heart. Indeed, waves circulating around 
an obstr uction such as the opening of a 
blood vessel or a patch of dead fibers 
have been shown to underlie several 
forms of arrhythmia. 

It  was long thought s uch waves could 
not circulate in unperforated tissue be­
cause they would quickly cancel them­
selves by propagating across the tissue 
in the center of the circular path. Recent 
work in which comp uters have been uti­
lized to simulate the action of heart tis­
sue has shown, however, that a wave can 
circulate even in continuous tissue such 
as healthy ventricular m uscle. Gordon 
K.  Moe of the M asonic Medical Re­
search Laboratory, l .  A. Abildskov of 
the University of Utah Medical Center 
at Salt Lake City and Werner C. Rhein­
boldt of the University of M aryland at 
College Park were the first to simulate 
an excitable medium like heart m uscle 
and show that c irc ulating, or rotating, 
waves can exist. V. 1 .  Krinskii of the 
Institute of B iophysics of the U.S .S .R.  
Academy of Sciences and his colleag ues 
have found that a single rotating wave, 
or rotor, can multiply, fragment and 
spread if the tissue has inhomogeneous 
areas s uch as those that frequently result 

from obstructions of the flow of blood 
to the cardiac muscle. S uch rotors can 
circulate faster and in a m uch smaller 
space than had been tho ught possible. 
This work yields the best theoretical 
model of fibrillation. 

Allessie and his colleagues Felix 1 .  M .  
Bonke and F .  J. G .  Schopman were the 
first to observe rotors in actual heart 
tissue. The Dutch workers were able 
to ind uce a wave circulating about 1 0  
times per second through an unperforat­
ed piece of rabbit tissue.  They employed 
an array of moving electrodes to record 
the impulses in the tissue. The position 
of the wave front was plotted as a se­
q uence of isochronal contours.  As the 
wave rotates, the inner endpoint of each 
isochron describes an irreg ular loop less 
than a centimeter across. Similar isoch­
ronal maps of ventricular fibrillation 
have been obtained by M. l. l anse and 

F .  J. van Capelle of the Hospital of the 
University of Amsterdam. 

As I have mentioned, the nonretrac­
tion theorem does not predict what kind 
of arrhythmia might be caused by a 
stimulus in the singular region. The the­
orem predicts only that s uch a stim­
ulus exists. The topological argument 
is therefore quite limited in predictive 
power. On the other hand, the topologi­
cal principles have a more general inter­
pretation than I have given them so far. 
The principles of pacemaker timing giv­
en above could apply to a spatially dis­
tributed system as well as to a single 
contracting m ass.  In a spatially extend­
ed system the isochronal contours in the 
rectang ular graphs could be mapped 
onto a region of tissue.  They would rep­
resent the electrical activity d istributed 
over the tissue at a given moment rather 
than the accumulated results of stimu-

BLACK HOLE SURROUNDED 
BY LATENCY COLORS 

AUTHOR'S HYPOTHESIS of how fibrillation could begin includes two gradients: one of 
stimulus strength and one of timing. The transverse overlapping of the gradients results in a 
mathematical singularity in the heart. The illustration shows a small rectangular area of car­
diac tissue in schematic form. The wave passing through the tissue from right to left is an im­
pulse from the heart's pacemaker. As the wave passes, the fibers fire in turn. The fibers to the 
left of the peak fired almost a full period ago and will soon fire again. Those at the peak are just 
firing. The fibers immediately to the right of the peak have just fired. Thus all values of the 
coupling interval from zero to one period are laid out along the front of the rectangle. One of 
the nerves that modulate the action of the heart has endings that are densely concentrated 
near the rear of the rectangle. The endings become sparser with the distance toward the front 
of the rectangle. As a result a stimulus from the nerve will be strongest at the rear of the rectan­
gle; its strength will decrease with the distance toward the front of the rectangle (tilted plaue). 
Thus the latency diagram, with coordinates of stimulus strength and coupling interval, is laid 
out on the rectangle of tissue. It follows that somewhere in the rectangle there is a combina­
tion of stimulus strength and coupling interval that does not yield a consistent latency. Radiat­
ing from the singularity is the complete sequence of isochrons. When a stimulus from the nerve 
strikes the rectangle, the fibers around the singularity begin to fire in the order of their latencies, 
which corresponds to the sequence of isochrons. This is an ideal setup for starting a rotating wave. 
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The IBM Personal Computer XT. 
More power to the person. 

Plenty of muscle . That's what the new 
IBM Personal Computer XT means to 
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lating a single fiber or a single pacemak­
er in many different trials over a peri.gd 
of time. The logic of the topological ar­
g ument would be unchanged by such a 
transformation. Each point in the graph 
would still correspond to a combination 
of stim ulus strength and coupling inter­
val, but the point would also represent a 
position in the system. The color of the 
point would give the latency at that posi­
tion. In add ition s uppose the spatially 
distributed resched uling action of the 
human heart turns out to resemble the 
resched uling of the squid axon as de­
scribed in the Hodgkin-Huxley equa­
tions and simulated by Best.  The crucial 
part of the resemblance would be the 
existence around each singularity of the 
full cycle of isochrons: the "rainbow" 
sequence of colors that surrounds the 
black hole. 

How could such a rainbow be formed 
on the surface of the human heart 

and what would its conseq uences be? 
Consider a small rectang ular p iece of 
the m usc ular wall of the ventricle. Suc­
cessive electrical waves from the pace­
maker move contin ually across the tis­
sue.  For the sake of vis ualization it is 
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convenient to imagine that the wave 
fronts are passing from right to left 
thro ugh the rectangle. Now s uppose the 
length of the rectangle is ro ughly equal 
to the wavelength of the impulse. There 
will be one peak of the wave in the rec­
tangle. The fibers at the peak are j ust 
firing. The fibers slightly to the left of the 
peak fired almost a full cycle ago and 
are about to fire again. The fibers to the 
right of the peak fired a short time ago as 
the peak passed; the fi bers farther to the 
right fired longer ago. Thus all possible 
co upling intervals from zero to one nat­
ural period are laid out along the front 
of the rectangle.  

Spread thro ughout the tissue are end­
ings from several major nerves. The 
end ings, however, are not evenly d istrib­
ute d .  The strength of a nerve impulse 
is proportional to the density of the 
endings. S uppose the region at the back 
of the rectangle has a higher density 
of end ings than the region at the front. 
An impulse from one of the nerves will 
therefore decrease in strength from the 
back to the front of the rectangle. 

N ow, when a nerve impulse enters the 
rectangle, the grad ient of its strength 
will be transverse to the grad ient of cou-

O L-________________________________________________________ � 
0 ____________ COUPLING INTERVAL ----------�:> 1 

TARGET shows the stimuli that can cause fibrillation in intact hearts. The upper part of the 
graph is based on qualitative clinical data; the lower part is based both on such data and on 
more precise information from work with animals. In the outer ring are stimuli that cause an 
extra beat when they are applied to the heart. In the middle ring are stimuli that cause several 
extra beats. In the inner area are the stimuli that cause fibrillation. The topological argument 
presented here guarantees the existence of only one combination of stimulus strength and cou­
pling interval that could start a rotating wave at a specific point on the heart. In the actual 
heart, however, at any one moment there are gradients of timing and stimulus strength. Such 
gradients increase the range of stimuli that can give rise to a rotating wave somewhere on the 
heart. If the applied stimulus is too large to give rise to a rotating wave, it could have the right 
strength a short distance away. If its timing is not right at the point of application, it could be 
right a short distance away. The many combinations of stimulus strength and timing that could 
give rise to a rotating wave in an intact human heart are shown in the bull's-eye of the target. 
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pling intervals along the path of the 
pacemaking wave . The result of such 
an arrangement is that the rectangular 
graph of coupling interval and stim ulus 
strength is laid out in an orderly way on 
the rectangle of heart m uscle. If  these 
cond itions are met, then somewhere in 
the block there must be a black hole, a 
point where the coupling interval and 
the impinging stim ulus do not give rise 
to any well-defined latency. 

If, as I have hypothesized,  the re­
sched uling action of the heart resem bles 
in its essentials that of the squid axon, 
then arrayed around the black hole 
there is a rainbow of isochron colors 
stand ing for a complete seq uence of la­
tencies. Each isochron runs through car­
diac fibers that fire after the same delay 
following the stim ulus from the nerve. 
Thus the stim ulus could y ield a rotat­
ing sequence of firings around the point 
that represents the singularity. 

As visualized here, the rainbow of iso­
chron colors would be confined to about 
a sq uare centimeter, which is ro ughly 
the area occupied by the rotors observed 
in heart tissue. It  is difficult to imagine a 
better setup for starting a rotating wave 
than s uch a black hole s urrounded by 
the rainbow of latencies. Furthermore, 
if the cardiac tissue includes many inho­
mogeneities, the rotor would be shat­
tered into many small waves. By this 
process the rotor generated by a re­
scheduling singularity could ultimately 
be transformed into the catastrophic ar­
rhythmia of fibrillation. 

The grad ients of timing and stim ulus 
strength that exist in profusion in the 

human heart could make it easier for 
fibrillation to start. To understand how 
this could be so, consider the following 
argument. The topological arg ument 
guarantees only the existence of one sin­
g ular point: a unique combination of 
coupling interval and stimulus strength. 
If the human heart were made up of an 
ideal tiss ue in which all impulses were 
transmitted instantaneously and all fi­
bers contracted simultaneo usly, then 
it would be necessary to d uplicate that 
combination exactly to ca use fibrilla­
tion. The black hole would be an infini­
tesimally small point. 

The heart of a large mammal such as 
man, however, is very different from 
such an idealized organ. As noted 
above, the timing of firings and the 
strength of stim uli vary considerably 
even across short d istances. As a result 
many combinations of stimul us strength 
and timing can give rise to a rotor. For 
example, if a partic ular stim ulus is too 
strong to generate a rotor at the point 
where it is applied, some distance away 
from that point it may have the right 
strength. Similarly, if the timing of the 
stimulus is not correct at the point of 
application, it may well be right a short 
distance away. 
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Imagine again a graph with the cou­
pling ,interval on the horizontal axis and 
the stimulus strength on the vertical 
axis. On the graph are plotted the stim uli 
that can cause fibrillation. For the heart 
composed of an ideally uniform tissue 
the target created in this way is a single 
point. For the actual heart the target is 
enlaFged considerably and is therefore 
much easier to hit. Work with animals 
shows there is indeed a substantial re­
gion of the graph where fibrillation can 
result; stimuli o utside the target region 
do not cause fibrillation. The principle is 
exemplified in cases of accidental death 
by electrocution. It  has also been em­
ployed to stop the beating of the heart 
d uring delicate open-heart operations. 

In his final paper George M ines made 
three generalizations about fibrillation 
that have since been borne out by m uch 
clinical experience. First, fibrillation can 
be triggered by an untimely electrical 
impulse, that is, one coming in the vul­
nerable phase. Second, fibrillation fre­
q uently involves the reentry of circulat­
ing imp ulses. Third, fibrillation is fa­
vored by almost any departure from 
spatial uniformity in the target tissue or 
in the stimuli from the nerves that infil­
trate the tissue. The topological argu­
ment given here el ucidates the connec­
tions among these three empirical gen­
eralizations. 

For the moment this is as far as either 
clinical o bservation or topology can 
take us. If the topological mechanism 
proposed here is correct, its clinical im­
plications could be somewhat bleak. 
The heart is continually bombarded by 
electrical impulses from many sources. 
The possibility of a singularity resulting 
from s uch imp ulses cannot be eliminat­
ed witho ut eradicating the strong re­
sched uling property of the pacemaker's  
membranes. If  this  is not possible or de­
sirable, then the challenge to preventive 
medicine is to make the black holes as 
small and as inaccessible as possible. 

Some of the unanswered q uestions 
s uggested by the topological analysis 
may well lead to the most interesting 
clinical results. I t  appears that all hu­
man hearts are s ubject to bombard­
ment by electrical impulses. Only some 
hearts, however, develop fibrillation. 
Under what conditions does a resched­
uling sing ularity t urn into a rotor? When 
is a rotor transformed into many scat­
tered smaller waves? When does it sim­
ply die out into harmless synchronized 
activity? Can the conditions necessary 
to transform the singularity into fibril­
lation be identified and possibly con­
trolled by drugs that alter the electrical 
properties of the cardiac tissue? These 
are questions that have long concerned 
cardiologists. By call ing attention to 
them in a mathematical context topol­
ogy may ultimately make a significant 
contrib ution to overcoming sudden car­
d iac death. 
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THE AMATEUR 

SCIENTIST 

What causes the "tears" that form 

on the inside of a gJass of wine? 

by J earl Walker 

W
hen wine is left standing in a 
glass for a few minutes, a curi­
ous array of drops is likely to 

appear on the inside of the glass above 
the surface of the liquid, particularly 
if the wine has a fairly high alcoholic 
content. The phenomenon is known as 
"tears of strong wine." It was examined 
as early as 1855 by James Thomson, a 
British engineer and physicist, who con­
cluded that it did not arise from the con­
densation of water on a cool surface, 
since the drops appeared even when 
the glass was at room temperature. He 
thought the drops formed as a result of 
variations in the surface tension of the 
wine as alcohol evaporated from a thin 
film of wine on the wall of the glass. 

The formation of the tears has since 
figured in the general study of circula­
tion patterns in liquids varying in sur­
face tension. Although such motions 
have been studied for more than a cen­
tury, the physical events are still not 
understood in detail. The motions are 
interesting to a physicist because they 
serve as a tool in the study of surface 
tension and the stability of circulation 
patterns in liquids. They are also impor­
tant because they can be found in many 
industrial and biological processes. 

Although Thomson's explanation for 
the tears of strong wine was basically 
correct, his work was apparently ig­
nored until 1869, when the entire subject 
of motion resulting from surface ten­
sion was reviewed by Gustav L. van der 
Mensbrugghe in a Belgian journal. The 
priority of the research was challenged 
two years later in Italy by Carlo Maran­
goni. Thomson's early work was virtual­
ly forgotten, and Marangoni's name is 
now attached to liquid motions driven 
by surface tension. 

Thomson's explanation was a simple 
one based on the observation that when 
alcohol is added to water, the surface 
tension of the water decreases. Hence 
wine has less surface tension than pure 
water. If the wine is exposed to air, the 
alcohol in it continuously evaporates, 
creating areas of higher tension on the 
surface. Such an area pulls on the ad-

162 

Jommg liquid and starts it in motion. 
The more visible formation of tears 

on the wall of the wineglass is due to the 
same kind of variation in surface ten­
sion. The surface of the liquid is curved 
at the wall because the surface tension at 
the interface of the wine and the glass 
pulls the wine up the wall a little way. 

Alcohol evaporates from this film, in­
creasing the surface tension of the liq­
uid there and causing more wine to be 
pulled up. Thomson noticed that the ad­
ditional liquid tends to form a thick ring 
at the top of the film. As the alcohol 
evaporates and the surface tension in 
the ring increases, the liq uid begins to 
contract into small drops. More liquid 
is pulled up. More alcohol evaporates. 
The drops get"larger. Finally a drop gets 
heavy enough to slide back down into 
the wine. Soon another drop forms in its 
place because evaporation continues in 
the film and fresh liquid is constantly 
pulled up. The process continues until 
so much alcohol has been removed that 
the variation in surface tension gets too 
small to keep the cycle going. 

Thomson tested the role of evapora­
tion by corking a partly filled vial of 
wine. After shaking the mixture he ex­
amined the film on the interior wall. No 
tears of wine formed and no motion 
was apparent in the film except normal 
drainage. Then he removed the cork, so 
that fresh air entered the vial. Under 
these conditions, he reported, "a liquid 
film is instantly to be seen creeping up 
the interior of the vial with thick or vis­
cid-looking pendent streams descending 
from it like a fringe from a curtain." 
When the cork was in place, shaking so 
saturated the air in the bottle with alco­
hol that no more evaporation was possi­
ble. Fresh air restored both evaporation 
and the cycle whereby liquid was driv­
en into motion by the variation in sur­
face tension. 

I demonstrated the formation of tears 
with several kinds of alcoholic bever­
age. First I poured a small amount of 
94.6-proof gin into a watch glass. (The 
concentration of alcohol by volume is 
half the proof number.) Four tears 

formed almost immediately near the 
rim of the glass. The region between a 
tear and the rest of the gin was visibly 
wet and occasionally showed motion. I 
doubt that I saw gin flowing up the sides 
of the watch glass, since gin is transpar­
ent; it is more likely that I was seeing 
dust motes caught up in the flow. To 
improve the visibility I dusted the sur­
face of the gin with lycopodium powder. 
The microscopic spores of the powder 
rest on top of the gin instead of sinking. 
Talc and other household powders that 
are not readily wetted by water and al­
cohol can serve in place of lycopodium. 

With the powder in place as a tracer I 
could follow much of the flow of gin 
up the side of the glass. In general the 
motion was irregular, but below a spot 
where a tear formed the flow was mainly 
upward. (The irregular flow elsewhere 
results because the film is evaporating 
and thus varying in surface tension from 
place to place.) 

A tear would eventually slide abrupt­
ly down into the gin or would descend 
gradually until it touched it. In the latter 
case the drop jerked a little way back up 
the wall after touching the gin. The rea­
son is mainly that the drop loses liquid 
when it touches the surface. It is then 
lighter and more responsive to the sur­
face tension pulling upward than to its 
weight pulling downward. The jerk is 
also promoted by the sudden difference 
in surface tension at the interface of the 
drop and the gin. 

A drop touching the gin injected a 
small jet of liquid into the gin. The jet is 
visible because it has an index of refrac­
tion different from that of the rest of the 
gin and therefore bends the light rays 
crossing through it. The difference in re­
fractive index probably results from two 
factors: the jet has both more alcohol 
and greater density than the gin around 
it. The jet is denser because the liquid 
has been cooled by the evaporation that 
causes tears to form. 

I next poured about a cup of 80-proof 
rum into a porcelain bowl and added 
a small amount of chocolate flavoring 
at one spot near the edge of the liquid. 
Beautiful purple patterns raced through 
the rum. The colored lines were quite 
lively, apparently driven by strong vari­
ations in the surface tension at the top of 
the mixture and by circulation systems 
within it. 

I put the bowl in a warm oven (its 
temperature somewhat below 93 de­
grees Celsius, or 200 degrees Fahren­
heit). Tears soon formed on the inside 
surface of the bowl. With a flashlight 
and a small magnifying glass I exam­
ined the edge of the rum. Small, undis­
solved particles left from the flavoring 
served to trace the liquid motion. The 
particles darted toward and away from 
the edge, revealing a vigorous and com­
plex circulation of liquid there. 

Food coloring turned out to be a bet-
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Movements caused in vodka by surface tension, as traced by red wine 
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ter tracer. A small drop added to isopro­
pyl alcohol in a porcelain cup colored 
one section of the perimeter. I watched 
as a small colored section of the alco­
hol reached the perimeter of the cup 
and began climbing through the invisi­
bly thin film of alcohol and water lining 
the wall, finally entering a tear that had 
already formed on the wall. 

I next made a simple but crucial test 
of Thomson's hypothesis that the drops 
appear only because of a difference in 
the surface tension in the film on the 
wall. Suppose the alcohol contains no 
water. Then the surface tension would 
hardly vary as the alcohol evaporated 
on or near the wall. Indeed, it would not 
vary at all except for the changes caused 
by the fact that the liquid cools as it 
evaporates. 

Working with a pair of identical cups, 
I poured a quantity of 70 percent isopro­
pyl alcohol into one cup. In the other I 
poured half as much alcohol and then 
added enough water to bring the surface 

LiqUid pulk:d Into 
"tear" by sTrong 
5urface tene>ion 

Surface tc:.n�ion 
larger in film than 
in bulk liquid 

level up to that of the first cup. I gave 
both cups a brief swirl to wet the sides. 
Many tears formed quickly above the 
diluted sample. Only a few small tears 
appeared above the concentrated sam­
ple. Thomson was right: water is neces­
sary for a variation in surface tension. 

Any factor that promotes evaporation 
also aids the formation of tears. A warm 
environment, direct sunlight and a wide, 
shallow container help. I made a large­
scale demonstration of tear formation 
employing a serving platter with sides 
that curved upward. A tall glass with a 
small amount of liquid works poorly 
because the evaporation is slow, unless 
you first wet the entire inside wall. Then 
when the alcohol is poured into the 
glass, the liquid film rapidly climbs the 
wall, rising about as high as the remain­
ing wetness. The appearance of tears sev­
eral centimeters above the alcohol mix­
ture seems almost magical. A watcher 
might say the tears are actually drops of 
condensation. To prove their origin you 
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The forces that create "tears of strong wine" 
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can color the liq uid at the bottom of the 
glass. The tears will be colored too. 

You might like to investigate the for­
mation of tears with various alcoholic 
drinks. Beers made in the U.S. do not 
work, at least in my experiments, appar­
ently because they contain too little al­
cohol. Can you find liquids other than 
alcohol and water that form tears? 

As I was investigating the tears of 
I\. strong wine I was writing the article 
about Middle Eastern coffee that ap­
peared in this column last month., The 
drink consists of water, sugar and finely 
ground coffee grains, all brewed togeth­
er and served in a cup along with the 
grains. I prepared so much of the stuff 
that I began to pour it into bowls instead 
of drinking it. When I was cleaning up 
one morning, I discovered a pattern in 
a bowl of coffee left from the previous 
night. Along the edge of the liquid, just 
below the surface, lay a neat array of 
dark lanes of coffee silt, They and the 
intervening clear lanes were each a few 
millimeters wide. 

I was stumped by the pattern. Not 
one of the hundreds of unfinished cups 
of coffee I had left lying around had 
ever shown it. Is Middle Eastern coffee 
somehow special? I prepared another 
batch and left it in the same kind of por­
celain bowl. I saw nothing interesting 
in the period of rapid evaporation from 
the hot surface, but in rechecking over 
the next several hours I began to no­
tice the same pattern developing. Al­
though I sat patiently with a flashlight 
and a magnifying glass, I could not ac­
tually see the lanes growing. Since I had 
tears of strong wine on my mind, I won­
dered if the patterns could be related. 
No, the liquid showed little movement 
up the side of the bowl. 

Perhaps this pattern has been report­
ed before, but I can find no mention of it. 
A silt such as the residue in Middle East­
ern coffee is required, as is sugar. I pre­
pared two bowls of the coffee, one bowl 
with sugar and one without. The next 
morning the one with sugar had a fine 
pattern and the other did not. 

Evaporat'ion is also needed. I put a 
bowl of the coffee in a warm oven and 
quickly got the pattern. Erasing it with a 
gentle swirl, I covered the bowl with 
plastic food wrap. After a while I shone 
a flashlight through the plastic. The pat­
tern was there. I gave the bowl anoth­
er swirl and waited again. The pattern 
would not re-form. 

Apparently the pattern developed the 
first time because the water was able to 
evaporate into the air above the coffee. 
Thereafter the saturation of the air with 
water vapor prevented further evap­
oration. The high concentration of wa­
ter vapor trapped on the inside of the 
plastic wrap was demonstrated when I 
opened the oven door for a look; the 
cool air from the kitchen caused rapid 
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condensation on the inside of the plastic. 
I then set about investigating the for­

mation of the pattern by preparing 
many samples of Middle Eastern coffee 
and pouring them into a wide beaker 
and an assortment of watch glasses. The 
vertical wall of the beaker enabled me to 
examine the sedimentation of the grains 
in the coffee with the aid of a strong 
flashlight. I saw nothing interesting in 
the beaker and expected nothing but the 
usual pattern in the watch glasses. Sur­
prisingly, every batch in the watch glas­
ses failed to form a pattern. I substi­
tuted plastic lids shaped like the watch 
glasses but still could not produce the 
patterns. I was stymied. 

Back with the porcelain bowls, I be­
gan to search for circulation patterns 
near the edge of the liquid by adding 
some kind of tracer. In one trial I inject­
ed a small amount of food coloring by 
inserting the tip of a hypodermic syringe 
just below the coffee level. In another 
trial I dusted the top surface with lyco­
podium powder. I could not discern any 
circulation, but when I left the bowl at 
room temperature overnight, the pat­
tern appeared. 

I tried for similar patterns with other 
mixtures. Neither tea leaves nor grains 
of sand produced a pattern in sugar wa-. 
ter. Apparently the pattern requires fine 
silt lying on the bottom; tea leaves and 
sand are too big. 

With a normal mixture of Middle 
Eastern coffee in a bowl I scraped the silt 
at one side of the bowl and then waited 
for the pattern to form. It did form but 
not in the area I had cleared. This result 
gave me a useful clue to the nature of 
the pattern. Apparently the silt had to be 
near the edge of the liquid. Whatever 
causes the pattern does not appreciably 
transport the silt up the wall of the bowl 
and toward the liquid's edge. 

I made a mixture of Middle Eastern 
coffee and gin with a small amount of 
red food coloring as a tracer. The alco­
hol was poured in slowly after the cof­
fee had cooled for a while. Soon tears 
formed on the upper reaches of the wall 
but the coffee pattern failed to appear. 

From this test, however, I received my 
next clue to the cause of the pattern. 
Whenever a tear slid down the wall and 
into the drink, it cleared a lane through 
the sediment just below the spot where it 
entered the liquid. In this way the drops 
soon produced a pattern resembling the 
patterns I had seen only with the coffee. 
The spacing in the pattern was about 10 
times too large, and the pattern varied 
a lot because the points where the tears 
entered the liquid shifted. 

Perhaps a circulation system at the 
shallow edge of normal Middle Eastern 
coffee generates the pattern in the silt. 
Two mechanisms can drive such a sys­
tem in a naturally evaporating liquid. 
(Natural evaporation takes place with­
out an additional source of heat, such as 
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a stove, to supply the energy for vapori­
zation.) The liquid might move because 
of the variation in surface tension over 
its surface. It might also move because 
the liquid in an upper level becomes 
denser than the liquid under it. A circu­
lation system is created when the condi­
tions altering surface tension and densi­
ty recur as fresh liquid is brought in. 

For example, circulation cells can be 
seen in a cup of hot coffee. Hot liquid 
from the bottom rises to the top, where 
it cools by evaporation as it flows a short 
distance over the surface. Then it sinks 
in narrow, crooked lines to the bottom. 
The cycle continues until the coffee gets 
too cool to sustain it. The cells in hot 
coffee are randomly shaped and con­
stantly changing. In some circumstances 
and with certain liquids they have or­
dered shapes and can be quite beautiful. 

Natural evaporation in liquids drives 
circulation cells because the evapora­
tive cooling increases the density and 
surface tension of the liquid. Either the 
increased surface tension pulls in fresh 

liquid or the denser liquid sinks and is 
replaced by fresh liquid. It is usually dif­
ficult to determine which of these mech­
anisms is primarily responsible for a cir­
culation system. 

According to research published a 
number of years ago by J. C. Berg and 
Michel Boudart of the University of 
California at Berkeley and Andreas 
Acrivos of Stanford University, neither 
mechanism operates unless the liquid is 
deep enough. For water the required 
depth is one centimeter. Shallower wa­
ter displays no circulation systems; deep­
er water has the large circulation cells 
that can be seen in hot coffee. 

Several other liquids investigated by 
Berg, Boudart and Acrivos had circula­
tion systems even when they were quite 
shallow. The investigators monitored 
each liquid as the depth was increased. 
In all liquids except water circulation 
systems first appear when the depth of 
the liquid is about two millimeters. The 
systems are "two-dimensional, worm­
like roll cells." As the depth is increased 
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How the circulation in coffee silt causes sermtions 

The formation of a pattern in a surface film 

5urfacc fi 1m 
of oil and milk. 

to one centimeter the cells increase in 
width and the lines of descending l·iquid 
become more distinct. At a depth of one 
centimeter the circulation cells resemble 
those in hot coffee. The regions where 
the liquid rises to the surface are then 
indistinct. 

Why is water so different? Trace con­
taminants from the air, the container or 
even the experimenter spread a mono­
layer (a layer one molecule thick) over 
the surface, preventing any circulation 
generated by variations in surface ten­
sion. Then only circulation generated 
by variations in density is possible. Ap­
parently a monolayer of contamination 
can stabilize water shallower than one 
centimeter. 

This finding disappointed me. It im­
plied there should be no circulation sys­
tem near the shallow edge of evapo­
rating Middle Eastern coffee. Yet the 
coffee silt revealed a pattern regular 
enough to have been made by hand. The 
coffee was certainly not pure water. It 
contained a lot of sugar and oil, and it 
was exposed to the air for hours. The top 

. surface was undoubtedly coated with 
contamination at least one molecule 
thick. In some places I could even see tiny 
pools of oil. 

Ultimately I succeeded in putting all 
the clues together. The pattern requires 
evaporation, but because of contamina­
tion it cannot arise solely from a varia­
tion in surface tension. The pattern ap­
pears in the fine silt just below the edge 
of the liquid. If the silt is too far below 
the edge, no pattern develops. It forms 
only on a surface of moderate slope, not 
on the vertical wall of a beaker and not 
on the shallow slope of a watch glass. 

Contamination over the surface of the 
coffee surely interferes with the natural 
evaporation of the water from the bowl 
but may not reduce the evaporation at 
the edge as much. When some of the 
water evaporates from an area of liq uid 
at the edge, the remaining liquid is made 
denser because the concentration of sug­
ar and oil is then higher. This section 
sinks. As it descends it sweeps out a lane 
in the silt. Other liquid flows in to re­
place it. Since the circulation depends 
on evaporation, it is normally quite 
slow. Part of the flow can be toward the 
edge along a lane of silt. If the surface 
is not too well stabilized by contami­
nation, part of the flow can be along 
the surface. 

As evaporation continues more of the 
clear lanes are swept clean of silt. Some 
of the intervening lanes of silt may be 
extended toward the edge by the gentle 
circulation system, but the diffuse flow 
does not carry the silt far. The pattern is 
enhanced by the sugar, which makes the 
section of liquid left by the evaporation 
of water near the edge denser. The pat­
tern appears only on moderate slopes. If 
the slope is too steep, the circulation has 
no chance to sweep out lanes of silt. If 
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the slope is too gentle, the liquid layer 
near the edge is too shallow for circula­
tion . . I suppose the layer of contami­
nation is then too close to the layer of 
silt to allow any stabilized flow. The de­
scent of the dense liquid from the edge 
may also be too gradual for the forma­
tion of a pattern. 

I did one final experiment, mixing a 
teaspoon of milk into my usual Middle 
Eastern coffee. The oil in the drink and 
in the milk made a film over the surface. 
As a pattern developed in the silt along 
the edge, this film formed into a simi­
lar pattern. Above the silt lanes was the 
film, extending to the liquid edge. Above 
the clear lanes the surface had no film. 
This arrangement seems to fit exactly 
the circulation system I had visualized 
at the edge of the evaporating coffee. 

Another observation may support this 
analysis. I had made instant coffee with 
milk (the drink is often called white 
coffee) and had not finished it. The 
next morning a pattern of white lines 
streaked the liquid surface. Another pat­
tern of distinct radial lines appeared in 
the liquid left in the spoon with which I 
had stirred the coffee. The depth of the 
liquid did not seem to matter. It was 
about a centimeter in the cup but only a 
few millimeters in the spoon. 

To investigate these patterns I made 
another preparation of white coffee and 
poured the mixture into several watch 
glasses and one metal spoon. I dusted 
one watch glass with lycopodium pow­
der. Off and on for about 10 hours I 
checked the samples, particularly near 
the edge, where I employed a strong 
flashlight and a magnifying glass. Large 
patterns of white lines appeared after 
several hours of evaporation, but I 
could detect no consistent motion of the 
lycopodium powder. In one watch glass 
the pattern resembled the veins in a leaf. 
In another it consisted of parallel lines 
across the entire surface. One pattern 
had what looked like an upswelling be­
cause the white lines extended outward 
from a single point. If I gently disturbed 
one of these patterns with the tip of 
a spoon, it usually reestablished itself 
within an hour or so. 

Near the edge of the liquid in a watch 
glass fine-scale patterns appeared. The 
hair-thin lines of dried milk were rough­
ly perpendicular to the edge. In the 
spoon the shallow coffee developed the 
same kind of fine-scale patterns along 
the edge of the liquid until evapora­
tion had reduced the depth to less than a 
millimeter. Sometimes the radial lines 
in the spoon became pronounced and 
more widely spaced. The coffee itself 
was apparently not necessary, but it did 
facilitate my observations. Thin layers 
of milk evaporating from a watch glass 
displayed the same kind of fine-scale 
patterns along the liquid edge. 

I believe the two types of patterns re­
veal the circulation systems in the evap-

A camera �5 view of a serrated pattern in coffee silt 

How a pattem ill white coffee looks to the camera 

orating liquid. The larger patterns in 
coffee cups resemble the wormlike cells. 
As the liquid flows across the surface 
and then descends, milk particles collect 
over the lines of descent. Hardening 
there, they mark the paths of descent of 
the coffee. In addition they may help to 
stabilize the location of the circulation 
cells, otherwise the cells would be no 
more stable than those in hot coffee. The 
cells also appear to be coupled to the 
gentle circulation of air over the liq uid 
surface. When a bowl of coffee is ex­
posed to the cool air moving downward 

from a cold window, the same milk pat­
terns develop. 

The fine-scale patterns along the edge 
resemble the patterns in coffee silt and 
may be due to the same circulation sys­
tem. Once these milk lines are estab­
lished, they might stabilize the circula­
tion along the edge. As the water con­
tinues to evaporate from the liq uid, the 
white lines harden on the container. 
When white coffee has fully evaporated 
from a watch glass, I can hold the glass 
in sunlight and see a beautiful radial 
pattern of lines. 
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The Henkel Group is West 
Germany's biggest privately­
owned company. It has a consider­
able lead in detergent sales in Ger­
many over such international 
giants as Procter and Gamble and 
Unilever and is the runner-up in 
Europe where it holds the top place 
in the sale of adhesives. Henkel is 
also the world's largest consumer 
and pmcessor of natural oils and 
fats as base materials for chemicals; 
it is, with a turnover of DM 9.1 
billion last year, Germany's fourth 
largest chemical concern, after the 
"Big Three", Bayer, Hoechst and 
BASF. 

The parent company has its 
headquarters at Diisseldorf-Holt­
hausen where it employs 13,036 
people and houses the central 
research and development unit. 
With its 100 or so subsidiaries, 
Henkel manufactures over 8,000 
products in seven main product 
groups (see next page) in 44 coun­
tries and employs 33,583 people 
world-wide. Annual investment 
totals about DM 400 million. 

Although Henkel is perhaps 
best known in Germany for Persil, 
that remarkable detergent which 
last year celebrated its 75th anni­
versary, chemicals are now respon­
sible for more than half the group's 
turnover. It is also worth noting 
that in a world-wide recession with 
its severe impact on the chemical 
industry, including Henkel, the 
group still managed to record an 
increase in sales of 3.5 per cent last 
year. 

As the latest annual report 
comments: "Our company serves 
different customers in many coun­
tries; we are therefore less affected 
by fluctuation in economic 
activity". We pursue a balanced 
expansion of domestic and foreign 
business on the one hand, and of 
consumer products and chemical 
specialties on the other . . .  " 

A Business Profile by Andrew Hargrave 

Henkel: 
Listening to the 
Customer. 

Since its establishment in 1876, Henkel has been a family-owned company. 
Dr. Konrad Henkel, grandson of the founder Fritz Henkel (1848-1930) and 
Chief Executive Officer from 1961 to 1980, is today Chairman of the Super­
visory Board and of the Shareholders' Committee. The close connection 
between the management and the businesslike-thinking family and the 
fulfillment of the corporate policy principles have both contributed to the 
continuously successful development of the company. 

A broad international spread 
has no doubt contributed to the 
competitive strength of this 107 
year-old company. Foreign subsi­
diaries and associates in the U.S., 
Japan, Brazil, France, Italy, Great 
Britain, Spain, Mexico, Indonesia, 
the Philippines, Malaysia and 
elsewhere have more than doubled 
their sales in the past ten years and 
increased their share in the group's 
overall sales (excluding exports) 
from under 40 per cent to nearly 60 
per cent. More than 10 per cent of 
total world-wide sales originate in 
the U.S. 

Strategy, present and future 

Henkel's busine.ss philosophy 
is summed up thus by Dr. Helmut 
Sihler, the Chief Executive Officer: 
"The thrust of our innovative 
efforts comes from the needs of our 
customers." Then again: "We are 
specialists in applied chemistry." 

This twin-track philosophy is con­
firmed by recent examples. Some 
years ago, the German Federal 
Ministry of the Interior decreed 
that, for ecological reasons, the 
phosphate content of detergents 
must be reduced by 25 per cent by 
October 1981 and halved by 
January 1984. As a result of 
research amounting to millions of 
DM over ten years and carried out, 
in part jointly by Henkel and inde­
pendent institutes contracted by 
the company, the phosphate substi­
tute SASIL (Sodium Aluminum 
Silicate) has been developed 
which, the company says, is "toxi­
cologically and ecologically safe" as 
well as efficient. SASIL has by now, 
well ahead of the Ministry's dead­
line, replaced 50 per cent of the 
phosphate content in all Henkel's 
detergents and is being used on 
licence in many other brands the 
world over. 

As a major user of natural oils 
and fats, Henkel is constantly on 

the lookout all over the world for 
new sources of this raw material for 
the production of fatty acids, fatty 
alcohols as well as a wide variety of 
the company's fat based products. 

Researchers have found that 
the plant cuphea normally grow­
ing wild in tropical places such as 
Mexico or Brazil also grows in tem­
perate climates and may therefore 
be suitable for crops yielding fatty 
acids of coconut fat type in the 
northern hemisphere, including 
Europe and the U.S. Thus, this 
important raw material could be 
eventually obtained virtually on 
the doorstep of Henkel's main pro­
duction centers. 

At the Minneapolis, U.S., 
research unit Henkel is experiment­
ing with naturally based polymers 
as contained in guar beans as a 
source of chemicals for a more ef­
ficient recovery of crude oil. Guar 
beans are grown in Texas, near the 
oil fields, but especially in India 
and Pakistan. "Known chemicals 
not so far used for this purpose" are 
being tested as base materials for 
paints and lacquers for metals used 
in the automotive industry - yet 
another example of Henkel's 
twin-track philosophy of customer 
service combined with chemical 
specialist expertise. 

The Persil story and others 

Although more than half of 
Henkel's turnover is in chemicals, 
Persil remains a "flag-ship" of the 
company. The brand name itself 
stems from the ingredients Perbor­
ate and Silicate. 

When it first hit the market in 
1907, Persil was a break-through. 
At a time when the weekly washing 
was a back-breaking, hand-maul­
ing, exhausting chore, a soap pow­
der requiring no washboard, no 
scrubbing, no bleaching soda was a 
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revelation and a godsend to the 
long-suffering housewife. 

Among others, it also laid the 
foundation for laundry automa­
tion. Two world wars temporarily 
interrupted the triumphant march 
of Persil, but each time it was re­
launched with fresh improve­
ments, with new and further 
improved versions coming out 
periodically ever since. 

Diversification has added a 
host of new products to the Henkel 
range. They include Germany's 
first nationally marketed and com­
pletely phosphate-free heavy-duty 
liquid detergent "Liz" and the high­
ly concentrated rinse-softener 
"Fasa". 

Some diversifications which 
realize today high shares in 
Henkel's sales have developed as a 
consequence of traditional Henkel 
activities. So it was only natural, for 
example, to offer consumer goods 
like detergents, cleaning agents and 
disinfectants with which Henkel 
had shown its competence in clean­
liness and hygiene, also to insti­
tutional users just like commercial 
laundries, food service establish­
ments and hospitals. This volume 
user business of Henkel is also 
characterized to a high degree by 
innovations. Henkel's knowhow in 
applied technology, its cleaning 
agents and unparalleled disinfec-

tants combined with especially 
developed machines and metering 
equipment offer complete systems 
for the solution of specific con­
sumer problems. That applies also 
to Henkel's business with inorgan­
ic chemical products and especially 
with P3-products for industrial sur­
face treatment application. 

Production and distribution 
of adhesives were two of the first 
diversifications of the company 
anyway. Built up besides the deter­
gent business in the twentieth, 
Henkel's allhesives production has 
developed into one of the most 
important ones in the world. Today 
the company is successful in the do­
it-yourself sector - e.g. with the glue 
stick "Pritt" which is meanwhile 
marketed in 60 countries all over 
the world - and in the field of in­
dustrial adhesives as well. Products 
like polyurethane adhesives and 
specialties for film laminating, 
sandwich construction and rubber­
to-metal compounds again show 
the competence of Henkel as a 
"specialist in applied chemistry." 

Oil from the sun 

Henkel's factory complex at 
Diisseldorf-Holthausen is the lar­
gest production site of the group 
where, above all, detergents and 
cleaning agents, cosmetics, house-

World Sales 1982: DM 9.1 billion 
Product Diversity 

Inorganic chemicals 

Adhesives, 
chemical auxiliaries 

18% 

Dr. Helmut Sihler, President and Chief Executive Officer of Henkel KGaA, 
the parent company of the Henkel Group (right). Dr. Stefan Schulz-Dorn­
burg, Executive Vice President of Henkel KGaA and President of Henkel of 
America 

hold care products, inorganiC pro­
ducts, adhesives, and organic pro­
ducts are manufactured. The Holt­
hausen complex also houses 
Henkel's oleochemicals plant, 
probably the world's largest inte­
grated plant based on natural oils 
and fats. From these raw materials 
Henkel produces fatty acids, glyce­
rin and derivatives which are used 
as basic materials for the pro­
duction of adhesives, leather, textile 
and food additives, cosmetics, 
pharmaceuticals, detergents, 
mining chemicals, etc. both in the 

Detergents, fabriC softeners, 
starches &;- finishes, 
house cleansers, etc. 

Henkel Group and in other indus­
tries. 

Henkel had already been 
using natural fats and oils, notably 
in Persil; but it was not until 1930 
that it became interested in a firm 
which first developed fatty alcohols 
on a commercial basis from whale 
oil and animal fats. A couple of 
years later Henkel decided to take 
over the firm today called Deutsche 
Hydrierwerke (Dehydag), an oper­
ation which has since assumed 
major significance, particularly as a 
result of the oil shocks of the past 
decade. Natural oils and fats have 
not only become competitive on 
price but also because of low energy 
use which is only about one-sixth of 
that consumed by the petrochemi­
cal process. Since then the use of 
natural crops - soya beans, coco­
nut, sunflowers, rapeseed, palm oil 
as well as of mutton, beef, etc. fats 
- has risen sharply and, as indi­
cated above, the search is on for 
fresh crops in temperate climates as 
sources of fatty acids. 

All such crops are renewed 
constantly in the natural cycle of 
seasons by the sun's radiation -
hence "oil from the sun." 

Cleaning and rinsing agent disinfectants 
fOT institutional users 

Henkel, as already indicated, 
is the world's largest user of natural 
oils and fats, consuming about 
350,000 tons a year and converting 
them into some 600,000 tons of 
derivatives. They are then pro­
cessed into basic materials used 
both in the Henkel Group and in 
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many other industries, altogether 
worth around OM 1.5 billion a year. 
During the current decade Henkel 
intends to invest OM 500 million 
in fat chemistry alone, including 
new applications and the search for 
suitable crops. These oil-from-the­
sun base materials are now pro­
cessed in a dozen of its production 
units throughout the world, includ­
ing Europe, the U.S., Central and 
South America and Asia. 

In the sundrenched regions of 
South-east Asia, crops yielding 
natural oils are already enjoying 
substantial expansion. For in­
stance in the Philippines (one of the 
important supplier countries for 
Henkel), coconut oil yield will be 
doubled in the 90s. Palm oil, an­
other important raw material for 
the company, experiences a similar 
development. In Malaysia, for 
example, the arable area for palm 
oil sown has been expanded and 
the yield per hectare has been enor­
mously increased. 

Despite the temporary fall in 
crude oil prices due to glut, con­
sumers of natural oils and fats, 
including Henkel, are confident 
that the policy of relying on natural 
oils and fats for raw materials 
rather than on hydrocarbons will 
continue to pay dividends, particu­
larly in the long run. 

The U.S. connection 

The structure and character of 
Henkel's American business is 
somewhat different from that in 
Europe and some other parts of the 
world. (It has not, for one thing, 
entered the detergent market.) 
There is, on the other hand, an 
extensive interface between tech­
nology developed in Germany and 
that originating in or acquired 
through takeovers in the United 
States. 

Indeed, more recent acqui­
sitions have substantially expand­
ed the range, scale and turnover of 
Henkel's U.S. group - the Henkel 
Corporation, based in Minneapo­
lis. Overall U.S. sales, says Dr. Ste­
fan Schulz-Dornburg, member of 
the management board, have 
increased from S 40 million in 
1975 to around S 400 million at 

present, more than ten per cent of 
Henkel's world-wide turnover. 

The first major step to create 
new dimensions in Henkel's U.S. 
operations was the acquisition of 
the chemical division of General 
Mills in 1977. In 1980 Henkel add­
ed Amchem Products, Inc., a lead­
ing manufacturer of chemicals for 
metal treatment, and in 1981 Bone­
witz Chemical Services, Inc., the 
U.S. producer of Henkel P3-indus­
trial cleaners, to its portfolio. 

The Henkel business philos­
ophy being geared to the needs of 
existing and potential customers of 
course applies to its U.S. operations 
as well. Activities were originally 
limited largely to products used in 
the textile and leather industries, 
specialty chemicals, glues and 
industrial adhesives. Acquisitions 
have enabled the group to enter 
vast new markets, including the 
automotive, metal, printing and oil 
recovery and fracturing industries. 

For example, Dr. Schulz­
Dornburg points out the General 
Mills knowhow of food-additives, 
including raw materials such as 
gluten - a protein ingredient of 
wheat - is now allied to the interest 
for raw materials in other plants, 
such as the guar bean grown in 
Texas and Asia. Guar based poly­
mers have proved to be a very ef­
ficient and cost-effective chemical 
agent for crude oil recoveries and 
mineral extraction. 

Amchem's expertise in metal 
surface treatment, combined with 
Henkel's own in paints and lac­
quers, has led to the testing of new 
processes with a known chemical 
not hitherto used for the same 
purpose. Dr. Schulz-Dornburg 
believes these experiments promise 
cheaper, safer and more effective 
ways of treating metal surfaces, 
particularly in the automotive 
industry. 

The knowhow exchange 
within the world-wide Henkel 
Group extends beyond the actual 
product range: as, for instance, the 
recent meeting of experts from 
Henkel's inorganic chemicals divi­
sion, from Amchem and Bonewitz 
and from Henkel's two engineering 
subsidiaries to discuss the develop­
ment of new equipment, instru­
ments and other tools of the trade. 

Henkel Group: Basic Facts 

World Sales (OM billion) 
Share of foreign sales (%) 
Share of foreign manufacture (%) 
No. of employees (at year's end) 

1972 

3.9 

43 
37 
33.145 

1981 

8.8 

62 
54 
34,082 

1982 
9.1 

64 
56 

33,583" 

" of the 33,583 employees, 16,244 (or 48.5 per cent o
'
f total) are 

employed
. 
outside the Federal Republic. Of the remainder, 

employed In Germany, about 13,086 are located at the Dusseldorf­
Holthausen headquarters and factory complex. 

Over 2,000 Henkel employees are engaged in research and develop­
ment whlch absorbs around DM 200 million a year. 

Staff development 
As a specialist in chemical 

applications, the Henkel Group 
devotes a good deal of its resources 
to research and development - but 
also to the general development of 
employees. In 1981. the company's 
610 apprentices in Dusseldorf were 
undergoing vocational training 
programmes in 18 separate areas. 
Most of the 218 young people who 
completed such programmes in 
1981 became permanent 
employees. 

Of the adult employees in 
Germany, 2,200 attended seminars 
while a further 3,000 employees 
participated in what is termed "per­
sonnel development programmes," 
with technical training as well as 
language included in the curricu­
lum. 

In other words, fully one-third 
of the group's total work force in 
Germany benefit from training of 
one sort or another at anyone time. 

Future outlook 

There is no doubt that com­
panies such as Henkel, heavily 
engaged as they are in the consum-

Henkel KGaA 
Henkelstrasse 67 

0-4000 Dusseldorf-Holthausen 
Telephone: (211) 797-1 

Telex: 8 5 817-0 

er market, depend greatly on fluc­
tuations of demand as much as on 
changing consumer habits and 
fashions. Henkel's confidence in 
the future is, however, based not 
only on an eventual recovery in 
that demand and a close watch on 
habits and customs but on the 
closely-knit internal structure: the 
constant "two-way traffic" between 
marketing and research, resulting 
in products that the customers 
want and buy. 

The sound finanCing of the 
Henkel Group is essentially con­
tributing to its future competitive­
ness. The considerable invest­
ments are financed from the com­
pany itself, the equity ratio is more 
than 40 per cent of the balance 
sheet total. A very high proportion 
for German companies. 

The strategy of the logically re­
gional and product diversification 
has contributed to the stability of 
the Henkel Group already in the 
past. Dr. Helmut Sihler: "We shall 
advance in those fields where our 
strong points lie and where we 
know all about markets, users and 
their problems or where we can 
quickly gain this knowledge. This 
is our lead in competition as a'spe­
cialist in applied chemistry'." 

Henkel Corporation 
Braemar Office Park 
7900 West 78 Street 
Minneapolis, Minnesota 55435 
Telephone: 830-7831 
Telex: 290 472 
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