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Double Sided • Double Density 

48 TPI • Soft sectored 
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For as long as anyone can remember, the 
world has trusted Kodak: film to capture its 
memories. Now the world can trust legend, 
ary Kodak: quality to capture its computer 
data. 

Introducing Kodak diskettes. And the 
beginning of a new legend. 

We know you expect nothing less than 
extraordinary performance from a Kodak 
product. We didn't disappoint you. 

These remarkable new diskettes 
are so thoroughly tested, they're cer' 

tified error,free. 
Every Kodak: diskette has 

a highly burnished head 
surface for optimum 
read,write accuracy. 
And every standard 
diskette is made to 

© Easnnan Kodak Company, 1984 ;..:IC� __ -J 

withstand 4lh million passes before significant 
wear occurs. 

With accuracy and durability like that, we 

can offer this no,questions,asked replace, 
ment policy: 

This KODAK Diskette will be free from man' 

ufacturing defects, or we will replace it. 
Kodak diskettes for home and business PC 

use are available in standard 8, and 51A,inch 
formats, high,density 51A,inch diskettes, and 

3lh,inch micro diskettes in our 

HD 600 Series. 
New Kodak diskettes. Be' 

cause the only thing that can 

follow a legend is another 
legend. 

KODAK. 
The name says it all. 
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TEST DRIVE A SAAB. 
IT WILL TELL YOU A LOT 

ABOUT YOURSELE 
Thirty minutes in the driver's seat of a 

Saab 900 can be more revealing than a session 
on a psychiatrist's couch. 

Will you look at Saab's front-wheel drive as a 
way to get through winter and the foul weather 
of the other seasons? You're ruled by your 
intellect. 

Or will you look at front-wheel drive as the 
means to give a sedan the road-hugging, toe
curling, cornering ability of a sports car? You're 
ruled by your emotions. 

But maybe you see front-wheel drive as both. 
You're ruled neither by your intellect nor your 
emotions. You are ruling them. 

The ego and the id. 
The id, the repository of your instinctual im

pulses, will want to know, on a test drive, how 
good a Saab is at, well, burning rubber. Don't 
repress that feeling. 

All the practical considerations for buying a 
Saab (economy, the reasonableness of its price, 
the active and passive safety features, the dur
ability in a world where disposability is a perverse 
virtue) are just as real and just as practical after 
testing its acceleration as they were before. 

Sure, a car's reason for being is to get from 
Point A to Point B. But a Saab's reason for being 
is to do that as responsibly as possible without 
ignoring the romance in the possibilities of Points 
Q, R, S, T, not to mention X, Y, and Z. 

An interpretation ofyour dreams. 
Is the Saab 900 the car of your dreams? 
Who knows? 
We do know it's the car of our engineers' and 

designers' dreams. There are, you know, seem
ingly disparate elements on a Saab. 

Rack-and-pinion steering, disc brakes on all 
four wheels, front-wheel drive, 53 (!) cubic feet 
of cargo space, aerodynamic body, incredible 
fuel efficiency' considering its performance. 

On a Saab, though, they add up to a whole 
greater than its parts. Saabs somehow feel 
better to Saab owners than other cars they've 
owned. 

For the first time, they got the performance 
car they wanted with the responsible car they 
needed. 

They found out the joy of not following the 
crowd, but of starting a crowd of their own. 

Truth is, a 30-minute test drive may not be 
able to tell you all this. But we'll bet that three 
years owning one will. 

SAAB 900 0 
The most intelligent car ever built. 

*Saab 16·va/ve Turbo 5-speed: 19 EPA estimated city mpg, 25 estimated highway mpg. Use estimated mpg for comparison only. Mileage varies with speed. trip length and weather. Saabs range in price 
from $11,850 for the 900 3-door, 5-speed to $18,620 for the 9004-door, 5-speed, 16-ualue Turbo. Manufacturer's suggested retail prices. Not including taxes, license, freight dealer charges or options. 
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THE COVER 

The photograph on the cover documents an intermediate stage in the effort 
to restore some of the oldest stained glass in the world (see "The Restora
tion of Medieval Stained Glass," by Gottfried Frenzel, page 126). The pane, 
made in about A.D. 1130, depicts the prophet Hosea. It was installed, with 
four other images of prophets, in the south clerestory windows of Augsburg 
Cathedral. The right side of the pane has been cleaned of corrosion; the 
left side remains severely blackened. Two pieces in the pane (the nose and 
a part of the background at the lower right) are 19th-century replacements 
of the original stained glass. Presumably they were matched to the trans
parency of the original a century ago; thus they suggest the severity of dam
age inflicted since then by 20th-century air pollutants, notably sulfur dioxide. 
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O
urs concentrate on the things 
that courit. Like comfort, and 
color, and better cotton fabrics. 

As evidence, consider the Cotton 
Mesh Knit Shirt pictured. It's our pride 
and joy, something we've spent years 
testing and improving and, [mally, 
perfecting. 

The fabric is a specially compacted, 
100% combed cotton mesh that weighs 
more per yard than any other mesh fabric 
we tested. Unusual these days, when so 
many mesh knits are edging in the 
direction of flimsy. 

And it shrinks less. Less than any 
other all-cotton mesh we tested. Even 
less than most of the poly/cottons we 
tested! You know what a blessing that can 
be. Remember when you bought that 
snappy designer knit, and had to hand it 
over to your diminutive son or daughter 
after just one washing? That won't 
happen with our shirt. 

Fine features, 
and a surprising price. 

We put as much thought into features as 
we do fabric. You'll appreciate the strong, 
smooth taping in the collar and shoulder 
seams. Extra-long tennis tails that stay 
in. Cross-stitched buttons that stay on. 
The same generous cut you'll find in all 
Lands' End garments. And much more. 

The price for all this quality? Just $14. 
Frankly, we don't know why a good mesh 
knit shirt should cost more. But most of 
them do. And don't even come in as many 
colors as ours (fourteen). 

Mesh isn't your only option. 
If mesh knits aren't your style, we give 
you plenty of other choices. For a closer 
look at our lisles, rugbys and other 
assorted knits, send for our free catalog. 
Or call us toll-free, anytime of the day or 
night, at 800-356-4444. 

You may even want to order a $14 
Mesh Knit Shirt right now (we encourage 
that kind of impulsive behavior). You'll 
run no risk, because we back everything 
we sell with America's shortest, sweetest 
guarantee: GUARANTEED. PERIOD. 
r---------------------------

Please send free catalog. 

Lands' End Dept. Q-38 
Dodgeville, WI 53595 

Name ______________________ __ 

Address ____________________ _ 

City ______________________ _ 

State ________ Zip __________ _ 

Or call toll-free: 800-356-4444 
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DO YOU KNOW WHERE 
THE CROWN JEWEL OF ENGLAND 
COMES FROM? ARE YOU SURE? 

If you answered 
"England," as most 
people would, you're 
only partly correct. 

Actually, the juniper 
berries in Beefeater Gin 

come from the southern Alps , because 
that's where the' choicest juniper grows. 

Our angelica root comes from 
Belgium. And our orris comes from Italy. 

Why, then , is Beefeater known as 
The Crown Jewel of England, and not 
The Crown Jewel of Italy or Belgium? 

Because-as you probably knew all 
along-the thing that most distinguishes 
Beefeater is that it is distilled and bottled 
and sealed in London. And it's the only 
leading gin you can buy that is. 

BEEFEATER�GIN. �� 
The Crown Jewel of England:" � 

"When I was growing up, I was the 
quickest kid on the block. But the 
streets were catching up with me. I'm 
sure glad there was a Boys Club 
around to help keep me a step ahead. 

chance to be leaders. And encourages 
something every bit as important as 
good leadership-good citizenship. 
They sure pointed me in the right 
direction. 

"You know, a Boys Club 
shows kids there are lots of ways 
to reach goals, besides· scoring 
touchdowns. It gives them every 

"Hey, I'm not saying a Boys 

� Club can turn a kid into a star. 

noys CLUB But it sure can teach 'em how to 
reach for one." 

The Club that beats the streets. 
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LETTERS 
To the Editors: . 

"The Crossbow," by Vernard Foley, 
George Palmer and Werner Soedel 
[SCIENTIFIC AME,RICAN, January], was 
excellent as a scientific study. It does, 
however, leave the false impression 
that the crossbow was a superior weap
on to all other types of bow. History 
dramatically records otherwise. The 
English longbow was far superior. 

It was first used by the English at 
the Battle of Falkirk in 1298. Until 
that time war had been the exclusive 
domain of the armored knight. Arch
ers, along with pikemen, were consid
ered the lowest among soldiers. With 
the advent of the longbow the situa
tion changed, at least as far as the En
glish were concerned. Because it took 
from two to three years to train a long
bowman, his value increased, and he 
was harder to replace. 

Sir Winston Churchill devoted an 
entire chapter to the longbow in his 
History 0/ the English-speaking Peoples. 
Describing one instance of the long
bow's effectiveness, he wrote: "One of 
the knights had been hit by an arrow 
which pierced not only the skirts of his 
mailed shirt, but his mailed breeches, 
his thigh, and the wood of his saddle, 
and finally struck deep into the horse's 
flank. For the first time infantry pos

. sessed a weapon which could penetrate 
the armour of the clanking age, and 
which in range and rate of fire was su
perior to any method ever used before, 
or ever used again until the coming of 
the modern rifle." 

Dr. Isaac Asimov writes of the long
bow: "The longbow was lighter than 
the crossbow and had an even longer 
range, up to twelve hundred feet max
imum. Much more important, the 
longbow could fire very rapidly. The 
longbowman, reaching over his shoul
der for arrows in the quiver he carried 
on his back, could fire five or six ac
curate shots in the time it took the 
crossbowmen to reload." 

Finally, from the New Columbia En
clopedia on the Battle of Crecy: 

"English longbowmen, firing from 
fixed positions, so thoroughly out
classed Genoese crossbowmen fighting 
for the French that the longbow re
placed the crossbow as the dominant 
European projectile weapon." 

It remained dominant for some 300 
years until 1595, when it was replaced 
by the musket as the standard weapon 
of the British jnfantry. 

R. A.JOSLIN 

Victoria, B.C. 
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To the Editor�: 
We should like first of all to call the 

reader's attention to an error in the 
caption for the table summarizing our 
wind-tunnel results. What was given as 
the ratio of mass to drag should have 
been given as the reciprocal, the ratio 
of drag to mass. We greatly regret any 
inconvenience caused by this mistake. 

Where the question of longbow ver
sus crossbow is concerned, we certain
ly yield on the matter of rate of fire. 
With respect to range, however, we 
have not been able to find any sources 
with good credibility that suggest the 
longbow could exceed 300 meters. 
Two hundred and forty yards was 
considered a long shot in the time of 
Henry VIII. It is also worthy of note 
that components of medieval fortres
ses were purposely sited beyond long
bowshot. Finally, nothing suggests 
the longbow could match Payne-Gall
way's distance feat with the crossbow 
(420 meters). 

Since killing power is a function of 
both mass and velocity, we assume 
that a weapon with a longer range may 
have a higher terminal velocity, and 
at less than maximum range its arrow 
is likely to be going faster. The cross
bow bolt is shorter than the longbow 
arrow but thicker, and their weights 
are about the same. 

With respect to the famous English 
victories at Crecy, Poitiers and Agin
court, we find that the Genoese cross
bowmen were badly used at Crecy. 
They were tired from a day's march 
and protested the order to fight. The 
English were better rested. As the Gen
oese came into position, they found 
themselves shooting into the setting 
sun, which certainly did not help their 
aim. Finally, it is likely that they were 
using composite bows, which Genoa 
had known for more than a century. It 
was too early for the steel bow. 

A weakness of the composite bow is 
its susceptibility to dampness, and a 
short but heavy rainstorm swept the 
battlefield just before the engagement 
began, wetting everyone to the skin. 
The chronicler Jean de Venette says 
the soaking damaged the bowstrings of 
the Genoese, but in our view the "sin
ew" backing of their bows was more 
likely to have been affected. 

In all three battles French leadership 
was very bad. Eventually the French 
neutralized the longbow and went on 
to win the Hundred Years War. 

VERNARD FOLEY 

GEORGE PALMER 

WERNER SOEDEL 

West Lafayette, Ind. 

The DeskSaver III 
Computer Stand: 

• Keeps your system on your 
desk, with room to spare. 

• Reduces office clutter. 

• Supports printers weighing up 
to 40 pounds. 

• Fits the IBM PC, PC/XT. 

• Is made of rugged welded steel. 

• Comes in chrome or black. 

• Costs just $89 (includes 
shipping in continental U.S.). 

• •• Order A DeskSaver III Today! 
Operators standing by 7 days a week at: 
800-538-8157 ext. 826 or, in Calif., 800-672-3470 ext. 826 

. � 
L&R Associates P.o. Box 390412, Mountain View, CA 94039 
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·50 AND 100 

YEARSAGO 

SCIENTIFIC 
AMERICAN 

MAY, 1935: "The airlines of the 
United States again set an enviable rec
ord for safe flying during 1934 with 
4,878,655 miles per fatal accident. It 
was noticeable, however, that with 
improvement in aids to bad-weather 
flying, more bad-weather flying was 
attempted. In view of certain of the 
accidents it is difficult not to feel that 
the eagerness to maintain schedule 
was manifested at some cost to safe 
procedure. No one close to the subject 
of the progress being made in the in
strumentation of planes and in the ra
dio aids to flight doubts that blind fly
ing and actual blind landings will soon 
become a commonplace. The danger 
lies in anticipating this condition be
fore it has fully arrived." 

"In the course of a carefully planned 
campaign to observe double stars Ger
rit Kuiper at the Lick Observatory set 
out to examine with the 36-inch tele
scope all stars known to be within 80 
light-years of the sun. The results have 
been amazing. More than 100 new 
double stars have been found. Half of 
these are faint red dwarf stars whose 
companions appear so close that their 
real distances probably average less 
than that of Saturn from the sun. A 
few decades of observation should 
give good orbits and more than double 
our knowledge of the masses of these 
faint red stars." 

"A new cable containing only a sin
gle wire, centrally located within the 
sheath, over which it is possible to 
transmit hundreds of telephone mes
sages at one time, has been developed 
by the Bell Telephone Laboratories. 
This cable, which may profoundly af
fect future developments in long-dis
tance telephony and also provide a tel
evision channel giving size and clarity 
of vision hitherto unknown, is called 
the coaxial cable." 

MAY, 1885: "What is now before 
the statesmen of our country for their 
prime consideration? It is this: How 
shall the v.ast increase of our next cen-

tury (if it be in proportion to the last in 
per cent.) be suppiied with homes and 
honest employment? The 3,070,000 
population of 1780 has grown in one 
hundred years to 50,156,000 and has 
extended from the confines of the thir
teen Atlantic States, containing an area 
of 800,000 square miles, to one of 
3,110,061 miles embracing thirty-eight 
states and seven Territories. If the 
3,070,000 population of 1780 made an 
increase to 50,156,000 in a century, 
the total in the next century will reach 
at the same ratio 852,000,000." 

"Four expeditions have been sent to 
Alaska within two years, and they have 
succeeded in giving us a knowledge of 
the magnitude and possibilities of that 
once despised possession, which is in
spiring lofty dreams of national and 
private wealth. Its fisheries have re
turned the government an interest of 
nearly five per cent a year on the 
$7,200,000 which Secretary Seward 
paid Russia for Alaska in 1867, as a 
delicate acknowledgment of our grati
tude for that nation's firm friendship 
during the rebellion, and now it is 
found that the possession which we 
then did not want especially contains 
vast rivers, mountains, forests and 
mines of undreamed-of riches." 

"On July 1 an important change will 
be made in the rates of postage. A spe
cial stamp of the value of ten cents 
may be issued, which when attached to 
a letter, in addition to the lawful post
age thereon, will entitle the letter to 
immediate delivery at any place con
taining 4,000 population or more ac
cording to the Federal census. Messen
gers for this special delivery are to be 
paid eighty per cent. of the face value 

of all the stamps received and record
ed in a month, provided that the aggre
gate compensation paid to any one 
person for such service shall not ex
ceed $30 per month." 

"Railway tonnage has reached its 
present magnitude in this country by a 
rapidity of development little dreamed 
of in the first stages of its growth. Arti
cles are transported every year that 
were never transported before; and if 
the cars already in use are not adapted 
to the new traffic, special cars are soon 
devised and built. An illustration of 
this is afforded in the remarkable 
growth of the transportation of perish
able commodities within the past few 
years by means of refrigerator cars. 
The shipment of dressed meats from 
Chicago and other points farther west 
to the Eastern seaboard has already 
grown from small beginnings to a 
heavy traffic. The semi-tropical fruit 
products of Cuba, Florida, Mexico 
and southern California are finding 
their way to Northern markets during 
the warm season in larger quantities 
every year in refrigerator cars so well 
adapted to the purpose as to make the 
losses from the perishable nature of 
the freight comparatively light." 

"Cotton picking is now almost uni
versally done by hand and is a slow, 
tedious and expensive operation. A 
machine which would take the place 
of hand picking has long been needed. 
The perfect machine should remove 
all the fiber from every pod, leave the 
plants uninjured, require a minimum 
amount of care and be rapid in opera
tion. The cotton harvester illustrated 
below will pick about four bales per 
day, doing the work of sixty hands." 

A mechallical COttOIl picker illvellted by R. K. Charles 
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A hundred years ago, with the 
introduction of the first adding 
machine, a company was founded 
with one single objective: to make 
business more cost-efficient. 

A century later, celebrating our 
centennial year, Burroughs Corpora
tion has become a worlawide leader 
in information processing systems 
geared to helping businesses 
improve the bottom line. 

Today, in an age when produc-

© 1985 Burroughs Corporation 

tivity is threatened by information 
overload, the need for cost-efficient 
information management is greater 
than ever. 

Which is why Burroughs is 
rededicating our efforts to making 
our products, services and support 
systems more cost-efficient and pro
ductive than ever before. This com
mitment to the future is symbolized 
by our new corporate logo. 

We've focused our resources on 
specific lines of business
emphasizing finance, manufacturing 
and distribution, health care, govern
ment and education among others. 
And we've developed complete 
systems to meet their special infor
mation processing problems. 

In the area of new products, 

© 1985 SCIENTIFIC AMERICAN, INC



we've designed a family of main
frames that costs less to run, needs 
fewer support people, and allows 
users to increase processing 
power up to 70 times without 
reprogramming. 

Plus, we've developed software 
that brings the programming and 
operational ease of personal comput
ing to mainframes. And equally 
remarkable software that increases 
programmer productivity up to an 
astonishing 1000% . 

Of course, Burroughs has the 
office and data processing products 
and supplies to go with our systems. . And we offer a lot more. 

Like our System Development 
Corporation-an acknowledged 
leader in secure networks and sys-

terns integration. And our Memorex 
unit-offering highly advanced stor
age devices for Burroughs and other 
systems complemented by a wide 
range of peripherals. 

Finally, to help our people put 
our plan into practice, we've 
recently spent $67 million on per
sonnel training and more than $100 
million on service and support 
facilities. 

In an industry where many 
companies don't last a decade, 
Burroughs is proud to be launching 
our second century. 

The experience and insights 
we've gained are helping us develop 
new solutions that will benefit our 
customers and their profitability 
for the next hundred years. 
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THE AUTHORS 
EDWARD E. DAVID, JR. ("The 

Federal Support of Mathematics"), is 
president of the Exxon Research and 
Engineering Company. He is a gradu
ate of the Georgia Institute of Tech
nology and the Massachusetts Institute 
of Technology, where he got a doctor
ate in electrical engineering in 1950. 
He then joined the Bell Telephone 
Laboratories, where he was a pioneer 
in computer time-sharing and made 
crucial contributions to the develop
ment of cellular mobile radio. In 1970 
he entered Government service as Sci
ence Adviser to the President and di
rector of the White House Office of 
Science and Technology. He returned 
to ind ustry in 1973 as executive vice
president of Gould, Inc., and in 1977 
he joined Exxon. David has served as 
president and chairman of the Ameri
can Association for the Advancement 
of Science, and he is a member of the 
White House Science Council, U.S. 
representative to the NATO science 
committee and a member of the gov
erning boards of several universities. 

G. NIGEL GODSON ("Molecular 
Approaches to Malaria Vaccines") is 
professor and chairman of the de
partment of biochemistry at the New 
York University School of Medicine. 
He was educated at the University of 
London, which granted him a Ph.D. in 
biochemistry in 1962. He served on the 
scientific staff of the Chester Beatty 
Research Institute of the Institute of 
Cancer Research in London, then did 
postdoctoral work at the California 
Institute of Technology and at the 
Yale University School of Medicine. 
In 1969 he was appointed to the faculty 
at Yale. He taught in the department 
of radiology there until 1980, when he 
accepted his present position at New 
York University. 

HANS A. BETHE and GERALD 
BROWN ("How a Supernova Ex
plodes"), longtime associates in the 
study of supernovas, are respective
ly professor emeritus of physics at 
Cornell University and professor of 
physics at the State University of New 
York at Stony Brook. Bethe was born 
and educated in Germany. In 1935, af
ter work at universities there and in 
Great Britain, he joined the faculty at 
Cornell. In 1967 Bethe was award
ed the Nobel prize in physics for his 
descriptions of the nuclear reactions 
through which stars generate energy. 
Brown earned his doctorate at Yale 
University in 1950. He then went 
abroad, teaching first at the Universi-
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ty of Birmingham and in 1960 at the 
Nordic Institute for Theoretical Atom
ic Physics in Copenhagen, where he 
was professor. After his return to the 
U.S., he taught at Princeton Universi
ty before joining the faculty at Stony 
Brook in 1968. For help with their ar
ticle Bethe and Brown are grateful to 
Stanford Woosley of the University 
of California at Santa Cruz, who pro
vided much information and construc
tive criticism. 

FRANK V. KOSIKOWSKI 
("Cheese") has spent 45 years teaching 
and doing research as professor of 
food science at Cornell University. He 
got his bachelor's degree at the Univer
sity of Connecticut in 1939 and went 
on to earn master's and Ph.D. degrees 
in dairy science from Cornell in 1941 
and 1944 respectively. His research 
and teaching have focused on food
processing fermentations such as the 
one that is crucial to cheesemaking. 
He has also been active in various ca
pacities in international food policy. 
In 1960 he served the government of 
Puerto Rico as an adviser on food 
problems, and in 1963 he took part in 
international food development at the 
headquarters of the Food and Agricul
ture Organization in Rome. As a vol
unteer in the International Executive 
Service Corporation he spent much of 
1970 in Iran as a technical adviser; he 
also studied cheesemaking among no
mads of the Azerbaijan region. 

JAMES N. CAMERON ("Molting 
in the Blue Crab") is professor of ma
rine studies and zoology at the Univer
sity of Texas at Austin. He earned a 
bachelor's degree (1966) at the Univer
sity of Wisconsin at Madison and a 
Ph.D. (1969) from the University of 
Texas at Austin. He spent two years 
as a National Institutes of Health 
postdoctoral fellow at the University 
of British Columbia in Vancouver. In 
1971 he continued north to join the 
faculty of the Institute of Arctic Bi
ology at the University of Alaska in 
Fairbanks, and in 1975 he accepted a 
position at Texas. He has a particu
lar interest in partially air-breathing 
creatures and what they reveal about 
how air-breathing forms evolved from 
aq uatic ancestors. That interest has 
taken Cameron to the Pacific islands 
of Eniwetok and Palau for a study of 
land crabs and to the Amazon for re
search on lungfish. 

ROBERT M. HAZEN and LARRY 
W. FINGER ("Crystals at High Pres-

sure") have worked together in high
pressure crystallography for a number 
of years. Both are at the geophysical 
laboratory of the Carnegie Institution 
of Washington, where Hazen is an ex
perimental mineralogist and Finger is 
staff crystallographer. Hazen earned 
bachelor's and master's degrees in 
earth sciences from the Massachusetts 
Institute of Technology; he received a 
Ph.D. in mineralogy from Harvard 
University in 1975. In 1976, after a 
stint as a NATO postdoctoral fellow 
in the department of mineralogy and 
petrology of the University of Cam
bridge, he joined the Carnegie Insti
tution. Hazen is a professional sym
phonic trumpeter and with his wife, 
Margaret, has written several books 
on the history of geology. Finger was 
educated at the University of Minne
sota, which granted him a Ph.D. in 
1967. He has been at the Carnegie In
stitution since then, with an interrup
tion from 1975 to 1976 for work at the 
State University of New York at Stony 
Brook as a visiting professor. From 
1975 to 1979 he served as secretary of 
the Mineralogical Society of America. 

HANS WALLACH ("Perceiving a 
Stable Environment") is professor of 
psychology at Swarthmore College. 
Working under Wolfgang Kohler, the 
founder of Gestalt psychology, he 
earned his doctorate from the Insti
tute of Psychology of the University 
of Berlin in 1934. In 1936, following 
Kohler, Wallach moved to Swarth
more. He began his career there as a 
research assistant but soon was teach
ing full time. He held a concurrent post 
at the New School for Social Research 
from 1947 to 1957 and also spent a 
year, from 1954 to 1955, as a visiting 
psychologist at the Institute for Ad
vanced Study in Princeton. He retired 
from teaching in 1975 to devote him
self to his research interests. 

GOTTFRIED FRENZEL ("The 
Restoration of Medieval Stained 
Glass"), a historian and restorer of art, 
is head of the Institute for Stained 
Glass Research and Restoration in 
Nuremberg. He studied painting and 
graphics in Dresden; art education, 
archaeology and psychology occupied 
him at Darmstadt. While employed in 
a glassworks, designing stained-glass 
windows in a modern idiom, he did 
doctoral research at the University of 
Nuremberg, where he got his degree in 
1954 for a thesis on the late-medieval 
stained glass of that city. Since then 
Frenzel has been engaged in the resto
ration of medieval stained glass, in re
search on glass technology and in ef
forts to preserve historical monuments 
in Germany and throughout Europe. 

© 1985 SCIENTIFIC AMERICAN, INC



Electra. Not just lavishly 
appointed. lavishly 
engineered. 

Buick Electra. The name 
alone speaks volumes. 

Per tradition, this Electra 
is very smooth, comfortable, 
and roomy (for six adults) and 
very, very I uxurious. With sup
ple seats, rich upholstery and 
a high level of convenience. 

But we know that simply 
being luxurious isn't enough 
for a luxury car anymore. So 
the Electra is engineered 
with front-wheel drive, four
wheel independent suspen
sion, plus a 3.8-litre V-6 with 
multi-port fuel injection. 

It is an automobile with 
ample performance as well 
as ample room, and with 
road manners as sophis
ticated as its appointments. 
And the Electra was tested in 
the heat of Australia and the 
hairpin turns of the German 
Alps to make sure it 's ready 
for the ultimate test: yours. 

Buckle up and visit your 
Buick dealer. 

To ask any questions, 
request a brochure or test 
drive, call the Buick Product 
Information Center, 8 a.m. to 
8 p.m. Eastern time, weekdays: 

1-800-85-BUICK (1-800-852-8425). 

Wou you 
really rather have a Buick? 

The ultimate Electra: Buick Park Avenue. 

u 

J 

[JJ 
© 1985 SCIENTIFIC AMERICAN, INC
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WORKING "PARTNERSHIP" 
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"At Ford Aerospace, 
UP automatic test sets cut test 
time by 90%, saving $3 million 
a year. 

"We've used HP instruments and 
computers for 10 years. In that time, 
we've quadrupled the circuits on our 
communication satellites while cut
ting test time by 90%. By automating 
with HP test sets we save up to $3 
million a year." 

Ford Aerospace designs and man
ufactures commercial communica
tion satellites. In Palo Alto, Ca. , John 
Merizon, Manager of Systems Test 
& Operations says: "HP's engineer
ing staff helped us assemble HP in
struments and computers to build 4 
universal satellite test systems. 

"Because satellite testing is a 24 hours 
a day, 7 days a week operation, 
downtime is irretrievable and trans
lates directly into schedule slips 
which could cost us up to $30,000 a 
day. HP saves us the time and money 
of rou tine service calls by training our 
staff to calibrate and maintain HP 
equipment in-house. Because our HP 
systems deliver 99% uptime, we've 
cut down on repeat testing and virtu
ally eliminated costly delays. 

"HP is available for each launch with 
spare parts and a support team to back 
us up. Based on the flexibility and 
ruggedness of HP instruments and 
HP's consistent high performance, we 
plan to expand our test program with 
additional HP equipment." 
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EXPECT FROM A 
= Q 

WITH HEWLETT-PACKARD? 

"Crown Zellerbach's ECZEL 
Corporation uses an UP Office 
Information Network and speeds 
response to customers, saving 
$1.5 million in just 10 months. 

"A network of 23 HP 3000 computer 
systems link our 22 distribution 
centers across the country. HP 3000 
Software for Distributors auto
mates data processing for market
ing, sales, warehouse functions and 
management planning." 

ECZEL produces and distributes 
supplies for computer and word 
processing systems. 

In San Francisco, California, Linda 
Bas, Vice President of Sales, says: 
"We're growing in excess of 10% a 
month. Ten months ago we made a 
major investment in HP. The return 
on that investment is already appar
ent. Our HP systems can expand 
with us as we grow. By networking 
the systems and using HP's word 
processing and electronic mail soft
ware, we've streamlined communi
cations. HP's reliability has enabled 
us to improve productivity through
out our company saving $1.5 million 
this year alone. 

"HP responds quickly and effec
tively to. our needs. Based on this re
sponse, we are confident in HP as 
an office system supplier and plan 
to expand our distribution network 
with additional HP 3000 computer 
systems and software." 

Isn't Your Business Worth HP? 

r/;� HEWLETT 

�� PACKARD 
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COMPUTER 
RECREATIONS 

Building computers in one dimension sheds 
light on irreducibly complicated phenomena 

by A. K. Dewdney 

I
mmersed as we now are in a world 

of artificial computers it is inter
esting to consider the possibility 

that we are also surrounded by natural 
ones. Computers made of water, wind 
and wood (to mention just a few possi
bilities) may be bubbling, sighing or 
quietly growing without our suspect
ing that such activities are tantamount 
to a turmoil of computation whose 
best description is itself. This is not to 
say that such natural systems compute 
conventionally, only that their struc
ture makes computation a possibility 
that is latent. 

An eloquent exponent of this insight 
is Stephen Wolfram, a theoretical 
physicist at the Institute for Advanced 
Study in Princeton. Wolfram notes 
that a turbulent flow of fluid or the 
growth of a plant consists of rather 
simple components whose combined 
behavior is so complex that it may not 
be reducible to a mathematical state
ment-its best description is itself. The 
irreducibility of a natural system 
would follow from a demonstration 
of its ability to store, transmit and ma
nipulate information; that is, to its 
ability to compute. In the September 
1984 SCIENTIFIC AMERICAN Wolfram 
describes the use of cellular automata 
to explore this possibility. He proposes 
to find a cellular automaton that both 
computes and mimics a natural sys
tem. Wolfram's search focuses on the 
simplest of all possible cellular autom-

a 

b 

ata, those that have only a single di
mension. 

Such automata consist of simple ele
ments that combine to generate com
plexity. Wolfram suggests that lurking 
among them are true computers, vast 
linear arrays of cells blinking from 
state to state and churning out any cal
culation a three-dimensional comput
er is capable of. Wolfram, currently 
searching through the myriad of one
dimensional cellular automata, is not 
above enlisting the help of amateurs in 
this daring and sophisticated enter
prise. I shall describe the search and its 
consequences for natural computers in 
more detail below. 

Before embarking on that adventure 
readers are invited on a short journey 
(computationally speaking) from the 
land of three dimensions down to the 
unbelievably narrow confines of one 
dimension. A good jumping-off place 
is three-dimensional computers, the 
ones currently inhabiting offices, fac
tories and homes. They consist of fair
ly simple elements linked in a complex 
way. I speak here not of input or out
put devices but of the heart of the ma
chine, a tiny silicon chip housing thou
sands of logic gates, memory elements, 
registers and other components. All of 
these are connected by an elegant pat
tern of tiny wires. The fact that the 
circuitry clings to a silicon surface 
does not mean it is two-dimensional. 
For one thing, when two connections 

b 

a 

Ho w to make signals cross in a t wo-dimensional computer 
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'cross, one must pass under the other. 
In addition, the silicon substrate of 
the circuitry mediates the function of 
every logic component. 

Two-dimensional computers are 'to 
be found only in spaces with two di
mensions, such as the Planiverse [see 
"Bibliography," page 144]. This realm 
is inhabited by a race of beings called 
Ardeans. The Ardeans have apparent
ly succeeded in constructing a two
dimensional computer using just one 
type of logic element. We call it a 
NAND gate. Its output is a 1 if at least 
one of its inputs is a O. Not only can a 
computer be constructed entirely from 
such gates but also the thorny problem 
of crossed connectors can be solved. 
The Ardeans create a special plane cir
cuit from 12 NAND gates so that two 
signals entering the circuit from the 
left in order ab leave on the right in 
order ba [see illustration on this page]. 
Hence two signals may be crossed even 
if connections cannot. At the same 
time, the number 12 seems a bit exces
sive and the Ardeans would be grateful 
to any readers who can find a simpler 
NAND circuit that still enables signals 
to cross. 

There is also a discrete two-dimen
sional space called Life, a game in
vented by John Horton Conway, the 
well-known University of Cambridge 
mathematician. Readers will remem
ber this engaging exercise from "Math
ematical Games" columns by Mar
tin Gardner. As recently as October, 
1983, Brian Hayes described in this de
partment how the game could be real
ized in a spreadsheet program. Life is 
an infinite two-dimensional lattice of 
square cells whose states are influ
enced by the states of neighboring 
cells. Time is also discrete and from I 
one tick of a cosmic clock to the next 
each cell is either alive or dead depend
ing on a set of very simple rules: 

If a cell is dead at time t, it comes 
alive at time t + 1 if, and only if, exact
ly three of its eight neighbors are alive 
at time t. 

If a cell is alive at time t, it dies at 
time t + 1 if, and only if, fewer than 
two or more than three neighbors are 
alive at time t. 

With this set of rules everywhere in 
effect on Life's lattice, an initial con
figuration of live cells may grow inter
minably, fall into a cyclic pattern or 
eventually die off. Through more than 
a decade of experimentation by Life 
enthusiasts it has become clear that 
Life is far more complicated than any
one had thought. 

For one thing, it has turned out that 
computers can be constructed within 
Life's cellular space. The discovery 
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Not yet, but we're working on it. 
Computers only look smart. 

Actually, they can't tell the players, 
or anything else, without a program. 

But, until recently, even the most 
sophisticated programs only allowed 
computers to operate in "yes" or "no" 
terms. Judgment was still an exclu
sive domain of the human brain. 

Now, howevel� the rapidly 
developing science of artificial intel
ligence is moving in on the mind. 

At AT&T Bell Laboratories, 
using the new approaches to comput
er progTamming of knowledge engi
neering and rule-based program
ming, we have developed software 
that can cope -like a human -with 
incomplete and uncertain informa
tion, such as incorrect spelling and 
improper abbreviations. 

The Expert with 
an ACE in the Hoie 

Called expert systems, this 
ambiguity-tolerant software is a new 
approach to artificial intelligence in 
industry. And, like the subject mat
ter experts it mimics, om first 
expert system, ACE, works with 
equivocal data, but produces expert 
judgments. 

ACE, for "Automated Cable 
Expertise," is a software system that 
contains the distilled knowledge -in 
the form of "if-then" rules -of the 
people who know cables best: tele
phone company cable maintenance 
experts. ACE differs from other 
expert systems in two ways: it 
manipulates massive amounts of 
data, and driven by the UNIX'" 
Operating System on a 3B2 computer, 
it obtains this information auto
matically from the data bases of 
other computers. 

Developmental ACE software 
has been working as an "assistant" 
for over two years now to the cable 

maintenance force of the South
western Bell Telephone Company. 
Every night it monitors and analyzes 
the performance of cable systems 
serving over half-a-million custom
ers in several metropolitan areas. 

But ACE does more than ana
lyze; it makes recommendations. 

The Expert at Work 

Unlike a conventional computer 
system, ACE isn't programmed with 
all logical answers to all possible 
problems. Instead, it's given a set of 
about 500 rules to follow. 

ACE can run through the cable 
records of a city the size of Fort Worth 
overnight, a job that would take a 
human up to a week. By collecting 
its information from other computer 
programs, detecting recurring pat
terns, requesting additional data, 
and testing these data against its 
expert-derived rules, ACE can often 
isolate problems much earlier than 
its human counterparts. It provides 
information on both specific trouble 
types and locations -such as a break 
in cable insulation at the corner of 
3rd and Elm. And when ACE has a 
recommendation to make, rather 
than generating a mound of paper, it 
communicates via a CRT. 

ACE frees humans to work on 
the causes of problems, not the 
symptoms. 

The Experts Behind the Experts 

AT&T's skill in software develop
ment rests on a solid base of accom
plishments in the computer field. 
Forty million lines of om software 
direct the world's largest computer 
system, the U.S. telephone network. 
And that experience is helping to 
make us a leader in new software 
research and design. 

Today, software systems are 
being developed to help computers 

write their own software. W hile 
others make it possible to type data 
base requests in plain English. Om 
Rex expert system, for Regression 
Expert, aids in statistical analysis. 
And we' ve got silicon compilers that 
speed computer-aided design. 
T here's even a program that allows a 
computer to derive new rules based 
on the rules already in its software! 

All these systems are just a few 
examples of software being developed 
today to meet our customers' needs 
for tomorrow. 

As you cross from industry to 
industry, tech-talk sometimes turns 

'IJI.oO .... ..--.... 

into bafftegab. We can 
help. In om new book
let, " Tech Talk;' you will 
find the latest terms and 
acronyms from the fields 
of microelectronics, pho
tonics, computers and 
telecommunications. 

To order yom copy, 
send $2.00* for postage and handling 
to AT&T, Department A, P.O. Box 4, 
Hawthorne, NJ 07507. 

* Please add 6% sales tax for all orders originating in New Jersey. 

• 
-
-

ATlaT 
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came incrementally over a period of a 
few years. In 1969, shortly after he de
signed the game, Conway discovered 
a curious little pattern now called a 
glider. It blinked through four genera
tions only to recover its original form 
at a location displaced diagonally by 
the space of one cell. On a monitor 
displaying the output of a particularly 
fast Life program a glider resembles 
a small creature from an exobiologic 
fantasy, wiggling its tail as it crawls 
across the screen. It travels at one
fourth the speed of light (in a cellu
lar sense). 

Although no one recognized it at 
the time, here was a medium of com
munication for use in a two-dimen
sional Life computer: instead of elec
tronic pulses, use gliders! 

The next step in the construction 
came in 1970 with the discovery by 
R. William Gosper, Jr., and several 
colleagues of a glider gun [see illustra
tion on this page]. Gosper, then a stu
dent at the Massachusetts Institute of 
Technology, was keen on collecting 
the $50 prize that Conway had of
fered in Gardner's column. The prize 
would go to the first person who dem
onstrated conclusively that an initial 
configuration could grow without lim
it. Gosper's glider gun spewed out a 
new glider every 30 moves. The gun 
and the gliders constituted an ever 
growing population of live cells. 

Besides Gosper there were other stu
dents at M.LT. pursuing Life in their 
spare time. One of these was Michael 
D. Beeler, who particularly enjoyed 
the analogy between Life and particle 
physics. Beeler trained a beam of one 
or more' gliders on various targets, 
carefully noting the sometimes boring 
and sometimes spectacular results of 
the collisions. He even sent two beams 
of gliders into each other in various 
ways. His persistence was rewarded by 
some useful observations. 

One such observation was that two 
gliders could collide and annihilate 
each other. This made possible the 
construction of the next component of 
a computer, logic gates. The simplest 
of these was a NOT gate. It changes one 
logic signal into another; 0 input be
comes 1 output and vice versa. Life's 
NOT gate is constructed as follows. Set 
up a glider gun to send gliders in a 
specified direction. Binary numbers to 
be input to the NOT gate are encoded in 
a second stream of gliders aimed at 
right angles to the first one. In the input 
stream a glider may be present (a 1) or 
absent (a 0). This stream intersects the 
stream from the glider gun in such a 
way that when two gliders collide, they 
annihilate each other. This means that 
a glider in the input stream punches a 
hole in the gliaer-gun stream, convert-
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R. William Gosper's glider gUll ill actioll 

ing a glider (1) into a nonglider (0) in 
the process. The absence of a glider in 
the input stream allows a glider from 
the gun to pass through unmolested. 
In this way a 0 is converted into a 1. In
terestingly, the NOT gate has no struc
ture to speak of: apart from its resi
dent glider gun, it is merely a place 
where gliders meet [see bottom illus
tration on next page]. The construc
tion of other gate types such as an 
AND gate and an OR gate also involves 
interacting streams of gliders, but it is 
too complicated to present here. 

Memory and other registers are con
structed through the interaction of 
gliders with four-cell configurations 
called blocks. A single bit of mem
ory is encoded by the position of a 
block. The block is moved backward 
or forward by teams of gliders. Two 
gliders on appropriately chosen cour
ses suffice to move the block three 
spaces in one direction after crashing 
into it. Ten gliders directed with equal 
care will return it to its original place. 

There is much ingenuity and inter
est in the rest of the construction. It 
is all available in the delightful book 
Winning Ways for Your Mathemati
cal Plays. by Elwyn R. Berlekamp, 
John H. Conway and Richard K. Guy. 
The book is divided into three sec
tions: two-person games, one-person 
games and no-person games. Life is 
found in the last section. 

In descending the final step down to 
one dimension there are only cellular 
spaces to consider; it is hard to imagine 
how the Ardeans could reduce their 
computer to a single continuous line. 
At first glance cellular space seems 
nearly as restrictive as that line. We 
are compensated for decreased dimen
sionality, however, in not being limit
ed to a single set of rules. Instead we 

are given the opportunity to make our 
own rules. Additional compensations 
arise from the very simplicity of such 
linear spaces and from the fact that 
hundreds of generations can be viewed 
at a glance: place an initial pattern on 
a line and compute successive gener
ations on successive lines down the 
page or display screen. A space-time 
diagram will develop. 

A one-dimensional cellular automa
ton (hereafter called a line automaton) 
consists of an infinite strip of cells 
changing states according to a given 
set of rules. As in the game of Life a 
cosmic clock ticks away and at each 
tick every cell enters a state deter
mined by its previous state and the pre
vious states of cells in its neighbor
hood. A line automaton is specified by 
giving two numbers called k and r as 
well as a set of rules for deriving the 
next state of a cell. The first number, k. 
determines how many states are al
lowed for each cell. In Life there are 
just two states and so k is equal to 2; 
among the line automata to be consid
ered, higher values of k are common. 
The second number, r. refers to the 
radius of neighborhoods used to com
pute the next state of a cell. The pres
ent state of a cell and the states of its 
r neighbor� on both sides determine 
the next state of the cell. For example, 
if r is equal to 2 and k is equal to 3, a 
certain rule might specify that when a 
cell's neighborhood looks like 

the next state occupied by the central 
cell would be 

The set of rules that defines a given 
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A glider gUll ill the line automaton Ripple 

line automaton must decide the fate of 
a cell for every possible configuration 
of states inhabiting its neighborhood. 
Depending on the size of k and r the 
number of possible rule sets to con
sider can be enormous. For example, 
given the modest values of k and r 
described above, there are more line 
automata than there are atoms in the 
known universe. 

Clearly each person on this planet 
can pick and choose his or her own 
personal line automaton. Indeed, I 
have already selected one for myself. 
For reasons that will soon be clear it 
is called Ripple. Ripple allows three 
states for each cell; each neighborhood 
consists of three cells, a central cell and 
two cells flanking it. The rules of Rip-

INPUT 
GLIDER 

STREAM 

STREAM 
GLIDER 

OUTPUT 

iii iii. 

til 
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pIe are reasonably straightforward and 
easily programmed: 

1. If a cell is in state 0, its next state 
will be 2 if its flanking states add up 'to 
2 or more. Otherwise its next state will 
be O. 

2. If a cell is in state 1, its next state 
will be O. 

3. If a cell is in state 2, its next state 
will be 1 if either of the flanking cells is 
in state O. Otherwise its next state will 
be 2. 

I am sure that Ripple is not about to 
replace Life; Ripple was designed to il
lustrate some of the more interesting 
possibilities line automata offer. For 
example, Ripple has simple gliders and 
an even simpler glider gun [see top illus
tration on this page]. 

Assume that Ripple's cellular space 
is entirely in state 0 except for two ad
jacent cells. The cell on the left is in 
state 2 and the other is in state 1. At the 
next generation this pattern will have 
shifted by one cell to the left. Undis
turbed, the two-cell glider will ripple 
silently to the left forever. Interchange 
the states of the two cells and a right
moving glider is created. The glider 
gun consists of a single cell in state 2. 
That cell cycles through states 1, 0 and 
then back to 2, issuing a pair of gliders 
on each cycle. I wonder if anyone can 
find a gun in Ripple that emits gliders 
in a single direction only. 

Ii 
I--

l::::I 

-I-

�� 
-l-

FROM 
GLIDER 
GUN 

A NOT gate in Life: when gliders are present in the input, they are absellt from the output 
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Simultaneous activation of a pair of 
such glider guns produces strange ef
fects. In the process of mutual annihi
lation the resulting explosions send 
gliders off in both directions. If the 
guns are an even number of cells 
apart, this number of gliders go off in 
both directions. Otherwise a single gun 
remains in the middle and shoots out 
gliders in an interminable stream. 

Ripple is just one line automaton. 
What of the others? The number of 
possible rule sets to consider is great
ly reduced by adopting the ones Wol
fram calls totalistic. Here the next state 
of a given cell is determined only by 
the sum of the states in the cell's neigh
borhood. The sum includes the state of 
the given cell. The number of possible 
sums varies from 0 to m, where m is the 
largest value of state multiplied by the 
size of the neighborhood. If one speci
fies how these sums become the central 
cell's next state, one has specified the 
line automaton completely. 

For example, there is a very interest
ing line automaton governed by total
istic rules given in this table: 

Here k and r are both equal to 2; the 
possible values of the sum of states in a 
five-cell neighborhood vary from 0 to 
S. Wolfram calls this set of rules num
ber 20 because the six next-state values 
in the table represent the number 20 
written in binary notation. 

There are 64 ways in all that the sec
ond row of the table can be filled in. 
Each one results in a line automaton 
and Wolfram has examined all 64 of 
them. Needless to say, a computer is 
essential in such an investigation. To 
determine the behavior of a given line 
automaton, Wolfram forms an initial 
pattern of some 1 00 cells in random 
states and then turns the automaton 
loose on the pattern. To nullify the ef
fects of the vast arrays of zeros on each 
side of the pattern, Wolfram makes the 
left end of the initial pattern contigu
ous with the right end. This turns the 
pattern into a circle and its history be
comes a cylinder, yet the result is the 
same as ·if the initial random pattern 
were repeated indefinitely in both di
rections of the original cellular space. 
In any event the effect of line autom
ata on such random input patterns 
is surprisingly uniform. Each automa
ton will fall into one of four broad 
classes constructed by Wolfram: 

Class 1 .  After a finite number of gen
erations the pattern deteriorates into 
a single homogeneous state endlessly 
repeated. 

Class 2. The pattern evolves into a 
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number of unvarying or periodic sub
patterns. 

Class 3. The pattern never develops 
any structure. Space-time diagrams 
look chaotic. 

Class 4. The pattern develops com
plex localized subpatterns, some of 
them long-lasting. 

Of the 64 automata in which k and r 
are both equal to 2, 25 percent are in 
class 1, 16 percent are in class 2, 53 
percent are in class 3 and only 6 per
cent are in class 4. Wolfram suspects 
that computers might be found in the 
fourth class. For example, the line au
tomaton with code number 20 is in 
class 4. 

As though encouraging Wolfram in 
the search, the code-20 automaton 
has cheerfully disclosed some gliders. 
They are 10111011 and 1001111011. 
Both gliders move to the right. Totalis
tic rules are always symmetrical; to ob
tain left-moving gliders merely reverse 
these patterns. Is there a gun for such 
gliders in the code-20 space? Wolfram 
thinks there is. But there is another 
space where he has yet to find even a 
glider! It is the code-792 space. When 
we write this number in ternary nota-

tion, we obtain a set of rules for a 3-
state line automaton: 

sum HI-::-t-:-t-=-t=++'-I 
next state 

The search for gliders and glider 
guns calls for the advice of a separate 
document, which I have persuaded 
Wolfram to write. It describes an algo
rithm that hunts for what Wolfram 
calls persistent structures. Adventur
ous readers may write to "Glider Gun 
Guidelines," SCientific American, 415 
Madison Avenue, New York, N.Y. 
10017. Please send $3 to cover the cost 
of mailing. 

The search for gliders and glider 
guns focuses on a number of line au
tomata thought to be computation uni
versal. In other words, these are line 
automata capable of acting like a com
puter. Besides the code-20 and code-
792 automata already discussed, there 
is the two-state line automaton (r = 3, 
code number 88) in which a glider gun 
has already been found. 

James K. Park, a student at Prince
ton University, found the gun in that 
automaton. Readers who would like 
to witness Park's glider gun in oper-

A close-up of James K. Park's olle-dimellsiollal glider gUll 
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ation must write a simple program for 
displaying the generations of a line 
automaton and for deriving one gen
eration from the next. It is an easy 
matter to implement line automaton 
88 with such a program: when you 
are ready, input the initial pattern 
1111111111011 and watch it expand 
and contract. The gun spews out a glid
er in each direction once every 238 
generations. 

Rather than implement a specific au
tomaton, readers are advised to write a 
program that takes arbitrary totalistic 
rules as input. This is easy to do for 
fixed values of k and r and almost as 
easy if these parameters are allowed to 
vary. Use a special array called table 
for the rules and two linear arrays 
called newcells and oldcells to hold the 
new and the old patterns currently be
ing processed. Make the two arrays as 
wide as you like but bear in mind that a 
display screen (depending on the type 
of display) may show only a limited 
part of these arrays. Display the larg
est middle part of newcells that fits 
and cycle through the following steps: 
Transfer the contents of newcells into 
oldcells. Scan oldcells; for its ith mem
ber add up the value of oldcells from 
i - r to i + r. Look up the resulting 
sum in table and transfer the state val
ue so found to the ith member of new
cells. Next reenter the computational 
cycle in the display phase and repeat it. 
Displays can be successive or station
ary. In the former case a space-time 
diagram results; in the latter case one 
watches a kind of one-dimensional 
motion picture. 

As noted above, a line automaton is 
called computation-universal if as gen
eration succeeds generation there is an 
initial pattern capable of acting like a 
computer. Part of the initial pattern is 
the input and part of some later pat
tern is the output. Is it really possible to 
build such a computer out of glider 
guns and various other pieces of cellu
lar hardware? Wolfram thinks it is. In 
one of the line automata currently un
der investigation gliders have been 
found that pass through certain stable 
subpatterns. This gives hope that the 
transmission of information within a 
linear computer need not be blocked 
by components unconcerned with that 
information. In addition to Wolfram 
there are other workers currently ex
perimenting with line automata. Ken
neth Steiglitz of Princeton is one of 
them. He has found gliders that have 
properties like those of solitons. Such 
gliders can even pass each other'! 

Will we eventually find persistent 
structures capable of moving, stor
ing and manipulating information in a 
one-dimensional cellular realm? Per
haps not. It may be that there is some-
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thing inherently quite different about 
cellular computation in one dimen
sion, something that req uires us to look 
at computing in an entirely new way. 

Wolfram has fantasized freely about 
how line automata illuminate the be
havior of automata in general, and 
how they in turn provide insight into 
natural processes. Suppose one were 
to find a line automaton that close
ly mimics some natural process, for 
example a turbulent flow of liquid 
or gas, the motion of particles under 
the influence of forces, or even a bio
logical process such as growth. Sup
pose further the automaton turned out 
to be computation-universal. In other 
words, not only can its space contain 
an explicit structure that computes but 
also the same space contains the com
puter implicitly: any attempt to predict 
the behavior of the automaton would 
by definition be attempting to predict 
the actions of a general-purpose com
puter. This in general cannot be done 
except by the same kind of device, 
another general-purpose computer. It 
follows that no short cut would be 
available for predicting the behavior 
of the corresponding natural system. 
Its processes would be computational
ly irreducible in the sense that the pre-

Park's gUll spewillg gliders left alld right 
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dicting mechanism (whether formula 
or computer) must simulate the system 
in question more or less directly. 

This conclusion brings us back to 
Ripple. An initial population of glid
ers going in random directions bounce 
off one another. Sometimes their colli
sions result in a glider gun, which pro
duces more gliders, and sometimes 
their collisions prod uce nothing. It re
minds me of a miniature one-dimen
sional universe filled with elementary 
particles rippling back and forth. Thus 
I have reversed the order of Wolfram's 
search. Starting with a strip automaton 
that behaves vaguely like a system of 
particles (odd ones at that), I have a 
dream that Ripple is computation-uni
versal. Since it is my own personal au
tomaton, I may be dreaming alone. 

fast June's column on analog gadgets 
L is producing such a deluge of ma
terial from different parts of the world 
that the subject seems worth revisiting, 
even though the September 1984 col
umn also carried a reprise. 

It is interesting to note that some 
gadgets of truly practical value have 
emerged. By a practical analog gadget 
I mean something like the atmospheric 
control system described by Homer B. 
Clay, a consulting engineer in Phoenix, 
Ariz. Clay was called in to help a print
er control temperature and humidity 
in his plant. Temperature and humidi
ty" are critical because they affect the 
state of the carbon black that coats 
large copper rollers used in some print
ing processes. An experienced printer 
can hold a sheet of carbon black and 
tell by the amount of droop whether it 
is in a suitable state. When it is not 
suitable (because of incorrect moisture 
content or temperature), the carbon 
black wrinkles or cracks. Clay devised 
a more or less standard circuit to sense 
the temperature and humidity condi
tions and turn a spray system on or off 
to control them. The system apparent
ly worked for a short time, until unseen 
variables threw it out of kilter. 

Returning to the printing plant one 
day to evaluate his control system, 
Clay was led back to the printing area 
by a grinning plant engineer. Clay had 
some trouble believing what he saw: 
"Our little system was disconnected 
and in its place was a small strip of 
carbon black, one end fixed to the 
shelf, the other end free to move. 
When the droop was 'just right,' the 
free end closed a pair of contacts, turn
ing on the sprays." The plant engineer 
rubbed it in by commenting, "Works 
like a charm." 

Back in 1948 Robert Heppe of Fair
fax, Va., was a freshman electrical en
gineer at the Queens, N.Y., plant of the 
Sylvania Electric Products Company. 

Heppe, assigned to assist in the design 
of vacuum tubes, found the process 
onerous. The problem was that one 
had to specify the size, shape and 
placement of the grids and beam
forming plates on paper. The design 
was then manufactured in the form of 
a single tube and tested. This could 
take several days. His supervisor, Ger
ald Rich, improved efficiency by sug
gesting a certain analog gadget. 

The gadget consisted of a rubber 
sheet, a dowel, some plywood and sev
eral boxes of toothpicks. The rubber 
sheet clamped into a large ring repre
sented the tube cross section magnified 
many times. The cathode was a wood 
dowel poking up in the center of the 
sheet. Arrays of toothpicks represent
ed various grid designs. Negative grids 
tented the sheet up from below; pos
itive grids depressed the sheet from 
above. Other aspects of tube geometry 
were captured by plywood shapes also 
imposed from below or above. Elec
trons pouring from the cathode were 
simulated by slowly emptying a can 
of BB's over the dowel. "It can be 
shown," writes Heppe, "that the slope 
of the rubber in such a gadget repre
sents the electric field, and the height 
represents the voltage in the space 
between the electrodes . . . .  The BB's 
rolled down the sheet [as in] a pin-ball 
game, some collecting at the plate, 
some at the positive grids. If we didn't 
like how many arrived at the various 
electrodes, or which way they went, 
we could move things around, change 
sizes, etc., and try it again." Promising 
configurations were embodied and 
tested in real tubes. 

Many other readers offered exam
ples. There was a hem ocr it to measure 
solid fractions in human blood, invent
ed by Dr. Alan Kwasman of Loma 
Linda, Calif. Mathias Soop of the Eu
ropean Space Agency in Darmstadt, 
West Germany, presented a string, nail 
and paper-clip gadget. The device il
lustrates an analog solution to the 
problem of minimizing thruster fuel 
consumption while controlling satel
lite attitude. 

Readers also recalled analog gad
gets of wider utility: the three-arm pro
tractor used in coastal navigation, the 
range finder employed by U.S. naval 
forces in World War II and the planim
eter, a marvelously simple instrument 
that serves to measure the area of a 
plane surface. 

The best and biggest of analog gad
gets are analog computers. These are 
alive and well at Electronic Associates, 
Inc., a manufacturer of analog equip
ment in West Long Branch, N.J. I was 
even invited to the plant to witness the 
superiority of these machines over the 
humble devices presented last June. 
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BOOKS 
Vaporized diamonds, coca leaves and amaranth, 

orange stars, Rockaway memoirs, mahou'bpabu 

by Philip Morrison 

D

IAMOND, by Gordon Davies. 
Adam Hilger Ltd., distributed 
in the u.s. by International 

Publishers Service, P.O. Box 230, Ac
cord, Mass. 02018 ($28). An optically 
worked disk of superb gem diamond 
about the size of a nickel has lain in 
the open quite unwatched for the past 
half-dozen years. Covetous collectors 
may see its photograph here, but they 
can hardly act; that specimen is on 
Venus. It serves as a strong window 
to shield the infrared detector on our 
lander there from the pressure of the 
hot atmosphere. 

Professor Davies, a King's College, 
London, physicist long engaged in re
search on diamond, has written an 
admirably nontechnical yet full and 
up-to-date study of the archetypal ad
amantine substance (from the Greek 
for unconquerable). He focuses on 
its marvelous nature and its technical 
uses rather than on its status as costly 
jewel. For all that, he does not neglect 
the natural gemstone. There is a fine 
chapter on mines and mining, and on 
the physics that underlies the art of di
amond cutting. 

Diamonds are enormous organic 
polymers of pure carbon; each atom 
links covalently to its four spatial 
neighbors as though it were in meth
ane. The history of that finding begins 
with a futile attempt by the workers of 
the Accademia del Cimento to vapor
ize the unconquerable. They focused 
the Tuscan sun through their large 
burning glass on one of their liege's 
diamonds. Sir Humphry Davy end
ed the matter by burning diamonds 
in pure oxygen under careful control; 
"merely a solution of diamond in oxy
gen, without any change in the volume 
of the gas," he wrote. He confirmed the 
product as carbon dioxide in his usual 
bold style by smelling and tasting a so
lution as well as by utilizing less in
timate means. 

X-ray analysis revealed the carbon 
lattice to the Braggs in 1913. It was not 
until' 1945, however, that the form of 
common diamond was established as 
unique. C. V. Raman had suggested 
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that the electronic bonds might be di
rectional, to allow a number of dia
mond structures, all compatible with 
the known atomic positions. His aim 
was to account for the observation that 
with respect to infrared transparen
cy high-purity diamonds came in two 
types. The eminent crystallographer 
Kathleen Lonsdale quickly noted a 
minor but unmistakable spot in the 
diffraction pattern of a sample of the 
rare infrared-passing variety; the spot 
established the presence of a symme
try Raman's model would not fit. 

The mineralogists have since appro
priately named the shock-formed al
lotrope of diamond lonsdaleite; its 
hexagonal array is identical with the 
ordinary form as far as the tetrahe
drons of the nearest neighbors go. At 
the second-nearest neighbors the tet
rahedrons make a half turn to form 
the unusual phase, revealed by a dif
fering spot diagram and another do
main of stability. So far this arrange
ment has been seen in only a few 
micron-size specimens. 

It turns out that the best colorless 
natural diamonds are quite pure; apart 
from occasional mineral inclusions 
and voids, only a few atoms among 
1,000 or so are aliens. Genuinely for
eign atoms, say iron or calcium, so dis
tort the lattice that their energy is high. 
They can enter in parts per million 
only; they are as rare as diamonds 
themselves in the rich kimberlites. Par
simonious nature favors nitrogen im
purities, which fit quite well. The bo
ron atom is also a good fit, but the 
element is very rare on the earth; blue 
diamonds, an unusual variety, are col
ored by boron, often in striking zonal 
patterns. 

The story of the nitrogen held in dia
monds is intriguing. Plenty of nitro
gen can make diamonds yellow-brown. 
Flawless uncolored diamonds show 
a nitrogen concentration neatly pro
portional to their infrared absorption 
(measured at the characteristic peak 
near the eight-micron wavelength). 
The long-known difference between 
types of diamonds that caught Raman 

is an effect of nitrogen impurity. The 
rare ones, transparent to infrared, such 
as the Venus disk are unusually low in 
nitrogen. Still, they are not as low as 
indicated by magnetic-resonance tech
niques that interact with the unpaired 
electron in each nitrogen atom. These 
measurements picked up an amount of 
nitrogen less by several orders of mag
nitude than the quantity released on 
destructive heating in vacuum. The ni
trogen electrons were magnetically in
active; they were probably canceling 
out as opposing "adjacent pairs." 

That result is now 25 years old. It 
took nearly two decades to confirm 
the paired nitrogens. Davies himself 
probed the electron levels of the "mol
ecule" through its absorption of ener
getic ultraviolet photons. Isolated ni
trogen atoms, N 2-like pairs and even 
N 3'

S are now demonstrated. Heat and 
time shuffle and aggregate the nitrogen 
atoms; synthetic diamonds that harbor 
only isolated nitrogen atoms steadily 
grow pairs at high temperature; the 
nitrogen atoms apparently diffuse un-. 
til they can pair within the diamond 
lattice. A method of dating diamond 
formation is thus provided. Random 
-patches of atoms, seen as weak diffrac
tion spots and revealed by electron 
microscopy as well, lie in monolayers 
along diamond crystal planes; these 
layers may consist of as many as a mil
lion atoms, which may or may not be 
mainly nitrogen. 

The synthesis of diamond, achieved 
20 years ago by rational thermody
namic understanding and big presses, 
is now an industrial process. Fine gem 
diamonds have been grown, a carat 
or two req uiring a week of press time. 
Geologic time is cheaper: synthetic 
diamonds dominate as the hardest 
abrasives; jewelers deal only in natu
ral stones. 

How diamond grit is engineered into 
shapes that suit its manifold uses is one 
of the freshest topics here described. 
Submillimeter single crystals strong 
enough to work on hard rock are 
grown in carefully varied conditions. 
The needle-shaped little diamonds are 
all mounted edgewise in grinding 
wheels by exploiting the magnetism of 
the usual nickel and cobalt catalyst in
clusions. Resin is poured on the edge 
of the wheel. The process is carried out 
within a radial magnetic field; conse
quently the cured resin wheel bears an 
aligned myriad of little sharp flat dia
mond knives. Surgical scalpels and mi
crotome knives of diamond are indi
vidually shaped; almost everywhere 
tools and dies edged with sizable 
blocks of polycrystalline sintered di
amond mounted in a cobalt matrix 
draw wire and drill for oil. 

The cleaving of diamond by one 
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A pattern detection device scans millions of microcircuits on a 
silicon wafer-one of many automatic checking procedures Hitachi uses 
to ensure absolute quality for every microchip produced 
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In just 26 years, Hitachi has sprung to the 
forefront of circuit technology, From the pro
duction of simple transistors for pocket radios, 
to the development of integrated circuits for data 
processing, to very large-scale integrations 
(VLSls) for super-computers, we've been pro
viding the know-how and products that mark 
the Electronics Age 

We taught a rock to remember 

Today, the results of Hitachi research are in 
use all around you, Microchip mernory devices 
that store over a million bits of rapidly accessible 
information on a single 1/2 cm2 slice of silicon, 
one of Earth's most abundant minerals, Tiny 
microcomputers that can control the operation 
of "intelligent" elevators, locomotives and power
generating equipment. Microcircuitry found in 
key-type telephones, high-speed printers, 
display terminals and other electronic office 
equipment, too, 

Hitachi's semiconductor experts are now 
perfecting methods of etching micron-wide 
circuits on wafer-like silicon bases to increase 
chip capacity, They are combining micro
electronic design and electron/photo lithog
raphy with robot-assisted production processes 
to ensure a steady supply of high-quality 
microchip components, 

In fact, we are constantly coming up with 
innovations and new applications, One of them 
is our super-cooled Josephson junction logic 
circuit, featuring the world's fastest switching 
speed of just 5,6 trillionths of a second, 

These are just a few of the ways in which 
Hitachi puts advanced technology to work for 
you, Creating practical tools that meet your 
needs", and those of professionals in business, 
manufacturing, and virtually every other field 
you can name, 

Even better is yet to come 

Our vision of the future includes personal 
computers and TV-telephones no larger than 
pocket calculators, Automatic transportation 
systems that handle vehicle routing for entire 
cities, Home robots that "think" for themselves, 
And much, much more, 

We'd like you to share in the benefits of 
our scientific research, covering the next gener
ation of lasers, sensors, and other electronic 
devices, For improved business efficiency, 
For a higher quality of life, Two goals we've 
pursued for 75 years as part of our commitment 
to a be"er world through electronics .• 
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WE BELIEVE MICROCHIPS ARE THE BUILDING BLOCKS OF FUTURE SOCIETY 

.HITACHI 
Hitachi America, Ltd., Semiconductor & IC Sales & Service Div . . 2210 O'Tool Avenue, San Jose, CA 95131 Tel: 408-942-1500 

© 1985 SCIENTIFIC AMERICAN, INC



cunning tap against a steel blade seems 
almost magical. That blade is not 
sharp; it acts merely to force open a 
small guiding scratch, starting the ex
cessive stress. The split travels through 
the stone as the bonds break succes
sively, the cleavage advancing at 
speeds of up to seven kilometers per 
second, limited by the rate of atomic 
vibration. The plane of cleavage must 
locally present the fewest bonds per 
unit area. There are several possible 
directions, but only the octahedral 
plane is practical, probably because 
growth faults often lie there. It is also 
the hardest face of a diamond. Within 
about three degrees of that direction 
no surface can be prepared by polish
ing; the random orientation of the fine 
diamonds of polishing grit too infre
q uently presents a face harder than the 
surface it must work. 

Dr. Davies has a flair for historical 
analysis. His account of the long strug
gle to synthesize diamond, a tale full of 
uncertainty and unwitting fraud, is a 
pleasure to read. It looks as though the 
persistent efforts of some very able 
chemists and engineers were more 
than once completed by their less de
voted staff, who finally sneaked in tiny 
diamonds to bring to an end their long 
campaigns of fruitless and even dan
gerous trials. Davies' book gains spe
cial standing from his way of explain
ing some pretty subtle solid-state phys
ics without resort to mathematics. The 
market and its history are the burden 
of most of the fascinating books on 
diamori.d written at so readable a level; 
this is diamond science. Diamonds are 
mineral messages from an inaccessible 

Post-Columbian print depicts pineapple plant 
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depth in the mantle. No book so far 
has made vivid to the general reader 
the cold volcanoes of awesome pow
er, the diamond pipes through which 
those remarkable crystals suddenly en
tered our low-pressure world. 

AMARANTH: MODERN PROSPECTS FOR 
I\. AN ANCIENT CROP, a panel report 
of the National Research Council. Na
tional Academy Press, distributed by 
Rodale Press, 33 East Minor Street, 
Emmaus, Pa. 1804 9 (paperbound, 
$6.95). PRE-COLUMBIAN PLANT MI
GRATION, edited by Doris Stone. Pa
pers of the Peabody Museum of Ar
cheology and Ethnology, distributed 
by Harvard University Press (paper
bound, $30). The Forty Thieves had a 
password, "Open sesame!" But the 
eavesdropper could not get it right; he 
tried wheat, barley, oats ... The small 
seeds of sesame are chiefly pressed for 
their oil, but they are also enjoyed as a 
grainy treat. That is unusual, all right, 
for sesame is a broad-leaved annual, 
not at all a grass like the small-seeded 
true cereals with which it was con
fused. Buckwheat and the Andean 
crop quinoa are other domesticated 
broad-leaved annuals that are also 
called pseudocereals because their 
small nutritious seeds are eaten in pan
cakes and porridges. 

The grain amaranths are pseudoce
reals too. Their seeds are millimeter
size, often smaller than mustard seeds; 
leaves, stems and flowers are brightly 
colored, even to purple and orange, 
and the seeds too may be pink, yellow 
or cream. Each seed head, rounded or 
long, is crammed with thousands of 
the tiny seeds. Like corn and beans, 
grain amaranth was a basic food in 
pre-Columbian America. It is record
ed-the relevant page of a Nahuatl co
dex is reproduced here�that Monte
zuma was entitled to a yearly tribute 
that totaled more than 20,000 tons of 
grain amaranth; this was as much as 
the supplicants were obliged to offer 
in maize. 

Amaranth had ritual worth among 
the Aztecs; its ground seeds were 
mixed with honey (by some accounts, 
at times with human blood) and 
shaped into cakes having the forms of 
beasts and gods. The cakes were eaten 
on high occasions in temple and home. 
The extirpation of the old cultures af
ter the conquest seems to have extend
ed to holy amaranth, and so the crop is 
cultivated today mainly in out-of-the
way places in the mountains, from 
Mexico south to the Andes. Corn and 
beans have traveled from the Ameri
cas to become familiar food for much 
of the world, but amaranth has re
mained largely local and obscure. 

That it has value overseas is dem-

onstrated by its widespread cultiva
tion and use in the distant. Punjab 
hills, where the red and yellow crop 
tinges "with flame the bare mountain 
slopes." Often amaranth occupies 
more than half of those upland fields. 
There they sell light cakes made of the 
white popped seeds bound with honey; 
it is just what the hill country markets 
in southern Mexico sell. (No fancy 
shapes appear, alas, in either of the up
to-date photographs.) How and when 
the plant made its way to the foothills 
of the Himalayas is not known; it has 
been at home there for a long time. 

This brochure outlines the enthusi
astic attention now given the ama
ranths by agronomists and innovative 
farmers from Argentina to Zambia. 
A thousand varieties from a handful 
of species are at present growing in 
test fields in Pennsylvania, where the 
adaptive and tolerant crop seems to 
have reached the threshold of com
mercial production in the U.S. The ge
nus shares the efficient photosynthesis 
pathway dubbed C4 with the tropical 
grasses corn and sugarcane; that bio-

. chemistry promises economy of water 
use and good response to intense sun
light. This is a crop meant for bright, 
hot and dry lands. 

The nutritionists admire it especial
ly, for amaranth seed protein is closer 
to human needs in its amino acid mix 
than any other grain; its mean protein 
content is above that of the rest as well. 
Amaranth has too little gluten to make 
leavened bread, although it is a valu
able supplement to flour, particularly 
enriching that grain with the amino 
acid lysine. 

Taking a new crop into widespread 
cultivation is not a swift process. 
Yields, insect resistance, uniformity of 
height, seed held tightly in the heads to 
allow machine reaping and many an
other property of the subtle artifact 
that is a modern crop are under active 
improvement by the breeders. Along 
with the crop, a market for it must 
grow up as well. 

It seems almost too good to be true 
that the same genus has three or four 
species yielding broad fresh leaves, to 
be boiled as potherbs like spinach. But 
from Greece to Taiwan those ama
ranths are in wide use; in the humid 
Tropics of Africa and southern Asia 
there is perhaps no more widely used 
vegetable. Some of these species are 
Old World in origin, some have come 
more recently from the Americas. 
During the 19th century a variety of a 
red-leaved New World grain amaranth 
spread as a major garden crop into the 
African interior, outrunning the Euro
pean explorers. These varieties of am
aranth are less in need of technical at
tention than the conventional grain 
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SCIENCE/SCOPE 

The feasibility of turning sea water into electricity is being studied in fusion energy experiments at 
Kyoto University in Japan. The studies involve a Hughes Aircraft Company gyrotron, a microwave tube 
that uses a spiraling stream of electrons to produce extremely high power microwave frequencies. 
Fusion energy holds tremendous potential because its source of fuel (hydrogen) can be extracted from 
sea water. It could produce large amounts of power with little or no radioactive waste and no threat of 
meltdown or explosion. In fusion energy research, the gyrotron's high-power radio waves heat 
hydrogen particles (plasma) to temperatures of tens of millions of degrees. These particles fuse under 
pressure, causing a thermonuclear reaction that provides energy for driving steam turbines. 

A third communications satellite is being built for Indonesia as a replacement for one rescued from an 
errant orbit last November by NASA's space shuttle. Palapa B-3, set for launch in 1986, is the third in a 
follow-on series of spacecraft designed and built by Hughes for Perumtel, Indonesia's government
owned telecommunications agency. the Palapa B model has more than twice the capacity of Palapa A, 
which in 1972 unified the world 's largest archipelago electronically. It can carry 1,000 voice circuits or 
a color television transmission in each of its 24 transponders. 

Single-seat military aircraft will be able to fly low-altitude attack missions at night with a system now 
undergoing evaluation by the US. Air Force. The Low Altitude Navigation and Targeting Infrared 
System for Night (LANTIRN) permits attacks at night and in low-visibility weather while relieving a 
pilot of many manual targeting functions. Elements include infrared sensors, an automatic multimode 
tracker, a laser designatorlranger, and a terrain-following navigation system. These components are 
mounted in two pods installed under the aircraft. Hughes, as subcontractor to Martin Marietta, has 
supplied five modified Imaging Infrared Maverick air-to-surface missiles along with launchers and a 
missile boresight correlator (the device which automatically hands off targets from the pod sensor to 
the missile). LANTIRN is designed for the F-16, F-15, and A-lO aircraft. 

Swedish JAS-39 pilots will have better views from their cockpits , thanks to a wide-field-of-view head
up display (HUD) that incorporates diffraction optics technology. The display saves pilots from looking 
down into the cockpit to read instruments by superimposing data on a clear plate mounted at the pilot's 
eye level. Compared with conventional displays, the new HUD is clearer and eliminates bulky support 
structures. Its wide field of view can be used with infrared or low-light-level TV imagery so pilots can 
fly high-speed low-altitude missions at night. Hughes produces the HUD using a proprietary process 
involving holographic techniques and lasers. Sweden is the first country to award a production contract 
for a HUD that uses diffraction optics. 

Career growth opportunities exist at Hughes Support Systems for a variety of engineers qualified by 
degree or extensive work experience. They include systems engineers, radar engineers, and software 
and hardware design engineers for major simulation and test equipment programs. Also, field 
engineering posts throughout the US. offer travel, autonomy, and responsibility for the life cycle of 
Hughes electronics systems. Please send your resume to Lowell Anderson, Professional Employment, 
Dept. S2, Hughes Aircraft Company, P. 0. Box 9399, Long Beach, CA 90801-0463. Equal opportunity 
employer. US. citizenship required. 

For more information write to: PO. Box t1205, Dept. 68-10, Marina del Rey, CA 90295 

HUGHES 
AIRCRAFT COMPANY 
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Relay star: Massive amounts· of information are 
now routinely relayed through space with almost 
unbelievable speed and efficiency via TDRS-l, 
vanguard of a new, more efficient, more secure 
system for NASA. Contel-until a few years 
ago primarily a network of regional phone sys
tems-now leads the way in space 

• 

commuruca-
tion. T hrough its partnership in Am erican 
Satellite Company, Contel serves many major U.S. 
com pani es with private satel lite systems. 
And through its partnershi p in S pacecom, 
Contel jointly owns and o perates the TDRS-l. 
Today, "space" is a Continental Telecom region 
too, and one of the healthiest. From telephony . 
to satellites. Architects of telecommunication. 
WRITE CONTEL. DEPISO?, 24S PERIMETER CENTER PKWY, ATLANTA G A  30346 © 1963 CONTINENTAL TElECOM, INC '-= .:0.. = = = = = 

_______ .-r____ _ __ _ 
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species; right now one major form 
beats spinach in nutrition and yield in 
warm climates; it can even reseed it
self. A recent tasters' test panel in 
Maryland found it "at least as good as 
spinach." A century ago peanuts, sun
flower and even soybean were impor
tant crops only locally; now these har
vests help to nourish the continents. 
Open, amaranth! 

The second book assembles a set of 
nine related papers that together seek 
to unravel the times before Colum
bus when important New World crops 
spread from their place of origin to 
the rest of the Americas. At the cen
ter of attention lie the Amazon ba
sin as source and the shores of the 
Gulf of Mexico as recipient. All these 
scholars link botany with archaeol
ogy; the two disciplines share the ad
venturous field style and a high re
gard for visual evidence. The book, 
although technical, is both readable 
for its firsthand qualities and beauti
fully presented and illustrated. 

Bones intimately reveal diet, and 
die't sheds light on crops. The data re
side in the collagen of bone, a protein 
that resists contaminants. The isotope 
ratio, carbon 12 to carbon 13, reflects 
the chain of reactions that fix carbon 
in the plant food taken during life, 
whether or not an animal intermedi
ary is involved. The unusual biochem
istry of maize, again the C4 photosyn
thesis chain, is responsible. A change 
of staple diet from manioc to maize 
means that the intake isotope ratio is 
enriched in the rarer odd isotope by 
about 1 percent. 

In coastal people seafood might con
fuse the decision, for it too shows high-

,er odd-carbon content. Nitrogen iso
tope ratios can settle that issue; low 
nitrogen 15 accompanied by high car
bon 13 means high maize consump
tion. One result from this method is in; 
five skeletons from the Orinoco show a 
strong increase in the odd isotope. The 
archaeology found with the 800 B.C. 
remains includes graters and griddles; 
these are the kitchen tools of root eat
ers. The A.D. 400 bones go with me
tates and carbonized kernels of maize. 
Their staple had changed. There was 
almost no maize in early use; a mil
lennium or so later there was no less 
than 80 percent dependence on maize. 
The local population increased IS-fold 
over the same period: these people 
had become grain farmers, a change 
that was perhaps both cause and ef
fect of their increase. 

Botanical evidence suggests the wet 
Amazon forests first gave rise to cacao 
(chocolate) and pineapple, to the peach 
palm and starchy manioc. Chilis, coca 
and maize have diffused in complex 
paths north and south across the Isth-
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mus or around it, although they did not 
begin in that same forest. To read here 
of the two species of coca now chewed 
in mountain and in forest for its per
cent or less of the alkaloid cocaine is to 
admire an ancient stone head from Co
lombia, its cheeks bulging with the 
quid of leaf. Now the concentrated al
kaloid floods north by airplane. 

Why did coca not spread long ago 
past Central America? It is not reliably 
reported north of there before Colum
bus. Its seeds seem unable to survive 
for long, and no ancient chain of gar
deners was present to transfer the liv
ing plant, as Columbus carried the 
pineapple back on shipboard to his 
monarch. 

How is it that cacao was collected in 
its native rain forests only as another 
not very succulent wild fruit, whereas 
the prized stimulant seeds went unused 
by the people? It seems more than like
ly that the plant ranged north without 
help from human hands as far as the 
wet Costa Rican forest, whence the 
Mayans long ago learned to use wild 
seeds for those heady alkaloids. Even
tually they took the plant into cultiva
tion so that they could raise the now 
precious tree itself. 

What is certain is that the long sym
biosis between plants and humanity 
holds much more than we yet know. 
Even today that intricate bond has not 
lost its endless novelty. 

C
OLOURS OF THE STARS, by David 

Malin and Paul Murdin. Cam
bridge University Press ($27.95). Now
adays the astronomers, armed with 
instruments of unprecedented power 
(and cost), assemble the images they 
gather from any wave band into exu
berant maps, familiar illustrations in 
this magazine and in some excellent 
new books. Meticulous reports of 
form they are, but the colors are all art 
and artifice. 

Partners Malin and Murdin are re
spectively a noted photographic spe
cialist at the Anglo-Australian Obser
vatory and the head optical astron
omer at the new United Kingdom 
telescopes in the Canary Islands. They 
stay much closer to the world of color 
perceived by the human eye. They 
work with visual images on photo
graphic plates, not with great strings of 
bits; their tools are of the darkroom, 
not of the crammed relay rack. Still, it 
is no mean arsenal Malin and Murdin 
draw on: a big telescope is generally at 
hand, and each photographic emulsion 
is no less than a compact high-gain an
alogue amplifier and gigachannel re
corder in its own right. 

The exposed plate holds within it a 
physical image, a spatial distribution 
of tiny grains of silver. Wonders are 

worked by clever employment of that 
arrangement in space. As one example, 
any very faint image is stored closer to 
the plate surface than are the uniform
ly distributed grains of background 
fog. The reason is that the light scatters 
on its way through the emulsion, and 
with little light a faint image contains 
few grains at depth. Contact prints 
made with a diffuse light source below 
the plate show up the shallow image 
sharply but soften the shadows of the 
deeper-lying fog. The faint features 
are amplified against the visual noise 
in such prints. The technique reveals 
galaxies that have entire onion shells 
of stars and galaxies surrounded by 
otherwise-invisible faint halos. A com
plementary masking techniq ue brings 
out detail hidden within the overex
posed bland regions of brighter ob
jects. There is a striking gallery of such 
black-and-white victories of unexpect
ed contrast. 

But it is the color pictures of stars 
and clusters, of rich fields of nebulas, 
and of galaxies that are the main har
vest. Photographs using the conven
tional tripack color film go back to a 
pioneer, the late William C. Miller, 
who worked at the Hale Observatory 
on Mount Palomar before 1960. Mil
ler's color images are found in every 
textbook. 

Commercial films, however, are not 
tuned to the extreme exposure times of 
deep-sky astronomy. The scheme here 
made optimum for astronomical color 
is in principle that of the first color 
photography, the colored ribbons pro
jected by Clerk Maxwell and his expert 
photographer colleague Thomas Sut
ton before the Royal Society in 1861. 

The technique is the direct superpo
sition of three positive separation im
ages made in black and white, both 
taken and recombined through well
chosen red, green and blue filters. In
stead of a final projection the imag
es can be superposed carefully onto 
a positive-working color-print paper 
(Malin and Murdin use Cibachrome). 
No process seems to allow more flexi
bility for the calibrated corrections 
needed to regain acceptably faithful 
color of the background sky. All the 
black-and-white magic outlined above 
can be applied to the separation plates. 

The gallery of some 60 color pic
tures is pretty glorious. Blue reflection 
nebulas, lighted by stars to produce 
skylight on a light-year scale, jostle 
star-filled clouds illuminated by the 
red recombination glow of ionized hy
drogen; dark foreground dust modu
lates the entire painterly scene. " Mak
ing color pictures of new areas of 
sky ... is always exciting, because one 

. cannot visualize the end result." The 
nebular regions of Orion, the Trifid 
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Nebula, the enigmas of the active gal
axy Centaurus A and the Magellanic 
Clouds at scales large and small are a 
few of the end results to be admired, 
marvels of the far southern sky. 

The question that remains is, of 
course, how true are such colors? They 
are clearly not the artist's arbitrary 
pleasures open to the computer mas
ters, but neither are they what eyes can 
see. Even if an observer traveled to the 
spot, these colors would not appear. 
They are too faint for the cones of the 
retina to record properly. The colors 
can nonetheless claim to be simple un
biased extrapolations of the human 
chromatic sense. 

A careful account is given of the dif
ficulties presented by the small-angle, 
faint, unsaturated objects of the cos
mos to our subtle human color vision, 
adapted to very different scenes. One 
splendid pair of photographs shows 
the big dome of the AnglO-Australian 
telescope, a snapshot by sunlight and 
a long exposure by full moon. They 
were shot on the same roll of fast color 
film but, accounting for both lens 
opening and shutter speed, the expo
sure ratio was 10 million to one. The 
exposures look almost the same; the 
night sky is almost as clear a blue as 
the day sky. The star trails are in color, 
and the Large Cloud of Magellan is 
pink. Only the swaying gum trees are 
bl urred in the long exposure. Although 
the filmmakers have their nt/it ameri
caine, color suppressed, made with a 
blue filter, no eyewitness can report a 
blue sky by moonlight. The eye does 
not accumulate photons. It is storage 
time that outdoes direct vision. 

The history of visual star color is a 
fascinating subplot of this original 
book. That wonderfully reflective ob
server, Marcel Minnaert, reported star 
colors accurately, as he saw everything 
else. Stars hold every difficulty for col
or judgment, yet he could pick out 
white, four shades of yellow, and or
ange. (He listed Mars an

'
d Anatares 

as orange.) His somewhat bland scale 
correlates neatly with photoelectric 
color results. 

There have been imaginative reports 
too, in which stars are described as ja
cinth and sardonyx. One astronomer 
spent years noting color changes in a 
Pointer star. He found a definite period 
of 35 days, varying from "chrome yel
low" to "pale firey red" and back 
again. The star is a binary, we know 
now, with a 44-year period. Its color 
is unvarying. He was looking for the 
changes in color he imagined might 
arise from the Doppler shift, not fully 
understood in the 1870's, when mo
tion was expected to be the origin 
of star color. "The ingenuity of the 
theory is extreme but its correctness is 

more than doubtful, " John Tyndall 
wrote dryly. 

Maybe we shall yet see star colors 
change, Malin and Murdin suggest. 
We can imagine a marvelous space
made time-lapse film of unique SS-
433, its relativistic jets "changing col
our from yellow to deepest red, and 
back, as they precess." It is 100 years 
since the first deep astrophotographs; 
what may another century of photog
raphy not bring? 

"SURELY YOU'RE JOKING, MR. FEYN-
MAN!": ADVENTURES OF A CURI

OUS CHARACTER, by Richard P. Feyn
man, as told to Ralph Leighton. W. W. 
Norton & Company ($ 16. 95). Even the 

official entry for the library card has 
caught some of the style of the 40-odd 
pieces that make up this delightful mo
saic of an informal autobiography tak
en from tape recordings: "Science
Anecdotes, facetiae, satire, etc. " 

The pieces are arranged in order of 
time. They begin with memories of 
that bright kid in Far Rockaway who 
fixed creaky broken radios and pro
ceed through the times of the M.I.T. 
undergraduate interested only in sci
ence. They encompass the experiences 
of the safecracking young theorist at 
Los Alamos, who was the only guy 
who did not just say, "Yes, yes, Dr. 
Bohr." Ultimately they carry through 
to that ceremonial evening in Stock-

Sellil/g stars leUl'e tillle-exposi,re trails abol'e the dOllle of the AI/glo-Australial/ Observatory 
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holm with a sample of princesses and 
the dinner organizer, and they include 
a serious but far from stuffy com
mencement address delivered at Cal
tech a decade ago. 

Follow the tip from the Library of 
Congress. Anecdotes: Perhaps the Las 
Vegas stories can stand for all. Un
like most of the people in town, the 
show girls Feynman met had read 
Time and knew of Pauling and Gell
Mann. One day such a young woman 
introduced Dick to Nick the Greek, 
who explained how he could make a 
living at a game where the odds are 
50-50; he battens on side bets he can 
strike at favorable odds "with peo
pie ... who ... will bet ... just to have 
the chance of telling the story ... of 
how they beat Nick the Greek." 

Facetiae: It is hard to beat the won
derful Italian double-talk. It is the into
nation that counts; after all, the words 
might be quite unfamiliar, in the dia
lect of some distant region, but that 
cheerful fellow slapping the back of 
one hand against the other must be an 
iT ALian! "I call back, 'RONte BAL
ta!', returning the greeting." 

Satire: It was the dean's wife at 
Princeton pouring tea long ago who 
declared what became the title of this 
book. The innocent new graduate stu
dent, asked whether he would like 
cream or lemon, had absently an-

RESEARCH REPORT FIVE 

swered, "Both." But the imitation Ox
ford that was Princeton and "what I 
would call a gold-plated cyclotron " at 
M.I.T. are both treated with strong but 
not misleading exaggeration. Pompos
ity and pretense, from academic gowns 
to rubber-stamp committees, are for
ever Feynman's special butts. One 
concedes that it might not be satire but 
simple candor to point out how practi
cal gown wearing is at table, for gowns 
are never cleaned or repaired, and re
main correct apparel even in tatters. 

Etc.: Feynman is a splendid traveler. 
He is a graceful and rhythmic dancer 
and percussionist, an articulate and en
thusiastic linguist and mime, witty, un
failingly dexterous with word, hand 
and mind, and irresistibly led to what
ever is lively and a bit raffish, free of 
prejudices save against empty forms. 
Perhaps the best story of all is the one 
he tells of his well-earned part in a win
ning band one pre-Carnaval in Rio. 
Marching down Avenida Atlantica 
among 100 Brazilians from the lave/as 
all dressed up in Greek helmets of pa
pier-mache, Feynman was beating a 
rhythmic chick-a-chick on a toy frying 
pan in his own widely admired style. 
They swing past the waiters in his lux
ury hotel .. . "0 PROFESSOR!" It is 
an ultimate of tourist tales. 

Now to science. To his mind the 
Royal Society was right on: nullius ill 

verba. Take nobody's word for it, not 
even your own. An unhelpful text says 
that triboluminescence is the light 
emitted when crystals are crushed. 
That is not science but a word, de
scribed in other words. In fact, if you 
crush a lump of sugar with pliers in the 
dark, you can see a bluish flash. No one 
knows why. That is triboluminescence, 
put so that you can try it at home. "I 
can't understand anything in general 
unless I am carrying along in my mind 
a specific example and watching it 
go ... I ask a lot of these 'd umb' q ues-
tions .... But later ... when the eq ua-
tion says it should behave so-and-so 
and I know that's the wrong way 
around, I jump up"-and so he signals 
the error. 

A second related theme is the need 
for recognition of the wider context. 
Puzzles are best solved not on their 
own terms alone but in the world with 
which they interact. The magicians 
know how powerful is the misdirection 
of implied or explicit false purpose or 
gesture. Feynman shared with the pro
fessional locksmith at Los Alamos the 
recognition that the prized safe often 
still bears the combination set at the 
factory! One Los Alamos safe in five 
opened at once by trial of the two fac
tory combinations. Some miracles of 
solution, with safes or people, take 
place by sheer chance, others by infer-

The hydra - not the nine-headed mythological serpent slain by 

Hercules, but a tiny freshwater cousin to the jellyfish - may 

come to the aid of patients suffering from congestive 

heart failure. 

At least that's the preliminary findings by American Heart 

Association sponsored researcher, Dr. Georgia Lesh-Laurie. Her 
research has led to the uncovering of a substance found in the 

toxin of the Hydra's sting that will strengthen the heartbeat. 
The beauty of this discovery is that the new substance couJd 

be a replacement for digitalis, the current drug administered to 

patients suffering from cardiovascular problems. Digitalis, made 
from the purple foxglove plant, increases the heart's pumping 

power without increasing oxygen demand. But, patients with 

kidney problems cannot use digitalis. 

WHAT WE LEARN FROM THE 
HYDRA MIGHT TAKE THE STING 
OUT OF HEART DISEASE. 

The phenomenon was first noticed in people stung by 

jellyfish. They noticed a sudden neurological and cardiovascular 

response. In her research, Dr. Lesh-Laurie found that the toxins 

contained a protein substance that increased heart rates and 

pumping power, but seemingly without the side effects of digi
talis. The next step is to try to develop a drug with heart 
stimulating responses, in a small enough amount not to trigger 

the body's immune systems. 
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Research is an investment that makes a difference. 

WE'RE FIGHTING FOR YOUR LIFE 

t VAmerican Heart Association 
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ence from context and fewest by fol
lowing the most evident path, one 
blocked by conscious effort. 

Lighthearted, animated by good-na
tured chutzpah, the book is not a set of 
jokes. Generally Mr. Feynman is not 
joking; it is we, the setters of ritual per
formance, of hypocritical standards, 
pretenders to care and understand
ing, who are joking instead. This is 
the book of a powerful mind honest 
beyond everything else, a specialist 
in spade-naming. The reason is clear: 
"I have to understand the world, you 
see." These joyful understandings and 
uncoverings will help and delight oth
ers for a long time to come, sharp evo
cations of a life around and beyond the 
culture of science in the 20th century. 

Ralph Leighton is a Pasadena friend 
and fellow drummer who compiled 
the tales for the pleasure of the rest of 
us. The written lines are not far from 
the swift, imitative, expressive, col
loquial speech in which they were 
first told by that curious character 
who drives a sand-colored van paint
ed all over with ... Apache picto
graphs? No, time diagrams of photon
particle interaction. 

T ANGUAGES OF ASIA AND THE PACIFIC: 
L A TRA YELLERS' PHRASEBOOK, by 
Charles Hamblin. Angus & Robertson 
Publishers. Distributed in the U.S. 

by Merrimack Publishers' Circle, 47 
Pelham Road, Salem, N.H. 03079 
($ 15.95). In our day of easy travel, 
abundant meetings and international 
telecommunications the little phrase 
book that allows swift nodding ac
quaintanceship with a language is 
more useful than ever. Such a book 
also offers a stay-at-home some chance 
to gain new feeling for a world more 
diverse than Babel. 

In this compact little volume a foot
loose professor of philosophy from 
New South Wales has gathered (with 
help from his knowing friends) no few
er than 25 such phrase books. The ref
erence language of the framework is 
English, and the list indudes Spanish, 
Portuguese and French, certainly no 
novelties. The other 22 tongues span 
the chief speech you might hear among 
a round two billion people as you 
move eastward along the shores of the 
Indian Ocean from the Persian Gulf 
around the Pacific (except that Russian 
is omitted). 

From Farsi to Hindi and Urdu (tak
en as one), to Bengali, Singhalese and 
Tamil, on to five languages of south
eastern Asia, to East Asia, and on to 
islands large and small, from Malay 
and Indonesian (again treated as one) 
to Tongan and Tahitian, not forgetting 
New Guinea and Fiji. Chinese speak
ers are recognized in three major 

forms, Mandarin, Cantonese and Hok
kien, the last the dialect of Fujian 
Province, now leading in Singapore 
and Penang. 

For each of the languages there are a 
couple of pages of dehydrated gram
matic tips, then the workhorse words 
of greeting, counting and so on, a few 
pages of traveler's sentences, includ
ing phonetic renderings, and several 
hundred words of alphabetized vo
cabulary, arranged to allow quick 
consultation. There are seven tonal 
languages included, with a little first 
aid for the inadept. 

Trace the words for gasoline or tape 
recorder across two dozen tongues; 
compare numbers (these are written 
out in a few important unfamiliar 
forms, although as a whole the text 
remains within the Roman alphabet); 
consent with a casual New Guinea 
Pidgin ora it or decline politely in Bur
mese, mahou 'bpaba. 

There is much encouragement for 
those readers who seek to extend their 
horizons: "The beginner will be ex
cused the graded courtesies of Tongan 
society." Today, however, our poly
glot species has little place for lin
guistic snobbery: "Nearly every lan
guage in this book is the vehicle of a 
substantial literary culture, and the 
speakers of the others are hard at 
work building." 

'In the spring, 
thousands of Tennessee scientists 

discover the dogvvoods.' 
"Two thousand scientists and more 

than 4,800 engineers live in homes 
nestled among the wild 
flowers, mountains and 
music of East 
T he Oak Ridge!Knox-
ville Technology 
Corridor-made 

Kenneth Jannolow, Martin Marietta Energy Systems, Inc. 

up of companies like our own 
Martin Marietta, TRW, Boeing 

and Westinghouse-is at 
the top of the list of the 
best places to live and 
work in the U.S.A. 

One out of every eight 
Tennesseans works in 

hi-tech industry. And eight out 
of eight are proud to be here." 

For information contact Michael 
J . DuBois, Economic & Conununity 
Development, 320 Sixth Ave. N., 
Suite 823, Nashville, TN 37219. 
1-800-251-8594. 
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Clence. 
Honda has always made good cars. 

People love them. But with any loved one, 
things can sometimes get emotional. 

Honda understands. And on our own 
we have set up a third-party arbitration 
program with the Better Business Bureau 
to give you an extra voice, if you need it. 

But please talk with your dealer first. 
And follow the problem-solving procedure 
described in your owner's manual. 
l!J �1984Americ:an HondaJ\1otorCu.loc 

Our new program will help to resolve 
product-related questions about your 
Honda. This program is free. Just ask at 
any Honda dealer for a booklet containing 
more information .. 

Or call 800-521-1613. You see, Honda 
wants you and your Honda to have a long 
and happy relationship. It's only right. 
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The Federal Support 
of Mathematics 

Between the late 1960's and the start of this decade it declined 
by about a third, and without new Federal initiatives the future 
health of mathematics is at risk. A plan for renewal is presented 

November 19, 1969, was a black 
Wednesday for basic research 
in mathematics. On that day 

President Nixon signed the Military 
Procurement Authorization into law 
for fiscal year 1970. Section 203 of the 
document was the so-called Mansfield 
Amendment, named for Senator Mike 
Mansfield of Montana, who intro
duced it. The Mansfield Amendment 
adopted the seemingly uncontrover
sial policy of limiting the Department 
of Defense to "studies and projects 
that directly and apparently relate to 
defense needs." Its effect, however, 
was to cut off a major source of Feder
al money for basic research. The con
sequences have been particularly se
vere and long-lasting for fundamental 
work in mathematics. Although Fed
eral support for fundamental mathe
matics had begun to wane as early as 
1968, the budget policies articulated 
by the Mansfield Amendment helped 
to bring about a IS-year period of ne
glect of the field. 

The Mansfield Amendment was in 
legal effect for only a year, but its influ
ence has continued to be felt through
out the Department of Defense. More
over, it has drastically reduced the 
willingness of many other Federal 
agencies to fund basic scientific work 
that cannot be clearly related to their 
current missions. Between 1968 and 
1973 the Federal support of funda
mental mathematics was reduced by 
an estimated 33 percent, and the cuts 
in the defense budget accounted for a 
significant part of the reduction. 

by Edward E. David,]r. 

The intent of the Mansfield Amend
ment was to transfer responsibility for 
long-term, basic research to the civil
ian Federal agencies. In Washington, 
however, such drastic changes rarely 
go smoothly and often thwart the orig
inal intent. To compensate for the de
fense cutbacks in all the basic sciences, 
Congress appropriated $10 million 
for the National Science Foundation 
(N SF) in fiscal year

· 
1971 and $40 mil

lion in fiscal year 1972. For basic sci
ences such as physics and chemistry 
this support proved to be a reasonably 
effective stopgap. It maintained the 
general level of productive work until 
other sources of income were found. 
For mathematics, however, the only 
major source of Federal support out
side the defense establishment had 
traditionally been the NSF. Virtually 
none of the new appropriations for ba
sic science reached the Mathematical 
Sciences Section of that agency. 

On the contrary, from 1967 to 1971 
and in several subsequent periods NSF 
funds for mathematics, measured in 
constant dollars, actually fell. Between 
1969 and 1974 the number of predoc
toral fellowships and traineeships sup
ported by the NSF in mathematics de
clined by more than 90 percent. It is 
heartening to note that in recent years 
the NSF, with strong backing from the 
White House Office of Science and 
Technology Policy, has substantially 
increased its funding for mathematics. 
Nevertheless, the previous cuts were 
so deep that NSF funding for mathe
matics regained its 1968 level only in 

1984, by which time the number of 
mathematicians needed to meet the de
mands of teaching in the universities 
had more than doubled. 

In the universities, where 90 percent 
of all fundamental work in math

ematics is carried out, the initial re
sponse to the cutbacks was to absorb 
them through the redeployment of in
ternal resources. Unfortunately in the 
mid-1970's many universities began 
to face serious financial difficulties 
of their own, largely because Feder
al funding cuts affected many disci
plines. Mathematics was hit particu
larly hard, since more than 90 percent 
of its outside support continued to 
come from the Department of Defense 
and the NSF; funds from industry for 
fundamental work were negligible at 
the time because of a reluctance to fi
nance fundamental work that is many 
steps removed from application. 

The consequences of this series of 
events are not hard to guess. By vari
ous errors of inadvertence and omis
sion the U.S. has progressively under
nourished the university mathematics 
community to the point where, with
out new Federal initiatives, it will not 
be able to carry out its essential task. 
Between 1973 and 1982 Federal sup
port for mathematics grew hardly at 
all in constant dollars, and so it re
mained at roughly two-thirds of its lev
el in 1968. The typical investigator in 
1982 could expect only a third of the 
level of support that was granted in 
1968. The number of American citi-
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zens awarded a doctorate in mathe
matics fell by more than half in the 
same period. So few students are now 
studying for a doctorate in mathemat
ics that, if present trends continue, 
the university mathematics commun
ity will not be able to replace itself 
with qualified people. 

problem closely and make recommen
dations; I was asked to ser.ve as its 
chairman. Our detailed findings show 
that Browder's initial concerns were 
more than justified. What is now at 
stake is not only the future of mathe
matics but also the quality of the un
dergraduate instruction in mathemat
ics for the students on whom the future 
of science, engineering, the economy 
and society in general will depend. 

In the spring of 1981 this deteriorat
ing state of affairs prompted action. 
William Browder of Princeton Univer
sity, who was then chairman of the Of
fice of Mathematical Sciences at the 
National Research Council (NRC), ap
proached other scientists at the NRC 
with an urgent appeal for a study of the 
prevailing health of mathematics. A 
committee, made up of many non
mathematicians as well as mathemati
cians, was appointed to examine the 

How did such a drastic change in the 
allocation of society'S resources 

to mathematics go unnoticed for so 
long? For one thing, the productivity 
of mathematicians in this country is 
remarkably high. In the past several 
decades they have compiled a dazzling 
record of achievement. The Fields 
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FEDERAL FUNDING in mathematics can only be estimated from the available statistical 
data. For example, one measure of the support, which is published by the National Science 
Foundation (NSF), is the total Federal funding obligations for basic research in mathemat
ics and computer science (solid gray line). Unti11976, however, no distinction was made in 
the reporting of this statistic between the support of mathematics and the support of com
puter science. The more detailed breakdown reported since that year is plotted in the right 
part of the graph, but even this information is almost certainly misleading. The definition 
of "mathematical research" has varied according to the person who reports the data from 
an agency. A careful analysis of the Federal support of fundamental mathematics for select
ed years (solid colored line) suggests it declined by about a third in the late 1960's and early 
1970's, in large part because of reductions in defense spending. Moreover, there was an al
most complete stagnation in Federal funding throughout the subsequent decade. Although 
support from the NSF was supposed to offset the losses in defense funding, additional Con
gressional appropriations for the NSF never found their way into the Mathematical Scien
ces Section. Hence NSF funding for mathematics also declined in almost every year from 
1967 through 1976 and did not begin to rise significantly unti11983 (solid black line). Esti
mated increases in Federal funding for 1984 and 1985 are indicated by the broken lines. 
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Medal, the eq uivalent for the mathe
matician of a Nobel prize, has been 
awarded to mathematicians in the U.S. 
11 out of 27 times. Four Nobel prizes 
awarded to U.S. scientists in the .past 
six years have recognized work in as
trophysics, economics, medicine and 
physics that was largely mathematical 
in nature. In spite of serious inroads 
that have been made on the time the 
academic mathematician can allot to 
original work, several of the oldest and 
hardest problems in mathematics have 
recently been solved. 

The second reason the neglect of 
mathematics went unnoticed is that ex
act figures for the support of basic re
search are hard to assemble. The sup
port of mathematics within the Fed
eral Government is not monolithic. 
There is no single item in the Federal 
budget that encompasses all Federal
ly supported work in mathematics. 
Although, as I have mentioned, the 
NSF and the Department of Defense 
administer most of the appropriat
ed funds, the funds are further split 
up within the defense establishment 
among agencies of each of the three 
major services: the Air Force Office 
of Scientific Research, the Army Re
search Office and the Office of Naval 
Research. Each agency has its own 
mission, accounting methods and re
search definitions. Moreover, most 
Federally supported research is bud
geted by project, and so the support of 
mathematics must be estimated as a 
share of each project. Such estimates 
are particularly difficult to make for 
budgets that do not specify the funds 
allocated to mathematical work. 

Our study found that several Feder
al reporting practices have been inad
vertently masking the extent of the de
cline in the support of mathematics. 
Until 1976, for example, mathematics 
and computer science appeared to
gether as a single line item in the statis
tical summary of Federal obligations 
for research and development collect
ed each year by the NSF. Since then 
the NSF has collected funding infor
mation about the two fields separately, 
thereby recognizing that they are intel
lectually independent. 

The first half of the 1970's, how
ever, was a period of extremely rapid 
growth in computer science; conse
quently the line item that included the 
support of mathematics appeared to 
be growing nicely. The lack of growth 
in the budget for mathematics during 
this critical period was not visible even 
to mathematicians in policymaking 
positions at the time, and the stagna
tion cannot be fully documented in ret
rospect because many program rec
ords are no longer available. 

The term "mathematical research" 
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in the NSF statistical summary can 
also be misleading. Indeed, the sum
mary itself warns its readers that the 
definition of mathematical research 
may vary widely among agencies. 
Typically the information on which 
the summary is based is supplied anon
ymously by people with no mathemat
ical or scientific background, who are 
merely filling out the blanks in a ques
tionnaire as best they can. 

I t is now clear that a large fraction 
of the money classified as funding 

"mathematical research" does not sup
port fundamental work in mathemat
ics. Instead such income supports the 
application of known mathematical 
methods in diverse fields. New appli
cations of known mathematics have 
increased explosively in recent years, 
and so once again the line item in the 
NSF summary has falsely suggested 
that the support of fundamental math
ematics is in a healthy state. 

In 1979 the NSF took a major step 
toward improving the reliability, com
prehensiveness and consistency of the 
Federal data on the funding of math
ematics. The Interagency Commit
tee for Extramural Mathematics Pro
grams (ICEMAP) was reactivated. The 
members of ICEMAP are knowledge
able representatives from each of the 
major Federal agencies that support 
mathematics; excellent data on fund
ing in the years since 1981 are now 
available. 

Although inadequate funding infor
mation accounts for the neglect of fun
damental mathematics by the mak
ers of science policy, the neglect of 
the problem by mathematicians them
selves is more difficult to understand. 
It appears that most mathematicians 
were generally unaware of what was 
happening not only for the reasons al
ready mentioned but also because of 
the role of the universities in masking 
the initial decline. The universities as
sumed just enough of the additional 
burden to obscure the magnitude of 
the Federal shifts in policy. The sup
port available in universities today is 
sufficient only to retard the decline in 
the support of mathematics, not to ar
rest it and certainly not to reve

'
rse it. 

Because of the inadequacy of the 
centralized records, one must resort to 
surveys in order to gauge the relative 
levels of Federal and university sup
port. In 1980 a survey by the National 
Science Board showed that an over
whelming proportion of the work in 
mathematics was being supported by 
the universities rather than by the Fed
eral Government. The finding was in 
sharp contrast to the patterns of Feder
al support in related disciplines. For 
example, the number of mathemati-
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FEDERAL SUPPORT OF MATHEMATICIANS both in senior faculty positions and in 
graduate schools (colored parts of bar graphs) is sharply out of balance with the Federal 
support of scientists in related disciplines. Compared with the proportion of chemists and 
physicists being supported, a much smaller fraction of all mathematicians receive Federal 
money. The data are from a study done by the National Science Board in 1980; it is like
ly that the proportion of Federally funded mathematicians is now only marginally higher. 

cians teaching at universities in 1980 
who were actively engaged in research 
and publishing was somewhat greater 
than the number of university phys
icists or chemists. Only about two
thirds as many mathematicians were 
getting Federal support. 

The situation was even worse among 
graduate students. Although universi
ties conferred roughly as many doctor
ates in mathematics as they did in 
physics, the Government supported 
only 200 graduate research assistants 
in mathematics in 1980, compared 
with 2,900 in physics. At the postdoc
toral level only 50 students in mathe
matics . were being supported, com
pared with 1,200 in physics. 

Why has mathematics fared so 
much worse than the other basic 

sciences? One reason is the time lag 
between the invention of new mathe
matical tools and their application. Al
though the lag has become progres
sively shorter in recent years, it can 
still be 20 years or longer. Moreover, 
applications of fundamental work in 
mathematics are often made in ways 
that were unforeseen when the work 
was initially undertaken. The practice 
of allocating funds to scientific work 
on the basis of its foreseeable, short
term applications is unsatisfactory in 
any basic science, but it is particularly 
inappropriate in mathematics. 

A second reason for the imbalance 

in Federal funding between mathe
matics and other basic sciences is that 
fundamental work in mathematics is 
much more highly concentrated in the 
universities than fundamental work in 
other sciences. Mathematics is there
fore greatly weakened by any general 
cutbacks in the support for academic 
research. 

To compound this effect, mathema
ticians themselves were concerned at 
the beginning of the 1970's about an 
apparent surplus of people with a doc
torate in mathematics. Accordingly 
the mathematical community did not 
press the NSF for the support of uni
versity grad uate students and post
doctoral mathematicians, whereas in 
other fields additional funds were dis
tributed to the universities by the 
NSF as research grants. 

I have noted above that private in
dustry is not likely to take up much 
of the slack. In recent years, it is true, 
many companies have increased their 
support of fundamental mathematics, 
both in their own laboratories and in 
the universities. Industry is now the 
fastest-growing source of funding for 
research and development in the uni
versities. Nevertheless, in spite of the 
increasing importance of industrial 
funding, it is unrealistic to expect in
dustry to supplant government as the 
primary supporter of fundamental 
mathematics. The NSF exists in the 
recognition that only government can 
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take on the major portion of outside 
investments in basic science and math
ematics at the universities. 

Indeed, there is now the threat that 
private industry will effectively weak
en the national resource in fundamen
tal mathematics by luring mathemati
cally talented people into relatively 
high-paid jobs. Such people are flex
ible and widely employable. In the 
face of the neglect of mathematics 
many of them have already opted for 
other fields, as the decline in the annual 
output of doctorates makes clear. Stu
dents who would have studied mathe
matics a decade ago now enter com
puter science or some other more mar
ketable field, and it is not uncommon 
for them to earn more in their first 
year on the job than their former 
professors earn after many years of 
experience. According to the Ameri
can Mathematical Society, university 
mathematics departments are being 
forced to fill more than half of their 
teaching positions normally requiring 
a Ph.D. in mathematics with candi
dates who lack the degree. If nothing is 
done, this trend will accelerate dra
matically in the 1990's. As the mathe-
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matlcJans trained in the 1950's and 
1960's begin to retire, the number of 
competent university mathematicians 
may well become critically low. 

There is a further and somewhat 
paradoxical reason for the deteriora
tion of conditions in university math
ematics departments. It is the rapid 
increase in undergraduate enrollment. 
According to the Conference Board 
of Mathematical Sciences, the num
ber of students enrolled in mathemat
ics and statistics courses increased by 
more than 70 percent between 1970 
and 1983. Fundamentally this effect is 
salutary for the mathematics profes
sion, because it shows the strong and 
growing student interest in mathe
matics. There is a recognition among 
students of the increased importance 
of mathematics in such fields as busi
ness and management as well as in 
the traditional scientific and engineer
ing disciplines. 

Yet the large enrollments impose a 
heavy burden on mathematicians in 
the universities: from 1970 to 1983 the 
teaching load for each full-time facul
ty member in mathematics increased 
by nearly 30 percent. Even if the pres-
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ent conditions do not cause an exodus 
of mathematicians from the universi
ties, fundamental mathematics in this 
country is living on borrowed time. 
The U.S. is still reaping the harvest of 
the investment made in mathematics 
in the 1960's, and that investment is 
not being renewed. 

I f such stark trends in the mathemat
ics community are to be reversed, 

the responsible Federal agencies must 
take part in a sustained program of re
newal. But why support mathematics 
in the first place? Why not allow mar
ket forces to hurry the transfer of tal
ent from pure to applied mathematics 
and computer science? 

An important answer is that funda
mental mathematics is a cornerstone 
of our culture. It has long been regard
ed as one of the noblest activities of the 
intellect, and certainly as one of the 
most rigorous and challenging ones. 
Beyond that, it has contributed pro
foundly to what Arthur M. Jaffe of 
Harvard University calls the "order
ing of the universe." The abstractions 
of mathematics have been routinely 
adopted by scientists to understand 
the patterns of nature. 

One must confess, however, that so
ciety has come to expect additional 
returns from the millions of tax dol
lars it provides for esoteric mathemat
ical work. In the happy phrase of Eu
gene P. Wigner of Princeton, it is the 
"unreasonable effectiveness of mathe
matics" that captures the popular im
agination. New mathematical ideas, 
often developed with no thought of 
application, have repeatedly turned 
out to have immense scientific, techno
logical and economic benefits. 

Jaffe notes a striking instance of the 
unexpected application of mathemati
cal ideas. In 1940 the British mathe
matician Godfrey Harold Hardy rath
er haughtily cited his own substan
tial contributions to number theory 
as the very antithesis of the utilitarian. 
Hardy wrote: "I have never done any
thing 'useful.' No discovery of mine 
has made, or is likely to make, direct
ly or indirectly, for good or ill, the 
least difference to the amenity of the 
world." Forty-five years later, as Jaffe 
points out, number theory is at the 
heart of issues in national security: it 
has become the basis of several new 
schemes for constructing secret codes. 

The practical justification for the 
support of fundamental mathematics 

1973-74 1975-76 1977-78 1979-80 1981-82 1983-84 is straightforward: mathematics is ex-
ACADEMIC YEAR 

NUMBER OF DOCTORATES in mathematics confe�red each year on American citizens 
(colored curve) has now declined to the point where, without increased Federal support, the 
field will not be able to renew itself as older mathematicians retire. The number of doctor-
ates in mathematics awarded b'y U.S. universities to foreign students has been roughly con
stant for the past 15 years (gray). The data are from the American Mathematical Society. 
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traordinarily cost-effective. In spite of 
the increased application of computers 
in mathematics, most mathematical 
work is still done with pencil and paper 
or with chalk and blackboard. This 
simple fact may well contribute to the 
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difficulty mathematicians have had 
in making their case to the Federal 
funding agencies. Since their needs 
in equipment, facilities and technical 
staff are relatively small, it has often 
been tempting to postpone them. 

Yet consider the scientific concepts, 
the instruments and the technologies 
that would not exist without the prior 
abstractions of mathematics. The gen
eral-purpose, programmable comput
er, for example, was developed by 
the mathematician John von Neu
mann and his colleagues, chiefly for 
the purpose of solving mathematical 
problems. They were in turn indebted 
to the mathematical logicians Alan M. 
Turing, Alonzo Church, Emil Post, 
Kurt G6del and others for the frame
work in which they carried out their 
investigations. The algorithms, or rou
tine procedures, that are automated on 
the computer have similar mathemati
cal roots; they can be traced to system
atic work in the art of computation and 
numerical analysis begun by mathe
maticians such as Newton, Leonhard 
Euler and Carl Friedrich Gauss. 

Mathematical analysis continues to 
be essential to the development 

of algorithms that take optimum ad
vantage of computational resources. 
Last year, for example, Narendra Kar
markar, a mathematician at AT&T 
Bell Laboratories, devised a new algo
rithm for solving problems in linear 
programming. In this case the payoff 
of a mathematical result may be al
most immediate. Problems in linear 
programming, such as the scheduling 
of machine time and the allocation of 
resources, arise continually in govern
ment and industry. They are currently 
solved by a fast algorithm called the 
simplex method. If Karmarkar's new 
algorithm outperforms the simplex, it 
could save many millions of dollars in 
its applications. 

One of the most promising current 
directions in fundamental mathemat
ics is the continued development of 
the mathematical model. Mathemati
cal modeling of natural phenomena is 
hardly new. Nevertheless, advances in 
numerical analysis and the develop
ment of the computer have made it 
possible to simulate processes in ways 
that are much more complex and more 
realistic than ever before. Mathemati
cal modeling in partnership with the 
computer is rapidly becoming a third 
element of the scientific method, co
equal with the more traditional ele
ments of theory and experiment. 

It is now possible, for example, to 
simulate much of the aerodynamics of 
an airfoil before the airfoil is subjected 
to expensive testing in a wind tunnel. 
Mathematical models are employed in 
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FUNDAMENTAL INVESTIGATIONS now under way into the mathematics of so
called nonlinear systems could lead to better methods for extracting oil from porous rock 
deep in the earth. Flooding the rock with water injected under pressure is one standard 
method of recovery; the water pushes some of the oil out of the rock and toward an extrac
tion well. Because the water is less viscous than the oil, the advancing front of water splits 
up into long fingers that leave behind large volumes of oil (upper illustration). It is known 
that adding a polymer to the water increases the viscosity of the injected fluid. The tenden
cy of the fluid to split into fingers is thereby reduced and a greater fraction of the oil can 
be recovered (lower illustration). A mathematical description that takes account of the in
teractions of such complex phenomena in a real. petroleum reservoir is under development. 

the design of a variety of products, in
cluding nuclear reactors, automobiles, 
storage disks for magnetically encoded 
data, semiconductor chips and pilot 
plants for the production of fuels and 
chemicals. Computer-generated mod
els of the atmosphere continue to play 
a major role in the public debate on 
such issues as the atmospheric trans
port of pollutants and the recently rec
ognized threat of a "nuclear winter." 
Finally, a mathematical simulation of 
the hypothetical properties of any 
complex system can guide the investi
gator in delimiting the range of values 
for the variables in a theory. The dy
namics of stellar interiors, for exam
ple, are being explored in this way. 

The fit between a mathematical 
model and the phenomenon it simu
lates depends, of course, on the degree 
of distortion introduced by the simpli
fying assumptions that must be made 

in the model. There are many complex 
industrial processes whose control has 
long been more art than science be
cause realistic assumptions have led to 
intractable mathematics and mathe
matically tractable assumptions have 
led to irrelevant oversimplifications. 
Recent work in fundamental mathe
matics is bringing many such proc
esses within the scope of satisfactory 
models for the first time. 

The investigation of nonlinear sys
tems, for example, has enormous 

potential applications in mathematical 
modeling. In a linear system a combi
nation of inputs gives rise to a response 
that is a simple sum of the responses to 
the individual inputs; in a nonlinear 
system the response depends on the in
puts in much more complicated ways. 
A detailed physical analysis of a non
linear system leads in many cases to 
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nonlinear partial differential equations 
or nonlinear partial integral equations. 
The solutions to such equations are 
mathematical functions that specify 
the evolution of a particular quantity 
in time or space, given certain initial 
conditions. The structure of these solu
tions is so complex, however, that until 
recently many nonlinear phenomena 
were treated mathematically as if they 
were linear. 

Let me give two examples of nonlin
ear systems that are found in my own 
industry, the petroleum industry. The 
first example arises in the attempt to 
recover the oil trapped in the pores of a 
rock formation that may lie at a depth 
of a mile or more. In most such reser
voirs only a small fraction of the oil 
readily flows to the surface. One com-

mon method for increasing the frac
tion of recovered oil has been to pump 
water at high pressure through the res
ervoir. The water pushed through the 
pores of the rock displaces some of the 
oil and forces it to the surface. Even 
this method, however, leaves roughly 
two barrels of oil in the ground for 
every barrel recovered. 

One problem with waterflooding as 
well as with more sophisticated recov
ery techniq ues is a phenomenon called 
fingering. The boundary between the 
two fluids becomes unstable because 
water is less viscous than oil. The front 
of advancing water splits up into fin
gers in the rock that bypass volumes of 
the formation rich in oil. Once the wa
ter breaks through the formation to the 
well for extracting the oil, the recovery 
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MATHEMATICAL MODEL that describes the corrosive oxidation of an alloy gives rise 
to nonlinear partial differential equations, which have been objects of intense scrutiny by 
mathematicians. A bifurcation, or branching, diagram (upper illustration) summarizes the 
general properties of the solutions to the equations. In the model it is assumed the alloy is 
made up of two metals; one metal reacts with oxygen and the other metal does not. For 
each initial concentration of the reactive metal the diagram shows there is one solution to 
the equations that predicts an oxidized region in the alloy made up entirely of oxide (colored 
horizontal line). This prediction corresponds to a phenomenon called external oxidation: a 
coating of oxide is formed on the surface of the alloy, which protects the interior from fur
ther oxidation. For each concentration of the reactive metal less than a critical concentra
tion there are two other solutions to the equations. One solution is mathematically unstable 
and cannot be physically observed (black curve); the other solution corresponds to a phe
nomenon called internal oxidation (colored curve). The colored circle on the bifurcation 
diagram corresponds to the areas of internal oxidation shown in the lower illustration. Oxy
gen enters the alloy from the external environment and reacts with the reactive metal to 
form oxide particles (colored regions) inside the alloy. The bifurcation diagram shows that 
alloys whose initial concentration of reactive metal exceeds the critical value must oxidize 
externally. If the initial concentration is less than the critical concentration, the diagram 
shows that oxidation can take place in one of two ways: either externally or internally. 
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of the oil remaining in the rock pro
ceeds much more slowly and eventual
ly becomes uneconomical. . 

It is known that by adding a polymer 
to the water the tendency of the inject
ed fluid to split into fingers is sub
stantially reduced. The addition of 
the polymer makes the resulting fluid 
more viscous than water. There is no 
simple relation, however, between the 
viscosity of the fluid and the fingering 
pattern. One must also consider fac
tors such as inhomogeneities in the 
rock and the geometric relations be
tween the injection wells and the pro
duction wells. A reasonably detailed 
mathematical description of all these 
factors leads to highly nonlinear sys
tems of equations. 

My second example arises in the 
study of corrosion. According to 

one estimate, corrosion costs the U.S. 
petroleum industry more than $200 
million per year in its refineries alone. 
Such losses are multiplied many times 
throughout the rest of the economy 
because corrosion attacks almost all 
structures. The need to control corro
sion at high temperatures has led to 
the development of complex metal al
loys now used in much refinery equip
ment. Such an alloy can withstand 
corrosive environments and high tem
peratures because a continuous pro
tective layer of metal oxide is formed 
at the surface of the metal. Corrosive 
agents such as carbon and oxygen can
not rapidly diffuse through an unbro
ken layer of metal oxide. 

In order to design alloys more resis
tant to corrosion a key question is how 
to give a mathematical description of 
two competing tendencies in the alloy. 
One is the tendency of the material to 
form an oxide coating, and the other is 
the tendency for the corrosive agent to 
diffuse through the coating and dam
age the interior. Even for an alloy 
made up of only two metals, one that 
oxidizes and one that does not, the 
mathematical description leads to a set 
of nonlinear equations that have only 
recently begun to yield to new mathe
matical methods. 

The analysis of nonlinear systems is 
one of the most important current 
topics in fundamental mathematics. 
For example, there is much interest in 
solutions to nonlinear equations that 
oscillate periodically or, for certain 
initial conditions, become chaotic. 
Mathematicians are now seeking to 
classify the kinds of solutions to which 
these equations can give rise [see illus
tration at left]. The interest arose part
ly from the effort to understand non
linear physical systems and partly 
from questions that have developed 
within fundamental mathematics. 
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As nonlinear systems become better 
understood mathematically, the op
portunities for applying the new math
ematical ideas will be abundant. Na
ture typically exhibits nonlinear be
havior, and so do the complex physical 
and chemical systems in industry. I 
have already mentioned two kinds of 
nonlinear system that arise in the pe
troleum industry, and there are many 
others. Indeed, to realize mathemati
cal descriptions that take account of 
all the relevant interactions in, say, a 
real petroleum reservoir, advances in 
topology, network theory and random 
processes, as well as in nonlinear dif
ferential equations, will be required. 

How much support is enough for 
mathematics? There is no way 

to derive the "right" levels of support 
from a set of self-evident axioms, but 
there are a few principles that seem 
easy to accept. One principle is that 
funding should be commensurate with 
the apparent opportunities for produc
tive work in the field. Such opportuni
ties are in turn dependent on the state 
of knowledge within the field and the 
caliber of the people attracted to it. 
The level of support should enable the 
research community to renew itself by 
attracting talented young people. The 
funding structure should rely on the 
initiative of the individual investigator 
and it should stress long-range goals. 

The level of support should also re
flect the mutual effect that every dis
cipline has on every other discipline. 
Mathematics and the sciences tend to 
advance together. A breakthrough in 
one field can have a tremendous im
pact on the others. Hence one of the 
major goals of funding policy should 
be to estimate the proper balance of 
support among several fields. 

In formulating our recommenda
tions for the support of mathematics 
we have recognized that in one respect 
mathematics is a "small" science. Al
though some branches of mathematics 
depend on relatively expensive com
puting time, much of mathematics, un
like physics, chemistry and other "big" 
sciences, does not req uire costly instru
mentation. Accordingly funding for 
mathematics need not match these 
fields dollar for dollar. On the other 
hand, the needs of people in mathe
matics are just as great as the needs of 
people in the other sciences. Mathe
maticians too req uire research time, 
graduate students, postdoctoral assis
tance, secretarial help and support for 
travel, conferences, professional jour
nals and reports. 

The report of the National Research 
Council calls on the Federal Govern
ment to more than double its current 
support of fundamental mathematics. 

RECOMMENDED FEDERAL SUPPORT IN 1989 

FACULTY RESEARCH GRANTS 

GRANTS FOR YOUNG INVESTIGATORS 

(3-5 YEARS AFTER Ph.D.) 

POSTDOCTORAL FELLOWSHIPS 
(T WO-YEAR GRANTS) 

VISITING SCHOLARS 

2,600 @ $31,500 

400 @ $25,000 

200 @ $90,000 

MILLIONS OF 
CONSTANT 

1984 DOLLARS 

81.9 

10.0 

18.0 

GRADUATE STUDENT STIPENDS AND TUITIONS 

CONFERENCES AND RESEARCH INSTITUTES 

COMPUTATION INITIAilVE AND EQUIPMENT 

130 @ $90,000 

1,000 @ $30,000 

11.7 

30.0 

11.0 

17.5 

TOTAL 180.1 

RECOMMENDATIONS FOR RENEWED SUPPORT of mathematics call for a real in
crease in Federal funding of 18 percent per year in constant dollars over a period of five 
years. If the recommendations are adopted by the Government, the cost of fundamental 
matheJ.llatics in 1989 will be slightly more than $180 million in constant 1984 dollars. The 
money is to be spent according to the breakdown shown in the table. The recommendations 
were presented last year to the National Research Council by the Ad Hoc Committee on 
Resources for the Mathematical Sciences, a group that included many nonmathematicians. 

When the report was first drafted in 
1984, the total Federal support of 
mathematics was estimated to have 
been $78.2 million. We recommended 
that the level be increased by 18 per
cent per year in constant dollars for 
five years, which would bring the an
nual budget to about $180 million in 
1984 dollars for fiscal year 1989. 

These recommendations are actual
ly quite modest. They are based on a 
careful analysis of the needs of math
ematics in eight general categories. 
Thus our report urges that by 1989 
funding be provided for 1,000 gradu
ate students, 400 postdoctoral students 
and 2,600 established investigators, as 
well as for a new initiative in the math
ematics of computation. Such num
bers are still smaller than their coun
terparts in physics and chemistry: in 
physics there were 1,200 postdoctoral 
students who had Federal support in 
1980; in chemistry there were 2,500. 
Moreover, the goal of funding 2,600 
established investigators represents 
the support of only 40 percent of the 
field. In physics the corresponding per
centage is now 70 percent; in chemistry 
it is 50 percent. 

I f our program is put into practice, it 
will initially arrest the long decline 

in the number of doctorates awarded 
in mathematics to American citizens. 
In the longer term it will also increase 
their number to a level that will bal
ance the needs of higher education and 
the national research enterprise in the 
1990's and beyond. 

Compared with the $7 billion the 
Federal Government spent on basic re-

search in fiscal year 1984, let alone the 
more than $50 billion it spent on all 
research and development, fundamen
tal mathematics is a bargain at the 
$180 million funding level we have 
recommended. I have already noted 
that the NSF has recently taken the 
lead in increasing the Federal support. 
The agency's budget for mathematical 
sciences increased by more than 15 
percent per year in current dollars in 
fiscal years 1984 and 1985, and a simi
lar increase is proposed for fiscal year 
1986. The National Science Board, 
which is the governing body of the 
NSF, adopted a formal resolution in 
December of last year urging that all 
Federal agencies make a concerted ef
fort to bring their support of mathe
matics back to the proper levels. 

Nevertheless, Washington's current 
preoccupation with the Federal deficit 
forces new programs of any kind to 
wage an uphill battle. Bureaucratic in
ertia in the relevant Federal agencies 
also hinders effective action. The bud
get for fiscal year 1985, although in
creased, was nowhere near our pro
posed goal of $92 million in 1984 dol
lars; the proposed budget for fiscal 
year 1986, although increased again, 
continues the pattern of undernourish
ment in mathematics. 

What is to be done? Mathemati-
. 

cians, as well as people in science, in
dustry and government whose work 
depends on mathematics, must contin
ue their efforts to present the case 
for fundamental mathematics to those 
who control the budget-making proc
ess. Restoring the health of mathemat
ics is essential to .the nation's future. 
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Molecular Approaches 
to Malaria Vaccines 

Study of genes encoding the molecules of the malaria parasite's 

outer coat reveals a class of proteins forming repeated antigenic 

sites. They may serve as decoys deflecting the immune response 

F
or a brief period in the early 
1960's it appeared that malaria, 
an ancient scourge, might soon 

be brought under control. Extensive 
spraying with DDT was reducing the 
Anopheles mosquito population and 
novel drugs such as chloroquine were 
available for treating infected patients. 

Twenty years later malaria is resur
gent. Its causative agent, the protozoan 
parasite Plasmodium, is developing re
sistance to the drugs, and the parasite's 
vector, the female Anopheles mosquito, 
is becoming resistant to DDT and oth
er insecticides. Today the disease af
flicts some 200 to· 400 million people 
in a broad tropical band around the 
world. In Africa it kills some 10 per
cent of its victims directly and debili
tates the rest; it is a major cause of 
early-childhood mortality rates rang
ing as high as 50 percent. Clearly there 
is urgent need for the new attack on 
malaria that is currently under way. 
The major effort is to exploit the tools 
of molecular biology to develop anti
malaria vaccines and other ways to 
combat the parasite. 

An effective vaccine must stimulate 
the immune system to make antibodies 
that can attack and neutralize the para
site. To develop such a vaccine will not 
be easy. In regions of Africa where the 
disease is endemic a large proportion 
of the population is either chronically 
infected with one or another species of 
the parasite or is continually reinfect
ed by the ever present mosquito. These 
people develop antibodies aplenty to 
the parasite, but few of them devel
op protective immunity. The reason is 
that Plasmodium, even during the brief 
periods when it is not hidden from the 
immune system of its human host (in 
liver cells or red blood cells), is adept 
at evading the immune response. Stud
ies of the molecular biology of Plas-
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modium have begun to reveal how it 
does so and to suggest new approaches 
whereby the parasite's escape mecha
nisms may be circumvented. One can 
hope that in the not too distant future 
genetically engineered vaccines or oth
er molecular weapons may be devel
oped and that eventually malaria will 
be eradicated. 

Two species of piasmodium are im
portant agents of human malaria: 

P. jalciparum (the most prevalent and 
most lethal) and P. vivax. In the course 
of its life cycle in its mosquito and hu
man hosts the unicellular parasite un
dergoes an astounding series of devel
opmental and morphological changes. 
The stage that infects man, the lance
shaped sporozoite, resides in the mos
quito's salivary gland and is delivered 
into the victim's bloodstream when the 
insect takes a blood meal. Within an 
hour each sporozoite finds its way to a 
liver cell. There it undergoes a com
plex series of transformations. Eventu
ally a giant multinucleate stage, the 
schizont, fissions into small, roughly 
spherical merozoites. The result is an 
enormous amplification of parasites: a 
liver cell infected by one sporozoite re
leases into the bloodstream from 5,000 
to 10,000 merozoites. 

Each merozoite invades a red blood 
cell, where it multiplies asexually until 
the cell bursts and releases from 10 to 
20 new merozoites that go on to invade 
more red cells. It is the periodic lysis 
of the blood cells, with concomitant 
release of merozoites and toxic waste 
products, that causes the regular fevers 
and chills of malaria. 

Some merozoites develop into male 
and female gametocytes (germ-cell 
precursors), thus initiating the para
site's sexual cycle. The gametocytes 
are sucked up with red cells by a mos-

quito, mature in the mosquito gut and 
fuse to form a zygote. The zygote un
dergoes yet another series of divisions, 
transformations and migrations; even
tually a mature sporozoite appears in 
the salivary gland, ready to initiate a 
new infective cycle. 

Each developmental stage of Plas
modium has its characteristic shape 
and distinctive set of functions; it in
habits a particular microenvironment 
and interacts with a specific target tis
sue. To the molecular biologist this 
means that although all the stages have 
the same genome, or complement of 
genes, in each stage a different part 
of the genome is being expressed: dif
ferent genes are turned on and off in a 
programmed sequence. 

A gene is composed of DNA, a dou
ble helix whose two complementary 
strands are made up of subunits called 
nucleotides. Each nucleotide is charac
terized by one of four bases: adenine 
(A), guanine (G), thymine (T) and cy
tosine (C). Genetic information is en
coded in the sequence of the bases. A 
gene is expressed when one strand of 
its DNA is transcribed into a comple
mentary strand of messenger RNA 
(mRNA), which is then translated into 
a sequence of amino acids, the sub
units of proteins. 

One way to understand a developing 
organism at the molecular level is to 
isolate the genes being expressed at a 
particular stage of development and 
study their structure and that of the 
proteins they encode. In the case of 
Plasmodium such studies have been fo
cused on the parasite's surface. One 
reason is that the proteins of the cell's 
outer coat are highly stage-specific: 
each is expressed in only a single de
velopmental stage. Their genes must 
therefore be subject to stringent regu
lation, whose mechanisms are of con-
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siderable fundamental interest. The 
other reason is that these proteins are 
surface antigens and as such are like
ly to be implicated in triggering (or in 
evading) the host's immune response. 
Studying their genes is therefore im
portant not only for understanding the 

mechanism of stage-specific gene ex
pression but also for developing stage
specific malaria vaccines. 

the gene encoding the major surface 
antigen of a sporozoite, the so-called 
circumsporozoite (CS) protein. The 
protein had been studied for many 
years by Ruth S. Nussenzweig of 
N.Y. U. and had been shown to be 
stage-specific: synthesized only in spo-

Some years ago my colleagues and I 
at the New York University Medi

cal Center set out to isolate and study 

MALARIA PARASITE Plasmodium goes through a number of 
stages during its life cycle in its vector, a female Anopheles mosqui
to, and in a mammalian host. A sporozoite injected by the mosquito 
soon invades a liver cell, where it is transformed into a giant, multi
nucleate schizont. The schizont fissions and the liver cell releases 
many thousands of merozoites. Each merozoite invades a red blood 
cell and multiplies; the cell bursts, releasing from 10 to 20 merozo
ites that invade more blood cells. Some merozoites become male 

MALE 
GAMETOCYTES 

MEROZOITES 

FEMALE 
GAMETOCYTES 

and female gametocytes (germ-cell precursors), which are taken up 
with a blood meal by a mosquito. After a series of further transfor
mations mature sporozoites appear in the mosquito's salivary gland, 
where they are available to repeat the infective cycle. A vaccine 
might be designed to elicit antibodies that attack either sporozoites, 
merozoites or gametocytes when they are free in the bloodstream 
(1, 2, 3). Agents might also be designed to block the invasion of liv
er or blood cells (colored arrows) or to kill parasites within a cell. 
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SEARCH FOR GENE encoding the circum sporozoite (CS) protein of the monkey-malaria 
parasite Plasmodium knowlesi began with extraction of messenger RNA (mRNA) from para
site-infected mosquitoes. To detect CS-protein messenger some of this mixed mRNA was 
first translated into radioactively labeled protein (1). Half of the protein was subjected to 
precipitation with a monoclonal antibody to the CS protein and half was left untreated. The 
proteins were separated by gel electrophoresis (2). The presence of a band of protein that 
had been precipitated by the antibody (color) gave assurance that the CS-protein mRNA 
was present. The total mRNA was reverse-transcribed (3) into a DNA copy (cDNA), which 
was inserted into plasmids (4). The recombinant plasm ids were introduced into bacterial 
cells (5) and the bacteria were grown (6). The resulting clones were tested (see illustration on 
page 56) with the antibody to the CS protein. Some clones were found to have expressed 
the protein (color). Plasm ids in the positive clones were isolated and examined. Three of 
them were found to carry parasite-eDNA inserts coding for part of the sporozoite protein (7). 
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rozoites. It is the major protein synthe
sized by sporozoites in the salivary 
gland and it covers the entire surface 
of the cell. We chose to work with P. 
knowlesi, the agent of monkey malaria, 
largely because the Anopheles species 
that carries it generates some 10 times 
as many sporozoites as a mosquito in
fected with one of the human para
sites. Infected mosquitoes were sup
plied by Robert W. Gwadz and Louis 
H. Miller of the National Institute 
of Allergy and Infectious Diseases 
(NJAIO), who provide many investi
gators worldwide with malaria-para
site material. 

To isolate an active stage-specific 
gene one ordinarily begins with the to
tal mRNA of the stage under study, 
and so we tested several laborious 
methods for separating sporozoite ma
terial from infected mosquitoes. Even
tually we found that instead of hav
ing to purify sporozoites we could be
gin with the total mRNA of infected 
mosquitoes (or of their thoraxes). In 
the mixture of sporozoite and mosqui
to mRNA we could detect the specific 
mRNA encoding the CS protein, and 
so we could clone the parasite gene di
rectly from the total mRNA. 

The total mRNA was converted 
with the enzyme reverse transcriptase 
into a DNA copy (cDNA). The cDNA 
fragments were inserted into plasmids 
(small circles of bacterial DNA) in the 
middle of a gene coding for a plasmid 
protein. A recombinant plasmid incor
porating the parasite cDNA should 
therefore express a fusion product, 
part plasmid protein and part para
site protein. 

Recombinant plasmids were intro
duced into the bacterium Escherichia 
coli. The bacteria were grown and the 
resulting clones (colonies descended 
from a single cell) were screened with 
the monoclonal antibody to the CS 
protein by means of a two-site immu
nological assay developed by Fidel P. 
Zvala of N.Y. U. Joan Ellis, a student 
in my laboratory, found three clones to 
which antibody bound, showing that 
these bacteria had synthesized an ac
tive fusion protein. 

When the plasm ids in the positive 
E. coli clones were analyzed, we 

found that the fragment of sporozoite 
cDNA inserted in one of them was ex
tremely short: only 340 base pairs, or 
long enough to encode only about 110 
amino acids (since each amino acid is 
specified by a codon of three nucleo
tides). This was a serendipitous find
ing with remarkable ramifications. It 
meant that this small fragment of spo
rozoite cDNA must include the region 
of the gene coding for the immuno-
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reactive part of the CS protein: the epi
tope, or antibody-combining site. 

To locate the epitope-encoding re
gion of the small cDNA insert more 
precisely we turned to transposon mu
tagenesis. This mapping technique de
pends on bacterial transposons: bits 
of DNA, often encoding a gene for 
antibiotic resistance, that can jump 
from one plasmid to another almost 
at random. A transposon inactivates 
gene function beyond the point at 
which it is inserted, so that by map
ping the insertion sites that result in 
deactivation one can delimit function
al regions of genes. By this means 
James R. Lupski, another student in 
the laboratory, was able to show that 
the antigen-combining site is encoded 
within a segment some 110 base pairs 
long at the extreme left-hand end 
(what is called the 5' end) of the 340-
base-pair insert. 

Pamela Svec then determined the 
nucleotide sequence of the 340-base
pair insert. To our astonishment the 
entire insert turned out to consist of 
tandem repetitions of a single se
quence 36 base pairs long; there were 
seven complete repeat units, with in
complete units at each end. When the 
other two clones to which the CS-pro
tein antibody had bound were exam
ined (the ones in which the sporozoite 
cDNA inserts were larger), we found 
those inserts also incorporated multi
ples of the 36-base-pair unit. Since the 
repeat unit was common to all three 
positive clones, it seemed clear that it 
must code for the CS protein's epitope. 
The epitope itself must be a chain of 12 
amino acids repeated in tandem-an 
entirely new and remarkable structure 
for a surface antigen. 

We still did not know the amino acid 
sequence of the epitope. We knew the 
sequence of nucleotides but could not 
translate it into a sequence of amino 
acids because we did not know the 
reading frame: the way in which the 
string of nucleotides should be divided 
into codons specifying amino acids. 
Because a codon is a triplet of nucleo
tides, there are three potential reading 
frames in each strand of DNA, and so 
there are six possible reading frames 
in the double helix. 

We established which was the cod
ing strand and deduced the reading 
frame by finding the junction between 
the Plasmodium DNA and the known 
nucleotide sequence of the plasmid
protein gene. Knowing the reading 
frame, we could translate the nucleo
tide seq uence to derive the 12-amino
acid sequence of the epitope. The logi
cal next step was to assemble a syn
thetic peptide (a short protein chain) 
corresponding to the derived sequence 

and see if it could mimic the immune 
properties of the natural sporozoite 
surface protein. 

David H. Schlesinger of N.Y. U. as
sembled amino acids to make both the 
12-amino-acid epitope and a double
unit peptide 24 amino acids long. The 
immunological assay showed that the 
double-unit synthetic peptide did bind 
to the monoclonal antibody against 
the CS protein; in a competitive assay 
the single-unit synthetic peptide not 
only bound to the antibody but also in 
doing so blocked the antibody's nor
mal binding to the sporozoite surface 
[see illustration on page 56]. These re
sults established conclusively that the 
12-amino-acid peptide did either con
stitute the epitope of the P. knowlesi 
surface antigen or include it. The latter 
proved to be the case: in further experi
ments done with Victor N ussenzweig 
and Schlesinger we showed that syn
thetic peptides consisting of only eight 
of the 12 contiguous amino acids carry 
all the information needed for a com
plete antigen-antibody interaction. 

At this point several advances had 
been made. The sequence of the epi
tope had been determined; the reading 
frame of the entire CS-protein gene 
had been established, and synthet
ic pep tides had been constructed that 
mimicked the protein's immunoreac
tive region. When the peptides were 
injected into mice and rabbits, they 
were highly immunogenic, that is, they 
stimulated the formation of antibod
ies. Whether the antibodies would es
tablish protective immunity (in which 
case the pep tides could be the basis of 
an antimalaria vaccine) remained to 
be determined by testing in animals 
and by further studies of the molecu
lar biology of the surface antigen. 

The next objectives were therefore 
to establish the structure of the 

complete CS-protein gene (not a 
cDNA construct but the actual gene 
found in the parasite chromosome) 
and to deduce the complete amino acid 
seq uence of the protein and then its 

REPEATED PEPTIDES were noted when 
the nucleotide sequence of a cDNA insert 
encoding the CS protein was being 'deter
mined. The four columns of the autoradio
graph represent occurrences of the four sub
units (T, G, C, A) of which DNA is com
posed. Even before the sequence was read 
off it was evident from the reiterated pat
tern that this part of the gene encodes 12 
tandem repetitions of a short peptide. The 
peptide is an epitope, or antigenic determi
nant: a specific site on the protein that binds 
to an antibody. The region of the protein en
coded here is therefore a multiple epitope. 

structure. Luiz S. Ozaki fragmented 
the parasite's genomic DNA, separat
ed the fragments according to size by 
electrophoresis and transferred them 
to a nitrocellulose filter. He probed the 
filter with one of our plasmid cDNA's. 
The cDNA probe hybridized with 
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(bound to) a complementary stretch of 
DNA contained within one segment, 
11,000 nucleotides long, of the para
site genome. The gene for the CS pro
tein was thereby shown to be within 
that segment. 

After isolating the ll-kilobase frag
ment (by cloning) and establishing 
its overall structure (by restriction
enzyme mapping), we determined the 
full nucleotide sequence of the region 
containing the surface-antigen gene. 
The mapping and sequence data led us 
to two conclusions. One was that, in 
spite of the vast amplification of CS
protein expression known to take place 
during the sporozoite stage, the para
site genome contains only one gene for 

A 

3 

the protein. The other conclusion was 
that the coding region of the gene, un
like most genes in eukaryotes (organ
isms higher than bacteria), is not inter
rupted by introns: noncoding interven
ing sequences that are removed only 
when the mRNA is processed. The 
lack of introns suggests that Plasmodi
um may be a very primitive eukaryote. 

With the reading frame established 
and the full nucleotide sequence of the 
CS-protein gene in hand we could de
duce the amino acid structure of the 
complete protein. The central 45 per
cent or so of the protein turned out to 
consist of 12 repeats of the 12-amino
acid epitope unit. In some respects oth
er parts of the protein were what might 

B 

y 

ONE-UNIT 
PEPTIDE 

c 

TWO-UNIT 
PEPTIDE 

.. 

1 

be anticipated in a surface protein. The 
extreme left end (the NH2 terminus) 
has the strongly hydrophobic (water
repellent) signal sequence characteris
tic of proteins exported through the 
outer membrane of a cell. The other 
end (the COOH terminus) is a hydro
phobic tail (which typically anchors a 
surface protein in the cell membrane); 
it is preceded by four amino acids (cys
teines) between which disulfide bonds 
can form to link segments of the pro
tein into a globular structure or to link 
adjacent molecules of the protein. 

The protein's molecular weight as 
calculated from the amino acid se
q uence is, however, substantially less 
than the molecular weight measured 
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MONOCLONAL ANTIBODY to the CS protein serves to detect 
clones expressing the protein (A) and to test synthetic peptides and 
so verify the deduced amino acid sequence of the epitope (B-D). 
Unlabeled antibody is adsorbed on a solid surface (1). A positive 
clone is detected (A) when an epitope on the CS protein it expresses 
binds to the antibody (2); binding of the protein is demonstrated 
by the binding of a labeled copy of the same antibody to a second 
epitope on the protein (3). When a single synthetic peptide (12 amino 

acids) binds to the adsorbed antibody (B), it offers no second site for 
attachment of the labeled antibody. The double peptide (24 amino 
acids) does provide a second site, however (C), and so the labeled 
antibody can bind to it. In a competitive assay (D) the single peptide 
at high concentration saturates the combining sites of adsorbed anti
bodies and thus blocks the binding of the true CS protein. This proves 
that the synthetic peptide and the parasite protein compete for the 
same antibody: they must have identical antibody-combining sites. 
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by the protein's rate of migration in a 
gel. This finding and others suggested 
that the CS protein must have peculiar 
physical properties. Some of these 
properties could be deduced from the 
amino acid sequence of the repeat unit. 
The peptide has three glycines, three 
alanines, three glutamines and an as
partic acid, a proline and an aspara
gine. They are arrayed in two dimen
sions in such a way that small polar 
(hydrophilic) amino acids alternate 
with large hydrophobic ones. Such al
ternation is also characteristic in a six
amino-acid repeating subunit of fibro
in, the major protein of silk. The fibro
in chain doubles back and forth on 
itself, with successive antiparallel seg
ments linked by hydrogen bonds. This 
configuration., a beta pleated sheet, 
gives silk its fibrous, flexible nature. 

By building molecular models we 
showed that the CS protein's re

peating peptides could form a similar 
pleated sheet. The peptide chain would 
bend at each proline (where protein 
chains often turn sharply), so that suc
ceeding units of the repeat zigzag in 
opposite directions [see top illustra
tion on page 59]. Hydrogen bonds form 
naturally; the sizes of the amino acids' 
side chains alternate in such a way that 
abutting side chains do not interfere 
with each other. Such a beta sheet 
should be very stable. In collaboration 
with Schlesinger and Walter A. Gib
bons of the University of London, we 
have recently confirmed some of the 
predictions of this proposed structure 
experimentally. When peptides corre
sponding to two, three and four tan
dem repeats (24, 36 and 48 amino 
acids) are synthesized, they do show 
considerable beta structure, strongly 
suggesting that this is the case in the 
natural protein. 

If the repeats of a single CS-protein 
molecule can zigzag to form a sheet, 
adjacent molecules should be able to 
interact in a similar way (as they do in 
fibroin). This would make for a surface 
structure in which molecules fold on 
themselves and interact with one an
other to form a network: an ideal pro
tective surface for the parasite. It is 
more than a physical barrier. The CS 
protein appears to promote the sporo
zoite's evasion of the host's defenses 
primarily by "focusing" the immune 
response, concentrating it on a single 
target to the detriment of its ability to 
find other targets. Several lines of evi
dence point to such a strategy. 

When an experimental animal is in
jected with sporozoites, most of the an
tibodies it raises are directed against 
the CS protein, and specifically against 
the repeating epitope; there is little in-

PARASITE 
DNA 

S 
POSITIVE 

I 
PLAQUE t CS-PROTEIN 

� GENE 

ENTIRE CS-PROTEIN GENE was isolated. The sporozoite genome (total DNA) was di
gested with an enzyme (1). The fragments were separated by size on a gel (2) and a labeled 
CS-protein cDNA insert was used as a probe to show that the gene was within a particular 
ll-kilobase fragment (color). That fragment was isolated by cloning (3). The DNA frag
ments were introduced into a bacterial virus, phage lambda. The phages infected bacteria 
cnltnred in a petri dish. Each phage multiplied, leaving a discrete plaque in the lawn of bac
teria. With the labeled cDNA insert again serving as a probe, plaques containing the 11-
kilobase fragment were identified. The CS-protein gene was isolated from a positive plaque. 

dication that the immune system rec
ognizes any other part of the surface 
protein. This suggests that the protein 
chain is folded so that only the 45 per
cent of the chain carrying the repeating 
epitope is exposed on the surface. Each 
molecule of the protein therefore pre
sents to the immune system only one 
vulnerable site-but that site is repeat .. 
ed 12 times. The immune system sees 
multiple identical targets on the same 
molecule; any other potential targets 
are relatively inaccessible. 

The repeating epitope, then, is essen
tially a multiple decoy. It is also a re .. 
newable decoy. Many years ago Je
rome P. Vanderberg of N.Y.U. noted 
that sporozoites exposed to antisporo
zoite antibodies appeared to slough off 
a discrete surface coat. The coat is visi
ble in electron micrographs as a thick, 
fuzzy layer surrounding the cell; pre
sumably it is the network of CS-pro
tein molecules. There is evidence that 
the sporozoite's coat is sloughed off 
continually and is continually restored 
by newly synthesized protein secret .. 
ed to the surface. It is notable that the 
CS protein is manufactured in large 

amounts, accounting for from 10 to 30 
percent of the total protein synthesized 
by the sporozoite in the mosquito sali
vary gland. The immune system, then, 
is presumably forced to mount a larger 
than normal attack both because there 
are multiple epitopes and because the 
surface coat is continually replaced. 
Moreover, the sloughed-off molecules, 
particularly if they are present as a net
work, must act as a further decoy that 
tricks the immune system into recog
nizing them as live parasites and thus 
mops up still more antibodies. 

All of this may give sporozoites in
jected by a mosquito time to reach 
shelter in liver cells even if circulating 
antisporozoite antibodies are already 
present in the host because of previous 
infection. Such an escape mechanism 
would be particularly appropriate for 
a parasite stage such as the sporozoite, 
which is exposed to the immune sys
tem only during a short interval. On 
the other hand, a parasite exposed to 
antibodies for a long time, such as 
the trypanosome, may need to keep 
changing its surface antigens so that 
the immune system cannot catch up 
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with it [see "How the Trypanosome 
Changes Its Coat," by John E. Donel
son and Mervyn J. Turner; SCIENTIFIC 
AMERICAN, February]. Such antigen
ic variation takes time, however. An 
immune-decoy protein, on the other 
hand, can protect a parasite from the 
moment it appears in the host. 

Soon after we described the surface 
antigen of the' P. knowlesi sporozo

ite a remarkably similar one was iso
lated from a different stage (the blood-

243 

stage merozoite) of the human malaria 
parasite P. jalciparum. Working with 
mRNA of the blood-form parasites 
and the serum of people repeated
ly exposed to the parasite, David J. 
Kemp, Robin F. Anders and Graham 
F. Mitchell and their colleagues at 
the Walter and Eliza Hall Institute of 
Medical Research in Australia were 
able to clone and express a number of 
merozoite surface-antigen genes. 

One of them was the gene for a mer
ozoite S antigen, a surface protein that 
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ACAACCGAATGAAGGACAACCACAAGCACAGGGTGATGGAGCAAAT 

III Gin Pro Asn Glu 
� 2 3 
GCAGGACAACCACAAGCACAAGGAGATGGAGCAAATGCAGGACAACCACAAGCACAGGGT 

660 4 
GATGGAGCAAATGCAGGACAACCACAAGCACAGGGTGATGGAGCAAATGCAGGACAACCA 

no 5 6 
CAAGCACAAGGAGATGGAGCAAATGCAGGACAACCACAAGCACAGGGTGATGGAGCAAAT 

� 7 8 
GCAGGGCAACCACAAGCACAGGGTGATGGAGCAAATGCAGGACAACCACAAGCACAAGGA 

� 9 
GATGGAGCAAATGCAGGACAACCACAAGCACAAGGAGATGGAGCAAATGCAGGACAACCA 

900 10 11 
CAAGCACAGGGTGATGGAGCAAATGCAGGACAACCACAAGCACAGGGTGATGGAGCCAAT 

960 12 
GCAGGACAACCACAAGCACAAGGAGATGGGGCAAATGTACCACGACAAGGAAGAAACGGG 

1III •• 1Il Pro Arg Gin Gly Arg Asn Gly 
1020 

GGAGGTGCACCAGCAGGAGGAAATGAGGGGAATAAACAAGCAGGAAAAGGACAGGGACAA 
Gly Gly Ala Pro Ala Gly Gly Asn Glu Gly Asn Lys Gin Ala Gly Lys Gly Gin Gly Gin 

1080 

AACAATCAGGGTGCGAATGCCCCAAATGAAAAAGTTGTGAATGATTACCTACACAAAATT 
Asn Asn Gin Gly Ala Asn Ala Pro Asn Glu Lys Val Val Asn Asp Tyr Leu His Lys lie 

1140 

AGATCTAGCGTTACCACCGAGTGGACTCCATGCAGTGTAACCTGTGGAAATGGTGTAAGA 
Arg Ser Ser Val Thr Thr Glu Trp Thr Pro � Ser Val Thr � Gly Asn Gly Val Arg 

1200 

ATTAGAAGAAAAGCTCATGCAGGTAATAAAAAGGCAGAGGACCTTACTATGGATGACCTT 
lie Arg Arg Lys Ala His Ala Gly Asn Lys Lys Ala Glu Asp Leu Thr Met Asp Asp Leu 

1260 

GAGGTGGAAGCTTGTGTAATGGATAAGTGCGCTGGCATATTTAACGTTGTGAGTAATTCA 
Glu Val Glu Ala � Val Met Asp Lys � Ala Gly n 

NUCLEOTIDE SEQUENCE of the entire CS-protein gene was determined; the translat
ed portion of the nucleotide sequence is shown, and with it the deduced amino acid sequence. 
The protein has a hydrophobic signal region (yellow), which promotes its passage through 
the sporozoite's cell membrane, and a region of basic amino acids (green). Then comes the 
antibody-binding region (red): 12 tandem repeats ()f a 12-amino-acid epitope. The seqnen
ces of the repeated epitopes are almost identical. Most of the few nucleotide differences, 
such as those in the triplets encoding the central glutamine (Gin) and glycine (Gly), do not 
result in amino acid changes; only the final valine (Val) is a substitution. Two pairs of cys
teines, which can form disulfide bonds, precede the hydrophobic anchor region (blue). 
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forms a fuzzy layer covering the mero
zoite as it emerges from a lysed red 
blood cell. As in our CS-protein gene, 
there is a multiple repeat. In the S-anti
gen gene the repetitive sequence· is 33 
base pairs long (so that it codes for a 
repeating peptide with 11 amino acids 
rather than 12) and the sequence is re
peated in tandem more than 100 times 
(rather than 12 times). Like the CS pro
tein, the S antigen seems to be an im
m une-decoy protein that is continually 
secreted and shed and presents a re
peated epitope to the immune system. 

Since the P. knowlesi CS protein and 
the P. jalciparum S antigen were char
acterized, five more Plasmodium sur
face proteins have been isolated. The 
work has been done by Kemp and his 
colleagues in Australia, by Miller's 
group at NIAID in collaboration with a 
group at the Walter Reed Army Insti
tute of Research, by Jeffrey V. Ra
vetch of the Memorial-Sloan Ketter
ing Cancer Center and Gunter Blobel 
of Rockefeller University and by Luis 
Pereira da Silva of the Pasteur Insti
tute and Benno MUller-Hill of the Uni
versity of Cologne. Every one of these 
proteins has a tandemly repeated pep
tide unit [see bottom illustration on op
posite page]. Most of the repeating 
peptides include a proline, raising the 
possibility that zigzagging at a proline 
may give rise to a beta pleated sheet in 
all plasmodial surface antigens. 

I t seems clear that many of the major 
surface proteins of both sporozoites 

and merozoites are immune decoys 
and that the antibodies they induce are 
not protective ones: they do not inca
pacitate the parasite. That probably 
explains why natural infection rarely 
results in protective immunity. It also 
leads one to conclude that vaccines de
signed to stimulate antibodies against 
these major surface antigens are prob
ably not the best candidates for induc
ing lasting immunity. 

There may nonetheless be effective 
ways to attack the parasite. Judging by 
the multiplicity of antiplasmodial anti
bodies found in the blood of people 
with malaria, many more stage-specif
ic surface proteins remain to be isolat
ed and characterized. Most of them 
are probably directed against merozo
ites or against the surface of infected 
red blood cells (to which an infecting 
merozoite somehow exports some of 
its antigens), but some may be minor 
constituents of the sporozoite or game
tocyte surface; unlike the major anti
gens, they are presumably not immune 
decoys. Many laboratories are en
gaged in an effort to isolate the genes 
encoding these minor surface antigens 
by exploiting cloning procedures such 
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as those described above. The problem 
will then be to learn whether any of 
them induce protective antibodies. 

Clearly the parasite is most vulnera
ble when it is free in the bloodstream, 
seeking a target liver cell or red blood 
cell. There are three such stages at 
which a vaccine can be effective. An 
antisporozoite vaccine would be ideal: 
it would break the link between mos
quito and man by stimulating the man
ufacture of antibodies able to attack 
the sporozoite at the initiation of infec
tion, before it can reach the liver cells. 
An antimerozoite vaccine would stim
ulate an attack on the parasite in mid
infection; in conjunction with an anti
sporozoite vaccine it would establish a 
second line of defense. An antigameto
cyte vaccine would break the link be
tween man and mosquito. 

There may also be ways to attack 
the parasite when it is not free in the 
bloodstream. The most likely opportu
nity may present itself during the inva
sion of a liver cell or a red blood cell. 
To recognize and enter these cells the 
parasite must detect and exploit some 
specific receptor on the target cell's 
surface. The sporozoite or merozoite 
may be equipped with a recognition 
molecule or, as Vanderberg has sug
gested, it may pick up from the host's 
serum a glycoprotein that serves this 
purpose. Once the molecular details of 
the invasion process are understood 
it may be possible to develop an ana
logue of the recognition molecule or 
an antibody to the cell's receptor mole
cule. Either one might bind to the re
ceptor and thus block invasion. When 
the precise route of invasion is known, 
it may even be possible to develop an 
agent that will kill the parasite while it 
is inside a liver or blood cell. 

The molecular study of Plasmodium 
is still in its infancy, but it has al

ready yielded insights leading to new 
ways of thinking about the parasite 
and suggesting new ways to combat it. 
On the one hand, a molecular ap
proach at the level of DNA seeks to 
identify mechanisms peculiar to the 
malaria parasite, one or more of which 
may prove to be an Achilles' heel. On 
the other hand, the power of molecular 
biology lies in the recognition that fun
damental mechanisms of gene expres
sion and cellular structure are com
mon to all forms of life, and that what 
is learned in one biological system is 
applicable to all systems. Important 
advances in medicine apply new un
derstanding of general mechanisms to 
solve specific medical problems, but at 
the same time they develop informa
tion that contributes to the expansion 
of fundamental knowledge. 

o 

COOH TERMINUS � 
CONFIGURATION of the repeated-epitope region (the immune decoy) can be predicted 
from its amino acid sequence. It is likely to be an antiparallel beta pleated sheet, in which 
a polypeptide chain folds back and forth on itself and adjacent segments of the chain are 
linked .into a sheetlike structure by hydrogen bonds (broken lilies). The chain would fold by 
bending sharply at each proline (Pro). Both the size and the charge of abutting amino acids 
suggest they would not interfere with one another. Experiments have shown that eight con
tiguous amino acids (dark color) suffice to interact with the antibody to the CS protein. 

BETA SHEET providing an ideal protective surface for an invading parasite could be 
formed by both intramolecular and intermolecular interactions. The polypeptide chain of 
a CS-protein molecule could fold and be hydrogen-bonded to itself or to the folded chain of 
an adjacent molecule. The drawing suggests how molecules embedded in the parasite cell 
membrane might interact to form part of a network constituting the parasite's outer coat. 

SPOROZOITES 
P. KNOWLESI CS PROTEIN 
P. FALCIPARUM CS PROTEIN 

Gly Gin Pro Gin Ala Gin Gly Asp Gly Ala Asn Ala (12) 
Asn Ala Asn Pro (41) 

BLOOD STAGES 
P. FALCIPARUM S ANTIGEN Pro Ala Lys Ala Ser Gin Gly Gly Leu Glu Asp (100-110) 

RESA ANTIGEN Glu Glu Asn Val Glu His Asp Ala 
FIRA ANTIGEN Val Thr Thr Gin Glu Pro 
PF-11 ANTIGEN Glu Glu Val Val Glu Glu Val Val Pro 

P. LOPHURAE His-RICH PROTEIN Ala Pro His, Asp Ala His, 

SEVEN SURFACE PROTEINS of various PlasmodiulIl species and stages have been iso
lated and characterized. All of them have repeated epitopes, whose sequences are given 
here. The number of repeats is also indicated for the three proteins in which it is known. 
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How a Supernova Explodes 
When a large star runs out of nuclear fuel, the core collapses 
in milliseconds. The subsequent ((bounce" of the core generates 
a shock wave so intense that it blows off most of the star's mass 

by Hans A. Bethe and Gerald Brown 

The death of a large star is a sud
den and violent event. The star 
evolves peacefully for millions 

of years, passing through various 
stages of development, but when it 
runs out of nuclear fuel, it collapses 
under its own weight in less than a sec
ond. The most important events in 
the collapse are over in milliseconds. 
What follows is a supernova, a prodi
gious explosion more powerful than 
any since the big bang with which the 
universe began. 

A single exploding star can shine 
brighter than an entire galaxy of sever
al billion stars. In the course of a few 
months it can give off as much light 
as the sun emits in a billion years. 
Furthermore, light and other forms 
of electromagnetic radiation represent 
only a small fraction of the total ener
gy of the supernova. The kinetic ener
gy of the exploding matter is 10 times 
greater. Still more energy-perhaps 
100 times more than the eleCtromag
netic emission-is carried away by the 
massless particles called neutrinos, 
most of which are emitted in a flash 
that lasts for about a second. When the 
explosion is over, most of the star's 
mass has been scattered into space, 
and all that remains at the center is a 
dense, dark cinder. In some cases even 
that may disappear into a black hole. 

Such an outline description of a su
pernova could have been given almost 
3 0  years ago, and yet the detailed se
quence of events within the dying star 
is still not known with any certainty. 
The basic question is this: A supernova 
begins as a collapse, or implosion; how 
does it come about, then, that a major 
part of the star's mass is expelled? At 
some point the inward movement of 
stellar material must be stopped and 
then reversed; an implosion must be 
transformed into an explosion. 

Through a combination of comput
er simulation and theoretical analy
sis a coherent view of the supernova 
mechanism is beginning to emerge. It 
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appears the crucial event in the turn
around is the formation of a shock 
wave that travels outward at 3 0,000 
kilometers per second or more. 

Supernovas are rare events. In our 
own galaxy just three have been 

recorded in the past 1,000 years; the 
brightest of these, noted by Chinese 
observers in 1054, gave rise to the ex
panding shell of gas now known as 
the Crab Nebula. If only such nearby 
events could be observed, little would 
be known about supernovas. Because 
they are so luminous, however, they 
can be detected even in distant galax
ies, and 10 or more per year are now 
sighted by astronomers. 

The first systematic observations of 
distant supernovas were made in the 
193 0's by Fritz Zwicky of the Cali
fornia Institute of Technology. About 
half of the supernovas Zwicky studied 
fitted a quite consistent pattern: the lu
minosity increased steadily for about 
three weeks and then declined gradual
ly over a period of six months or more. 
He designated the explosions in this 
group Type I. The remaining superno
vas were more varied, and Zwicky di
vided them into four groups; today, 
however, they are all grouped together 
as Type II. In Type I and Type II super
novas the events leading up to the ex
plosion are thought to be quite dif
ferent. Here we shall be concerned 
primarily with Type II supernovas. 

The basis for the theory of superno
va explosions was the work of Fred 
Hoyle of the University of Cambridge. 
The theory was then developed in a 
fundamental paper published in 1957 
by E. Margaret Burbidge, Geoffrey R. 
Burbidge and William A. Fowler, all 
of Caltech, and Hoyle. They proposed 
that when a massive star reaches the 
end of its life, the stellar core collapses 
under the force of its own gravitation. 
The energy set free by the collapse ex
pels most of the star's mass, distribut
ing the chemical elements formed In 

the course of its evolution throughout 
interstellar space. The collapsed core 
leaves behind a dense remnant, in 
many cases a neutron star. 

A supernova is an unusual and spec
tacular outcome of the seq uence of nu
clear fusion reactions that is the life 
history of a star. The heat given off 
by the fusion creates pressure, which 
counteracts the gravitational attrac
tion that would otherwise make the 
star collapse. The first series of fusion 
reactions have the net effect of welding 
four atoms of hydrogen into a single 
atom of helium. The process is ener
getically favorable: the mass of the he
lium atom is slightly less than the com
bined masses of the four hydrogen 
atoms, and the energy equivalent of 
the excess mass is released as heat. 

The process continues in the core Of 
the star until the hydrogen there is 
used up. The core then contracts, since 
gravitation is no longer opposed by en
ergy production, and as a result both 
the core and the surrounding material 
are heated. Hydrogen fusion then be
gins in the surrounding layers. Mean
while the core becomes hot enough to 
ignite other fusion reactions, burning 
helium to form carbon, then burning 
the carbon to form neon, oxygen and 
finally silicon. Again each of these re
actions leads to the release of energy. 
One last cycle of fusion combines sili
con nuclei to form iron, specifically 
the common iron isotope 56Fe, made 
up of 26 protons and 3 0  neutrons. 
Iron is the end of the line for spontane
ous fusion. The 56Fe nucleus is the 
most strongly bound of all nuclei, and 
further fusion would absorb energy 
rather than releasing it. 

At this stage in the star's existence 
it has an onionlike structure. A core of 
iron and related elements is surround
ed by a shell of silicon and sulfur, and 
beyond this are shells of oxygen, car
bon and helium. The outer envelope is 
mostly hydrogen. 

Only the largest stars proceed all the 
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COLLAPSE AND REBOUND are the initiating events in a super
nova explosion. Here the core of a massive star is shown as it pass
es through the moment of "maximum scrunch," when the center 
reaches its highest density. Each contonr represents a shell of mat
ter whose radial position is followed throngh a period of 12 millisec
onds. The inclnded mass, or total mass inside the contour, does not 
change as the shells contract and expand. Initially the core is iron, 

but the extreme compression of the collapse converts the innermost 
few kilometers into nnclear matter, the stuff of the atomic nncleus. 
Snrronnding this region is a shell made up of various heavy nnclei, 
including iron. At maximnm scrunch the contraction stops with a 
jolt, creating a shock wave (blue line) that travels outward at 30,-
000 kilometers per second or more. In the wake of the shock nu
clei are broken up into individnal nncleons (protons and nentrons). 
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way to the final, iron-core stage of the 
evolutionary sequence. A star the size 
of the sun gets no further than helium 
burning, and the smallest stars stop 
with hydrogen fusion. A larger star 
also consumes its stock of fuel much 
sooner, even though there is more of 
it to begin with; because the internal 
pressure and temperature are higher 
in a large star, the fuel burns faster. 
Whereas the sun should have a lifetime 
of 10 billion years, a star 10 times 
as massive can complete its evolution 
1,000 times faster. Regardless of how 
long it takes, all the usable fuel in the 
core will eventually be exhausted. At 
that point heat' production in the core 
ends and the star must contract. 

When fusion ends in .a small star, 
the star slowly shnnks, becom

ing a white dwarf: a burned-out star 
that emits only a faint glow of radia
tion. In isolation the white dwarf can 
remain in this state indefinitely, cool
ing gradually but otherwise changing 
little. What stops the star from con
tracting further? The answer was giv
en more than 50 years ago by Subrah
manyan Chandrasekhar of the Uni
versity of Chicago. 

Loosely speaking, when ordinary 
matter is compressed, higher density is 
achieved by squeezing out the empty 

10 • 
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space between atoms. In the core of a 
white dwarf this process has reached 
its limit: the atomic electrons are 
pressed tightly together. Under these 
conditions the electrons offer powerful 
resistance to further compression. 

Chandrasekhar showed there is a 
limit to how much pressure can be re
sisted by the electrons' mutual repul
sion. As the star contracts, the gravita
tional energy increases, but so does the 
energy of the electrons, raising their 
pressure. If the contraction goes very 
far, both the gravitational energy and 
the electron energy are inversely pro
portional to the star's radius. Whether 
or not there is some radius at which the 
two opposing forces are in balance, 
however, depends on the mass of the 
star. Equilibrium is possible only if the 
mass is less than a critical value, now 
called the Chandrasekhar mass. If the 
mass is greater than the Chand rase
khar limit, the star must collapse. 

The value of the Chandrasekhar 
mass depends on the relative numbers 
of electrons and nucleons (protons and 
neutrons considered collectively): the 
higher the proportion of electrons, the 
larger the electron pressure and so 
the larger the Chandrasekhar mass. In 
small stars where the chain of fusion 
reactions stops at carbon the ratio is 
approximately 1/2 and the Chandra-
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EVOLUTION OF A MASSIVE STAR is a steadily accelerating progress toward higher 
temperature and density in the core. For most of the star's lifetime the primary energy 
source is the fusion of hydrogen nuclei to form helium. When the hydrogen in the core is ex
hausted, the core contracts, which heats it enough to ignite the fusion of helium into carbon. 
This cycle then repeats, at a steadily increasing pace, through the burning of carbon, neon, 
oxygen and silicon. The final stage of silicon fusion yields a core of iron, from which no 
further energy can be extracted by nuclear reactions. Hence the iron core cannot resist grav
itational collapse, leading to a supernova explosion. The sequence shown is for a star of 25 
solar masses. Data in this illustration and the one on the opposite page are based on calcu
lations done by Thomas A. Weaver of the Lawrence Livermore National Laboratory. 
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sekhar mass is 1.44 solar masses. This 
is the maximum stable mass for a 
white dwarf. 

A white dwarf with a mass under the 
Chandrasekhar limit can remain stable 
indefinitely; nevertheless, it is just such 
stars that are thought to give rise to 
Type I supernovas. How can this be? 
The key to the explanation is that 
white dwarfs that explode in superno
vas are not solitary stars but rather 
are members of binary star systems. 
According to one hypothesis, matter 
from the binary companion is attract
ed by the intense gravitational field of 
the dwarf star and gradually falls onto 
its surface, increasing the mass of 
the carbon-and-oxygen core. Eventu
ally the carbon ignites at the center and 
burns in a wave that travels outward, 
destroying the star. 

The idea that explosive carbon burn
ing triggers Type I supernovas was 
proposed in 1960 by Hoyle and Fow
ler. More detailed models have since 
been devised by many astrophysicists, 
most notably Icko Iben, Jr., and his 
colleagues at the University of Illinois 
at Urbana-Champaign. Recent calcu
lations done by Ken'ichi Nomoto and 
his colleagues at the University of To
kyo suggest that the burning is actual
ly not explosive. The wave of fusion 
reactions propagates like the burning 
of a fuse rather than like the explo
sion of a firecracker; it is a deftagra
tion rather than a detonation. 

Even though the burning is less vio
lent than a detonation, the white dwarf 
is completely disrupted. The initial 
binding energy that holds the star to
gether is approximately 1050 ergs; the 
energy released by the burning is 20 
times greater (2 X 1051 ergs), enough 
to account for the 10,000-kilometer
per-second velocity of supernova rem
nants. In the course of the deftagra
tion nuclear reactions create about one 
solar mass of the unstable nickel iso
tope 56Ni, which decays into 56 Co and 
then 56 Fe over a period of months. 
The rate of energy release from the 
radioactive decay is just right to ac
count for the gradually declining light 
emission from Type I supernovas. 

The Type II supernovas that are 
our main concern here arise from 

much more massive stars. The lower 
limit is now thought to be about eight 
solar masses. 

In tracing the history of a Type II 
supernova it is best to begin at the mo
ment when the fusion of silicon nuclei 
to form iron first becomes possible at 
the center of the star. At this point the 
star has already passed through stages 
of burning hydrogen, helium, neon, 
carbon and oxygen, and it has the 
onionlike structure described above. 
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The star has taken several million 
years to reach this state. Subsequent 
events are much faster. 

When the final fusion reaction be
gins, a core made up of iron and a few 
related elements begins to form at the 
center of the star, within a shell of sili
con. Fusion continues at the boundary 
between the iron core and the silicon 
shell, steadily adding mass to the core. 
Within the core, however, there is no 
longer any production of energy by nu
clear reactions; the core is an inert 
sphere under great pressure. It is thus 
in the same predicament as a white 
dwarf: it can resist contraction only 
by electron pressure, which is subject 
to the Chandrasekhar limit. 

Once the fusion of silicon nuclei be
gins, it proceeds at an extremely high 
rate, and the mass of the core reach
es the Chandrasekhar limit in about 
a day. We noted above that for a 
white dwarf the Chandrasekhar mass 
is eq ual to 1.44 solar masses; for the 
iron core of a large star the value 
may be somewhat different, but it is 
probably in the range between 1.2 and 
1. 5 solar masses. 

When the Chandrasekhar mass has 
been attained, the pace speeds up still 
more. The core that was built in a day 
collapses in less than a second. The 
task of analysis also becomes harder 
at this point, so that theory relies on 
the assistance of computer simulation. 
Computer programs that trace the ev
olution of a star have been developed 
by a number of workers, including 
W. David Arnett of the University of 
Chicago and a group at the Lawrence 
Livermore National Laboratory led 
by Thomas A. Weaver of that labora
tory and Stanford Woosley of the Uni
versity of California at Santa Cruz. 
They are the "burners" of stars; we 
and our colleagues in theoretical phys
ics are "users" of their calculations. 

The simulations furnish us with a 
profile of the presupernova core, giv
ing composition, density and temper
ature as a function of radius. The sub
sequent analysis relies on applying 
familiar laws of thermodynamics, the 
same laws that describe such ordinary 
terrestrial phenomena as the working 
of a heat engine or the circulation of 
the atmosphere. 

I t is worthwhile tracing in some de
tail the initial stages in the implo

sion of the core. One of the first points 
of note is that compression raises the 
temperature of the core, which might 
be expected to raise the pressure and 
slow the collapse. Actually the heat
ing has just the opposite effect. 

Pressure is determined by two fac
tors: the number of particles in a sys
tem and their average energy. In the 
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ONIONLIKE STRUCTURE is characteristic of a massive star at the end of its evolution, 
just before the gravitational collapse. The iron core is embedded in a mantle of silicon, sul
fur, oxygen, neon, carbon and helium, surrounded by an attenuated envelope of hydro
gen. Temperature and density fall off steadily in the mantle, then drop precipitously at 
the envelope. Fusion has stopped in the core but continues at boundaries between layers. 

core both nuclei and electrons contrib
ute to the pressure, but the electron 
component is much larger. When the 
core is heated, a small fraction of the 
iron nuclei are broken up into smaller 
nuclei, increasing the number of nu
clear particles and raising the nucle
ar component of the pressure. At the 
same time, however, the dissociation 
of the nuclei absorbs energy; since en
ergy is released when an iron nucleus is 
formed, the same quantity of energy 
must be supplied in order to break the 
nucleus apart. The energy comes from 
the electrons and decreases their pres
sure. The loss in electron pressure is 
more important than the gain in nucle
ar pressure. The net result is that the 
collapse accelerates. 

It might seem that the implosion of a 
star would be a chaotic process, but in 
fact it is quite orderly. Indeed, the en
tire evolution of the star is toward a 
condition of greater order, or lower en
tropy. It is easy to see why. In a hydro
gen star each nucleon can move willy
nilly along its own trajectory, but in 
an iron core groups of 56 nucleons 
are bound together and must move 
in lockstep. Initially the entropy per 
nucleon, expressed in units of Boltz
mann's constant, is about 15; in the 
presupernova core it is less than 1. The 

difference in entropy has been carried 
off during the evolution of the star by 
electromagnetic radiation and toward 
the end also by neutrinos. 

The low entropy of the core is main
tained throughout the collapse. N u
clear reactions continually change the 
species of nuclei present, which one 
might think could lead to an increase 
in entropy; the reactions are so fast, 
however, that equilibrium is always 
maintained. The collapse takes only 
milliseconds, but the time scale of 
the nuclear reactions is typically from 
10-15 to 10-23 second, so that any de
parture from equilibrium is immedi
ately corrected. 

Another effect was once thought to 
increase the entropy, but it now seems 
likely that it actually reduces it some
what. The high density in the collaps
ing core favors the reaction known as 
electron capture. In this process a pro
ton and an electron come together to 
yield a neutron and a neutrino. The 
neutrino escapes from the star, carry
ing off both energy and entropy and 
cooling the system just as the evapora
tion of moisture cools the body. There 
are several complications to this proc
ess, so that its effect on the entropy is 
uncertain. In any case, the loss of the 
electron diminishes the electron pres-
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COLLAPSE OF THE STELLAR CORE begins when the mass of 
iron exceeds the Chandrasekhar mass, which is between 1.2 and 1.5 
solar masses. At this point the pressure of electrons can no longer 
resist gravitational contraction. Early in the collapse (1) the in
ward movement is accelerated by electron capture, which converts 
a proton and an electron into a neutron and a neutrino. The loss of 
the electron reduces the electron pressure and hence the Chandra
sekhar mass. When the density reaches 4 X 1011 grams per cnbic 
centimeter (2), matter becomes opaque to neutrinos, which are there
fore trapped in the core. By this time the Chandrasekhar mass is 
less than one solar mass and its significance has also changed: it is 
now the largest mass that can collapse homologously, or as a unit. 
When the collapse is complete (3), the central part of the homol
ogous core is converted into nuclear matter. The nuclear matter 
is compressed beyond its equilibrium density and then rebounds, 
launching a powerful shock wave. As the shock wave plows through 
the outer core, iron nuclei "evaporate" to form a gas of nucleons. 

sure and so allows the implosion to 
accelerate further. 

The first stage in the collapse of a 
supernova comes to an end when the 
density of the stellar core reaches a 
value of about 4 X 1011 grams per cu
bic centimeter. This is by no means the 
maximum density, since the core con
tinues to contract, but it marks a cru
cial change in physical properties: at 
this density matter becomes opaq ue 
to neutrinos. The importance of this 
development was first pointed out 
by T. J. Mazurek of the Mission Re
search Laboratory in Santa Barbara, 
Calif.,  and by Katsushiko Sato of the 
University of Tokyo. 

The neutrino is an aloof particle that 
seldom interacts with other forms 

of matter. Most of the neutrinos that 
strike the earth, for example, pass all 
the way through it without once col
liding with another particle. When the 
density exceeds 400 billion grams per 
cubic centimeter, however, the parti
cles of matter are packed so tight
ly that even a neutrino is likely to run 
into one. As a result neutrinos emitted 
in the collapsing core are effectively 
trapped there. The trapping is not per
manent; after a neutrino has been scat
tered, absorbed and reemitted many 
times, it must eventually escape, but 
the process takes longer than the re
maining stages of the collapse. The ef
fective trapping of neutrinos means 
that no energy can get out of the core. 

The process of electron capture in 
the early part of the collapse reduces 
not only the electron pressure but also 
the ratio of electrons to nucleons, the 
quantity that figures in the calculation 
of the Chandrasekhar mass. In a typi
cal presupernova core the ratio is be
tween . 42 and . 46; by the time of neu
trino trapping it has fallen to .3 9. This 
lower ratio yields a Chandrasekhar 
mass of .88 solar mass, appreciably 
less than the original value of between 
1.2 and 1.5. 

At this point the role of the Chan
drasekhar mass in the analysis of the 
supernova also changes. At the outset 
it was the largest mass that could be 
supported by electron pressure; it now 
becomes the largest mass that can col
lapse as a unit. Areas within this part 
of the core can communicate with one 
another by means of sound waves and 
pressure waves, so that any variations 
in density are immediately evened out. 
As a result the inner part of the core 
collapses homologously, or all in one 
piece, preserving its shape. 

The theory of homologous collapse 
was worked out by Peter Goldreich 
and Steven Weber of Caltech and was 
further developed by Amos Yahil and 
James M. Lattimer of the State Uni-
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versity of New York at Stony Brook. 
The shock wave that blows off the out
er layers of the star forms at the edge 
of the homologous core. Before we can 
give an account of that process, how
ever, we must continue to trace the se
quence of events within the core itself. 

Chandrasekhar's work showed that 
electron pressure cannot save the core 
of a large star from collapse. The only 
other hope for stopping the contrac
tion is the resistance of nucleons to 
compression. In the presupernova core 
nucleon pressure is a negligible frac
tion of electron pressure. Even at a 
density of 4 X 1011 grams per cubic 
centimeter, where neutrino trapping 
begins, nucleon pressure is insignifi
cant. The reason is the low entropy of 
the system. At any given temperature, 
pressure is proportional to the number 
of particles per unit volume, regardless 
of the size of the individ ual particles. 
An iron nuCleus, with 56 nucleons, 
makes the same contribution to the 
pressure as an isolated proton does. If 
the nuclei in the core were broken up, 
their pressure might be enough to stop 
the contraction. The fissioning of the 
nuclei is not possible, however, be
cause the entropy of the core is too 
low. A supernova core made up of in
dependently moving protons and neu
trons would have an entropy per nucle
on of between 5 and 8, whereas the 
actual entropy is less than 1. 

The situation does not change, and 
the collapse is not impeded, until the 
density in the central part of the core 
reaches about 2.7 X 1014 grams per cu
bic centimeter. This is the density of 
matter inside a large atomic nucleus, 
and in effect the nucleons in the core 
merge to form a single gigantic nucle
us. A teaspoonful of such matter has 
about the same mass as all the build
ings in Manhattan combined. 

Nuclear matter is highly incom
pressible. Hence once the central part 
of the core reaches nuclear density 
there is powerful resistance to further 
compression. That resistance is the pri
mary source of the shock waves that 
turn a stellar collapse into a spectacu
lar explosion. 

Within the homologously collaps
ing part of the core, the velocity 

of the infalling material is directly pro
portional to distance from the center. 
(It is just this property that makes the 
collapse homologous.) Density, on the 
other hand, decreases with distance 
from the center, and as a result so does 
the speed of sound. The radius at 
which the speed of sound is equal to 
the infall velocity is called the sonic 
point, and it marks the boundary of the 
homologous core. A disturbance in
side the core can have no influence be-
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SONIC POINT marks the boundary of the homologous core. It is the radius at which the 
speed of sound is equal to the velocity of the infalling material. A sound wave at the sonic 
point moves outward at the speed of sound in relation to the material it is passing through, 
but since that material is falling inward at the same speed, the wave stands still in relation 
to the center of the star. As a result a disturbance inside the core cannot reach the outside. 
The graph is based on calculations done by W. David Arnett of the University of Chicago. 

yond this radius. At the sonic point 
sound waves move outward at the 
speed of sound, as measured in the co
ordinate system of the infalling matter. 
This matter is moving inward at the 
same speed, however, and so the waves 
are at a standstill in relation to the cen
ter of the star. 

When the center of the core reaches 
nuclear density, it is brought to rest 
with a jolt. This gives rise to sound 
waves that propagate back through the 
medium of the core, rather like the vi
brations in the handle of a hammer 
when it strikes an anvil. The waves 
slow as they move out through the ho
mologous core, both because the local 
speed of sound declines and because 
they are moving upstream against a 
flow that gets steadily faster. At the 
sonic point they stop entirely. Mean
while additional material is falling 
onto the hard sphere of nuclear matter 
in the center, generating more waves. 
For a fraction of a millisecond the 
waves collect at the sonic point, build
ing up pressure there. The bump in 
pressure slows the material falling 
through the sonic point, creating a dis
continuity in velocity. Such a discon
tinuous change in velocity constitutes 
a shock wave. 

At the surface of the hard sphere in 
the heart of the star infalling material 
stops suddenly but not instantaneous
ly. The compressibility of nuclear mat
ter is low but not zero, and so momen
tum carries the collapse beyond the 
point of equilibrium, compressing the 
central core to a density even higher 
than that of an atomic nucleus. We call 

this point the instant of "maximum 
scrunch." Most computer simulations 
suggest the highest density attained is 
some 50 percent greater than the equi
librium density of a nucleus. After the 
maximum scrunch the sphere of nucle
ar matter bounces back, like a rubber 
ball that has been compressed. The 
bounce sets off still more sound waves, 
which join the growing shock wave at 
the sonic point. 

A shock wave differs from a sound 
wave in two respects. First, a sound 
wave causes no permanent change 
in its medium; when the wave has 
passed, the material is restored to its 
former state. The passage of a shock 
wave can induce large changes in den
sity, pressure and entropy. Second, a 
sound wave-by definition-moves at 
the speed of sound. A shock wave 
moves faster, at a speed determined 
by the energy of the wave. Hence once 
the pressure discontinuity at the sonic 
point has built up into a shock wave, it 
is no longer pinned in place by the in
falling matter. The wave can continue 
outward, into the overlying strata of,' 
the star. According to computer simu
lations, it does so with great speed, be
tween 3 0,000 and 50,000 kilometers 
per second. 

Up to this point in the progress of 
the supernova essentially all cal

culations are in agreement. What hap
pens next, however, is not yet firmly 
established. In the simplest scenario, 
which we have favored, the shock 
wave rushes outward, reaching the sur
face of the iron core in a fraction of a 
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second and then continuing through 
the successive onionlike layers of the 
star. After some days it works its way 
to the surface and erupts as a violent 
explosion. Beyond a certain radius
the bifurcation point-all the material 
of the star is blown off. What is left 
inside the bifurcation radius condenses 
into a neutron star. 

Alas! Using presupernova cores sim
ulated in 1974 by Weaver and Woos
ley, calculations of the fate of the 
shock wave are not so accommodat
ing. The shock travels outward to a 
distance of between 100 and 200 kil
ometers from the center of the star, 
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but then it becomes stalled, staying at 
roughly the same position as matter 
continues to fall through it. The main 
reason for the stalling is that the shock 
breaks up nuclei into individual nucle
ons. Although this process increases 
the number of particles, which might 
be expected to raise the pressure, it 
also consumes a great deal of energy; 
the net result is that both temperature 
and pressure are sharply reduced. 

The fragmentation of the nuclei con
tributes to energy dissipation in anoth
er way as well: it releases free protons, 
which readily capture electrons. The 
neutrinos emitted in this process can 
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SHOCK WAVE can move faster than sound and so it can carry the energy and momentum 
of the rebound past the sonic point. Just before the bounce (1) the inner core has reached 
the density of nuclear matter and has stopped contracting, but overlying matter is about to 
fall onto the core at speeds of up to 90,000 kilometers per second. Two milliseconds later 
(2) the core is being driven further inward, but at the same time much of the infalling mat
ter has rebounded to form a shock wave. After 20 milliseconds (3) the shock has reached 
the edge of the core. This mechanism of supernova explosion, in which the shock succeeds 
directly in bursting through the core, seems to work for stars of between 12 and 18 solar 
masses. Velocity profiles shown were calculated by Jerry Cooperstein of the State Universi
ty of New York at Stony Brook. Velocities are given in thousands of kilometers per second. 
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escape, removing their energy from 
the star. The escape is possible because 
the shock has entered material whose 
density is below the critical value for 
neutrino trapping. The neutrinos·that 
had been trapped behind the shock 
also stream out, carrying away still 
more energy. Because of the many 
hazards to the shock wave in the region 
between 100 and 200 kilometers, we 
have named this region of the star 
the "minefield." 

I t would be satisfying to report that 
we have found a single mecha

nism capable of explaining for all Type 
II supernovas how the shock wave 
makes its way through the minefield. 
We cannot do so. What we have to of
fer instead is a set of possible explana
tions, each of which seems to work for 
stars in a particular range of masses . 

The place to begin is with stars of 
between 12 and about 18 solar masses. 
Weaver and Woosley's most recent 
models of presupernova cores for such 
stars differ somewhat from those they 
calculated a decade ago; the most im
portant difference is that the iron core 
is smaller than earlier estimates indi
cated-about 1.35 solar masses. The 
homologous core, at whose surface the 
shock wave forms, includes .8 solar 
mass of this material, leaving .55 solar 
mass of iron outside the sonic point. 
Since the breaking up of iron nuclei 
has the highest energy cost, reducing 
the quantity of iron makes it easier for 
the shock to break out of the core. 

Jerry Cooperstein and Edward A. 
Baron of Stony Brook have been able 
to simulate successful supernova ex
plosions in computer calculations that 
begin with Weaver and Woosley's 
model cores. The main requirement, 
first surmised by Sidney H. Kahana of 
the Brookhaven National Laboratory, 
is that the homologous core be very 
strongly compressed, so that it can re
bound vigorously and create an in
tense shock. Two factors cooperate to 
achieve this result in the simulations. 
The first factor is the use of general 
relativity rather than the force field 
of Newtonian gravitation. The second 
is the assumption that nuclear matter 
is much more compressible than had 
been thought. 

Baron's first result showed that a star 
of 12 solar masses would explode if 
the compressibility of nuclear matter 
is 1.5 times the standard value. This 
seemed rather arbitrary, but then one 
of us (Brown) examined the problem 
with a sophisticated method of nucle
ar-matter theory. It turned out that the 
most consistent interpretation of the 
experimental findings yields a com
pressibility of 2.5 times the standard 
value! We then found that in 1982 An-
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drew D. Jackson, E. Krotscheck, D. E. 
Meltzer and R. A. Smith had reached 
the same conclusion by another meth
od, but no one had recognized the 
relevance of their work to the super
nova problem. We consider the higher 
estimate of nuclear compressibility 
quite reliable. 

The mechanism described by Baron, 
Cooperstein and Kahana seems to 

work for stars of up to about 18 solar 
masses. With still larger stars, how
ever, even the powerful shock wave 
created in their simulations becomes 
stalled in the minefield. A star of 25 
solar masses has about two solar mas
ses of iron in its core, and so the shock 
wave must penetrate 1.2 solar masses 
of iron rather. than .55 solar mass. The 
shock does not have enough energy to 
dissociate this much iron. 

A plausible explanation of what 
might happen in these massive stars 
has recently emerged from the work of 
James R. Wilson of Lawrence Liver
more, who has done extensive numeri
cal simulations of supernova explo
sions. For some time it had seemed 
that when the shock wave faileo, all the 
mass of the star might fall back into 
the core, which would evolve into a 
black hole. That fate is still a possible 
one, but Wilson noted a new phenome
non when he continued some of his 
simulations for a longer period. 

In the collapsing stellar core it takes 
only 10 milliseconds or so for the 
shock wave to reach the minefield and 
stall. A simulation of the same events, 
even with the fastest computers, takes 
at least an hour. Wilson allowed his 
calculations to run roughly 100 times 
longer, to simulate a full second of 
time in the supernova. In almost all 
cases he found that the shock wave 
eventually revived. 

The revival is due to heating by neu
trinos. The inner core is a copious 
emitter of neutrinos because of contin
uing electron capture as the matter is 
compressed to nuclear density. Adam 
S. Burrows and Lattimer of Stony 
Brook and Mazurek have shown that 
half of the electrons in the homologous 
core are captured within about half a 
second, and the emitted neutrinos car
ry off about half of the gravitation
al energy set free by the collapse, 
some 1053 ergs. Deep within the core 
the neutrinos make frequent collisions 
with other particles; indeed, we noted 
above that they are trapped, in the 
sense that they cannot escape within 
the time needed for the homologous 
collapse. Eventually, though, the neu
trinos do percolate upward and reach 
strata of lower density, where they can 
move freely. 

At the radius where the shock wave 
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SHOCK WAVE SEEMS TO STALL in stars whose mass is greater than about 18 solar 
masses. Several processes sap the wave's energy. The most important is nuclear fragmenta
tion: the energy of the shock is dissipated in breaking up iron nuclei, lowering the tempera
ture and pressure behind the wave. Protons released by the fragmentation provide oppor
tunities for electron capture, which further reduces the pressure. Once the wave enters a re
gion of density less than 1011 grams per cubic centimeter, leakage of neutrinos carries off 
more energy. As a result of these effects the shock wave may slow to the speed of the ma
terial falling through it and make no further progress. Because of the various hazards to 
the shock, the authors call the region between 100 and 200 kilometers the "minefield." 

stalls only one neutrino out of every 
1,000 is likely to collide with a particle 
of matter, but these collisions nonethe
less impart a significant amount of en
ergy. Most of the energy goes into the 
dissociation of nuclei into nucleons, 
the very process that caused the shock 
to stall in the first place. Now, how
ever, the neutrino energy heats the ma
terial and therefore raises the pressure 
sharply. We have named this period, 
when the shock wave stalls but is then 
revived by neutrino heating, "the pause 
tha t refreshes." 

Neutrino heating is most effective at 
a radius of about 150 kilometers, 

where the probability of neutrino ab
sorption is not too low and yet the tem
perature is not so high that the matter 
there is itself a significant emitter of 
neutrinos. The pressure increase at this 
radius is great enough, after about half 
a second, to stop the fall of the overly
ing matter and begin pushing it out
ward. Hence 150 kilometers becomes 
the bifurcation radius. All the matter 
within this boundary ultimately falls 

into the core; the matter outside, 20 
solar masses or more, is expelled. 

The one group of stars left to be con
sidered are those of from eight to 11 
solar masses, the smallest stars capable 
of supporting a Type II supernova ex
plosion. In 1980 Weaver and Woosley 
suggested that the stars in this group 
might form a separate class, in which 
the supernova mechanism is quite dif
ferent from the mechanism in heavi
er stars. 

According to calculations done by 
Nomoto and by Weaver and Woosley, 
in the presupernova evolution of these 
lighter stars the core does not reach the 
temperature needed to form iron; in
stead fusion ends with a mixture of ele
ments between oxygen and silicon. En
ergy production then stops, and since 
the mass of the core is greater than the 
Chandrasekhar limit, the core collaps
es. The shock wave generated by the 
collapse may be helped to propagate 
by two circumstances. First, breaking 
up oxygen or silicon nuclei robs the 
shock of less energy than the dissocia
tion of iron nuclei would. Second, far-
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ther out in the star the density falls off 
abruptly (by a factor of roughly 10 bil
lion) at the boundary between the car
bon and the helium shells. The shock 
wave has a much easier t ime pushing 
through the lower-density material. 

For a star of nine solar masses No
moto finds that the presupernova core 
consists of oxygen, neon and magne
sium and has a mass of 1 . 3 5  solar 
masses. Nomoto and Wolfgang Hille
brandt of the Max-Planck Institute for 
Physics and Astrophysics in Munich 
have gone on to investigate the fur
ther development of this core. They 
find that the explosion proceeds easi
ly through the core, aided by the burn
ing of oxygen nuclei, and that a rather 
large amount of energy is released. 

Two recent attempts to reproduce 
the N omoto-Hillebrandt results have 
been unsuccessful, and so the status of 
their model remains unclear. We think 
the greater compressibility of nuclear 
matter assumed in the Baron-Cooper
stein-Kahana program should be help
ful here. Of course it is possible that 
stars this small do not give r ise to su
pernovas; on the other hand, there are 
suggestive arguments (based on meas-

STALLED SHOCK WAVE 

urements of the abundance of various 
nuclear species) that the Crab Nebula 
w-as created by the explosion of a star 
of about nine solar masses. 

After the outer layers of a star have 
I\. been blown off, the fate of the 
core remains to be decided. Just as 
gravitation overwhelms electron pres
sure if the mass exceeds the .Chandra
sekhar limit, so even nuclear matter 
cannot resist compression if the gravi
tational field is strong enough. For a 
cold neutron star-one that has no 
source of supporting pressure other 
than the repulsion of nucleons-the 
limiting mass is thought to be about 
1 . 8 solar masses. The compact rem
nant formed by the explosion of light
er stars is well below this limit, and 
so those supernovas presumably leave 
behind a stable neutron star. For the 
larger stars the question is in doubt . In 
Wilson's calculations any star of more 
than about 20 solar masses leaves a 
compact remnant of'more than two so
lar masses. It would appear that the 
remnant will become a black hole, a 
region of space where matter has been 
crushed to infinite density. 
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REVIV AL OF THE STALLED SHOCK W AVE in heavy stars may be due to heating by 
neutrinos. Their source is  the collapsed core, which radiates the energy equivalent of 10 per
cent of its mass in the form of neutrinos. Only a small fraction of them are absorbed, but the 
/lux is so intense that many iron nuclei are dissociated. Earlier in the evolution of the super
nova the breakup of iron nuclei took energy from the shock wave, but since the process 
is now powered by external neutrinos, the dissociation no longer decreases shock energy. 

6 8  

Even i f  the compact remnant ulti
mately degenerates into a black hole, it 
begins as a hot neutron star: The cen
tral temperature immediately after the 
explosion is roughly 1 00 billion de
grees Kelvin, which genera tes enough 
thermal pressure to support the star 
even if it  is larger than 1 .8 solar mas
ses. The hot nuclear matter cools by 
the emission of neutrinos. The energy 
they carry off is more than 1 00 t imes 
the energy emitted in the explosion it
self: some 3 X 1 0 53 ergs. It is the ener
gy eq uivalent of 1 0  percent of the mass 
of the neutron star. 

The detection of neutrinos from a 
supernova explosion and from the 

subseq uent cooling of the neutron star 
is one possible way ,we might get a bet
ter grasp of what goes on in these spec
tacular events. The neutrinos originate 
in the core of the star and pass almost 
unhindered through the outer layers, 
and so they c arry evidence of condi
t ions deep inside. Electromagnetic ra
diation, on the other hand, diffuses 
slowly through the shells of matter and 
reveals only what is happening at the 
surface. Neutrino detectors have re
cently been set up in mines and tun
nels, where they are screened from the 
background of cosmic rays. 

Another observational check on the 
validity of supernova models is the rel
ative abundances of the chemical ele
ments in the universe. Supernovas are 
probably the main source of all the ele
ments heavier than carbon, and so the 
spectrum of elements released in sim u
lated explosions ought to match the 
observed abundance ratios. Many at
tempts to reproduce the abundance ra
t ios have failed, but earlier this year 
Weaver and Woosley completed cal
culations whose agreement with ob
servation is surprisingly good. They 
began with Wilson's model for the ex
plosion of a star of 25 solar masses. 
For almost all the elements and iso
topes between carbon and iron their 
abundance ratios closely match the 
measured ones. 

In recent years the st ud y of super
novas has benefited from a close inter
action between analytic theory and 
computer simulation. The first specu
lations about supernova mechanisms 
were put forward decades ago, but 
they could not be worked out in detail 
until the computers needed for numer
ical simulation became available. The 
results of the computations, on the 
other hand, cannot be understood ex
cept in the context of an analytic mod
el. By continuing this collaboration we 
should be able to progress from a gen
eral grasp of princ iples and mecha
nisms to the detailed prediction of as
tronomical observat ions. 

© 1985 SCIENTIFIC AMERICAN, INC



Shattering old ideal 
about la 

The energy -absorbing steering column, 
multi -beam headlamps, side-guard door beams 
and windshield safety glass were G M -pioneered. 

Today, we're working to develop new ways 
to build-in safety. 

Our latest effort: the GM "Inner Shield" 
windshield. It's in limited production now. It's a 
flexible, two-part plastic layer that's applied 
to the windshield's inner surface to help protect 
you against facial cuts and lacerations from 
broken glass. 

�"' \AIn l A I R  

Exclusively GM, it's just one more way we 
are helping to protect the most important part 
of our cars: You and your passengers. 

We believe in taking the extra time, giving 
the extra effort and paying attention to every 
detail. That's what it takes to provide 
the quality that leads more 
people to buy GM <= and trucks p 

I
t II than any other kind. 

That's the GM commitment 
to excellence. . 

Nobody sweats the details like GM. 
Chevrolet · Pontiac · Oldsmobile · Buick · Cadillac · GMC Truck 
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SCIENCE AND THE CITIZEN 
Powering Down 

B
etween 1973 and 1982 energy 

consumption by u.s. industry, 
which had increased rapidly 

since World War II, peaked and then 
declined. By 1982 (the most' recent 
year for which definitive data are 
available) the total industrial use of en
ergy was less than it had been in 1973. 
Since energy conservation was pro
moted by many public and private or
ganizations in the 1970's, it might be 
assumed that the saving of energy 
through increased efficiency was re
sponsible for the decline in the rate of 
growth. According to a study by Rob
ert C. Marlay of the U.S. Department 
of Energy, however, only about a third 
of the deceleration was due to increas
es in efficiency. The slowing of eco
nomic growth in the late 1970's and 
early 1980's and changes in the com
position of industry produced the oth
er two-thirds. 

Industry, defined as mining and 
manufacturing, accounts for about 40 
percent of all energy utilized in the 
U.S. From 1947 to 1973 the amount of 
energy used by industry grew at a rate 
varying from 2.7 to 3.6 percent per 
year. If that rate had persisted, indus
trial consumption of energy by 1982 
would have been more than four bil
lion joules. Actually U.S. ind ustry con
sumed less than three billion joules in 
1982. In Marlay's study, which was 
published in Science, he concludes that 
of the decline in the rate of growth, 1.4 
percent per year was due to the slow
ing of economic growth, 1.2 percent to 
increased efficiency in ind ustrial proc
esses and 1.0 percent to changes in the 
mixture of industrial products. 

A change in the distribution of in
dustries has a potent effect on energy 
demand because some industries con
sume much more energy per unit of 
output than others. During the 1970's 
the declining industries included a dis
proportionate share of energy-inten
sive types such as steel production. 
The industries that grew fastest were 
those where the greatest investment is 
in materials rather than In energy, 
equipment or labor. 

Thus the deceleration in the in
dustrial demand for energy reflects in 
part a fundamental change. The shift 
away from primary heavy industry to
ward more technologically sophisticat
ed secondary industry brings with it 
a reduction in the growth of demand 
for energy. Since the economy is now 
growing faster than it was in the early 
1980's, the demand for energy may be 
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increasing again. The demand will 
probably never increase as fast as it did 
before 1973, however, since the chang
es in industrial distribution are like
ly to prove permanent. Marlay con
cludes: "These observations and the 
data on which they are based suggest 
that U.S.  industrial prod uction, in both 
its composition and use of energy, un
derwent and is perhaps still undergo
ing a transformation of unprecedent
ed proportions, with implications for 
both long-term energy demand and a 
range of other socioeconomic issues." 

Death at an Early Age 

Adolescent suicide in the U.S.  has in
£\. creased some 300 percent in the 
past 25 years. During that time there 
has also been a significant decrease in 
infant mortality, which means many 
more infants are surviving adverse 
conditions in utero and at birth. Are 
the two trends related? A report in The 
Lancet suggests they may be. It appears 
to be the case that "individuals whose 
early life experience included adverse 
perinatal conditions are more vulner
able to suicide during adolescence." 

Lee Salk of the Cornell University 
Medical College and Lewis P. Lipsitt, 
William Q. Sturner, Bernice M. Reilly 
and Robin H. Levat of Brown Uni
versity studied the prenatal and birth 
records of 52 adolescents (whose ages 
ranged from 12 through 19) recorded 
as having committed suicide in Rhode 
Island between 1975 and 1983. (There 
were 43 males and nine females, about 
the same sex ratio as prevails for sui
cides in the same age group in the gen
eral population.) They also studied 
two control groups: the 52 individuals, 
matched for hospital of birth, sex and 
race, whose birth most closely preced
ed that of each suicide and the 52 
whose birth most closely followed that 
of each suicide. The suicide group did 
not differ from either control group in 
family size, age of parents or father's 
occupation. For each subject and con
trol the investigators itemized the pres
ence of 36 risk factors affecting the 
pregnancy and birth and 10 other fac
tors reflecting the infant's condition at 
birth. The overall incidence of risk fac
tors was found to be significantly high
er in the suicide group than it was in 
either control group. 

Salk and his colleagues then isolated 
the most distinctive risk factors: those 
in which the incidence was appreciable 
and at least twice as high in one group 
as in either of the other groups. There 
were 10 such "distilled" factors, and 

the incidence of nine of them was high
est in the suicide group. The investiga
tors went on to identify the three risk 
factors most disproportionately asso
ciated with the suicide group. They 
were chronic disease in the mother 
(21.2 percent in the suicide group, 0 
and 5.8 percent in the two control 
groups); lack of prenatal care before 
20 weeks of pregnancy (30.8 percent as 
opposed to 3.8 and 11.5 percent), and 
respiratory distress for more than an 
hour at birth (19.2 percent as opposed 
to 7.7 and 3.8 percent). Sixty percent of 
the suicide victims had experienced at 
least one of these three risk factors. 

A great many infants survive ad
verse conditions before and soon af
ter birth; few of them commit suicide. 
Salk and his colleagues are therefore 
careful not to propose a direct relation 
between perinatal adversity and even
tual suicide. They do, however, con
clude that experience before and soon 
after birth influences the risk of suicide 
later in life. 

Charon's Wake 

Astronomers at three observatories 
£\. have witnessed, for the first time, 
eclipses of Pluto by its satellite, Char
on. The eclipses will continue for sev
eral years. Further observations prom
ise to yield better answers to funda
mental questions about the outermost 
planet: How big is it, and what is it 
made of? 

Pluto is on the average 40 times 
farther from the sun than the earth is, 
and its faint light is difficult to study 
even with the most sensitive detectors. 
Charon, just a bump on the planet's 
near-infrared image, was not discov
ered until 1978. Calculations of the 
satellite's orbit soon showed that the 
timing of the discovery was extraordi
narily fortunate: the orbital geometry 
is such that eclipses can only be seen 
from the earth during two brief phases 
in Pluto's 248-year cycle around the 
sun, or once every 124 years. 

Charon is locked in a synchronous 
orbit (that is, it is stationary with re
spect to Pluto) whose period is 6.4 days 
long; an eclipse of Pluto by its satellite 
or an occultation of Charon by the 
planet thus takes place about every 
three days. The onset of the current 
series of eclipses was detected in Janu
ary at the Kitt Peak National Observa
tory by Edward F. Tedesco of the Jet 
Propulsion Laboratory and verified in 
February at the McDonald Observato
ry by Richard P. Binzel of the Univer
sity of Texas at Austin and at Mauna 
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. The Greek word for shield is l'Aegis:1 And tha(s exactly whatRCA gave the 
I cruiser in this picture. A shield that can protect an entire fleet. 

In facti the AEGIS Combat System which RCA designed for the US. Navy 
can simultaneously track hundreds of aircraft and missiles while it maintains continuous 
surveillance of anything that moves on or above the water. 

This makes AEGIS the most advanced missile and air defense system on the 
high seas. And it makes RCA the first companYI everl to be given total responsibility for 
the development of a complete shipborne combat system. 
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Today, two cruisers, USS Ticonderoga and USS Yorktown, patrol the seas 
I with AEGIS. But soon, they'll have a lot of company. RCA is already at work 

on 11 additional ships' systems. 
Which should come as no surprise. RCA is constantly involved in vital electronic 

and communications work for the armed forces. 
\ A /e're designing and building test equipment for Army 
V Vtanks and vehicles so the Army can maintain a higher 

state of readiness. 
RCA is also under contract with the Air Force for the Ground 

nell 
ONE 

OFAKIND 
Wave Emergency Network (GWEN), which will provide survivable communications 
throughout the United States in case of a national emergency. so not only does the defense never rest, neither do we. If you'd like to 

. find out more about what we're working on, iust write for "This Is RCA;' 
P. O. Box 91404, Indianapolis, Ind. 46291. 

After you read it, you'll know why in electronics, communications and enter
tainment, RCA is one of a kind. 
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Kea by David Tholen of the Univer
sity of Hawaii at Manoa. During 
the events observed so far the total 
amount of light emanating from the 
two bodies has decreased by no more 
than 4 percent, a small change com
pared with the planet's normal, cycli
cal variation in brightness, which is as 
much as 30 percent. The change is no
ticeable, however, because Tholen and 
other workers have over the past few 
years meticulously plotted Pluto's nor
mal light curve. 

Observations of the eclipses will en
able astronomers to measure Char
on's orbital period and particularly its 
mean distance from Pluto more pre
cisely. From these two quantities they 
can calculate (by applying Kepler's 
third law) the masses of both planet 
and satellite. The diameters of the two 
bodies, about which there has been 
considerable uncertainty, can be de
termined from the duration of the 
eclipses and occultations. Mass and 
diameter together yield mean density, 
a key indicator of a planet's chemical 
composition. 

Preliminary evidence supports the 
notion that Pluto is less than 3,000 kil
ometers in diameter, or significantly 
smaller than the earth's moon. Spec
trographic measurements have identi
fied methane ice as the planet's pri
mary constituent, although there are 
also less reflective surface regions 
whose composition is not known. As 
Charon's shadow sweeps across dif
ferent regions of Pluto over the next 
few years, it should be possible to 
map these dark regions. 

Charon itself is thought to be be-

tween one-third and one-half the size 
of Pluto. Its composition is presum
ably similar, but because its image is 
difficult to separate from that of Pluto, 
no direct measurements of its reflec
tance or of its spectrum have been 
made. According to Dale P. Cruik
shank of the University of Hawaii, 
workers can now attempt to derive 
such information indirectly, by "sub
tracting" measurements made when 
Charon is hidden by Pluto from those 
made when both bodies are visible. 

Calling Retreat 

Five years ago Mark F. Meier and his 
colleagues at the U.S. Geological 

Survey predicted that the Columbia 
glacier, which enters Prince William 
Sound near Valdez, Alaska, the south
ern terminus of the Trans-Alaska oil 
pipeline, would soon begin a drastic 
retreat. The glacier had been stable 
throughout this century, but in 1978 
its tongue had retreated slightly. 

Now the prediction has been con
firmed. The forward flow of the glacier 
is increasing rapidly-but so is the rate 
of iceberg prod uction: the so-called 
calving of icebergs from the terminus 
of the glacier. The production has 
quadrupled. (On an average day last 
summer the glacier discharged some 
14 million cubic meters of ice.) As a 
result the glacier is receding at an ac
celerating pace. In 1984 the retreat 
amounted to 1.1 kilometers, or nearly 
twice the total for 1983. Since 1978 the 
retreat has amounted in places to more 
than 2.4 kilometers. 

Meier made his prediction in re-

An iceberg calving from rhe Columbia glacier's 250-Joot cliff 
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sponse to a request from the Geologi
cal Survey. It was important to know 
whether the Columbia glacier would 
retreat, advance or remain stable be
cause of the effect these events. might 
have on shipping at Valdez. The inves
tigator based his prediction on the re
sults of a study initiated by a Geologi
cal Survey colleague, Austin S. Post. In 
the early 1970's Post undertook a re
connaissance of all the major glaciers 
jutting into the sea from Alaska. They 
seemed not to follow any pattern. One 
glacier might be advancing; a nearby 
glacier, exposed to the same local cli
mate, might be stable or even in re
treat. As part of the Survey's effort a 
radar was devised with which the bed 
of glaciers could be examined through 
the ice. 

Eventually a pattern did emerge: the 
termini of unstable glaciers lay in deep 
water. Typically the glaciers were not 
afloat; still, the presence of seawater 
and its buoyancy seemed to promote 
disintegration. 

The Columbia glacier proved to be 
a special case: over thousands of years 
it had pushed a shoal ahead of its ter
minal moraine (the mound of debris 
that precedes an advancing glacier); 
thus even a slight retreat would put 
it in deeper water, making it unsta
ble. In 1978 that retreat happened. 

Meier expects a further increase in 
the rate of the glacier's disintegra
tion, perhaps modulated briefly by 
a short-term winter advance due to 
the decreased calving of icebergs in 
winter. The icebergs themselves may 
not block shipping lanes; a submerged 
ridge in Prince William Sound keeps 
large icebergs from floating out to sea. 
Meier predicts that during the next few 
decades the Columbia glacier will re
treat 20 to 25 miles, or half of its cur
rent length. The retreat will thereby ex
pose a fjord that has been covered by 
ice for centuries. The repopulation of 
the fjord will be of interest to ecolo
gists. Meanwhile glaciologists should 
gain insight into how glaciers move. 

Copping Z's 

The heavy, short-lived particles of 
the weak force, labeled W+, W-

rand ZO, are as difficult to study in detail 
as they are important in contemporary 
efforts to understand the nature of 
matter. These particles mediate the ra
dioactive decay of nuclear particles, 
and they relate this and other so-called 
weak interactions to electromagnet
ic interactions. Yet the W+, w
and zo particles have been detected 
only a few dozen times, far too infre
quently to explore their properties in 
detail. The scarcity of Z particles is 
particularly acute: they appear only 
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SUN, OIL AND THE FISHERMAN'S SON. People get a lot of fish from the 
Santa Barbara Channel. And this,;is where Sun Company gets a lot of oil-more 
than three million barrels a year! j}round here oil is our business. But Sun people 
like Stan Blossom can tell you it's not our only concern. 

"I work for Sun, but I also fish in these waters. And I want my son's genera
tion to fish here too. That's why precautions like our containment unit are so 
important. In case of a spill, it would quickly surround the oil and help pre
vent damage. 

'This is just one of the ways we're helping to make sure there'll be many more 
years of fishing around here." 

At Sun, we think putting energy back into the environment is as important as 
getti ng it out. 

WHERE THERE'S UN 
THERE'S ENERGY. 
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Hewlett-Packard presents 
the first 32-bit UNIX'" system 
under $5,000. 
It's the one computer for both the technical and 
administrative sides of your job. 

Introducing the Integral Personal Computer. 
Don't let the small size fool you. This is 

definitely a full-fledged member of the HP 9000 
family of engineering workstations. 

With a 16/32-bit MC68000. A graphics 
co-processor. 800KB of standard memory 
expandable to 5.8MB. 

And a multitasking operating system based 
on UNIX System III. It's a UNIX system 

that's easy to use. Its powerful but 
friendly user interface means even 

novices can now tap the power 
of this ideal operating 

system for technical 
tasks. There are no 

cryptic com-

mands to learn. And there's an optional mouse. 
It's a personal computer without the limitations. 

Like other PCs, it runs a variety of popular 
spreadsheet, graphics, database and word proces
sing software. But unlike other pes, it has the 
multitasking operating system, powerful micro
processor and programming flexibility for your 
specialized applications. Just what you'd expect 
from Hewlett-Packard. 

Developing custom solutions on the Integral PC 
is easy, with optional programming tools such 
as HP Technical BASIC, HP-UX "C" and Real
Time Extensions. 

And the Integral PC goes where you need it. 
The complete system -including our built -in 
ThinkJet graphics printer-packs into a single 
25 pound package that takes up less than a 
cubic foot. 

So for the name of the dealer or HP sales office 
near you, call 1-800-FOR-HPPC. 

The Integral Personal Computer. Perhaps the 
most capable personal computer you can buy. 
And it's only $4,995� 

II. HEWLETT 
. 'P_J PAC KARD 

© 1985 SCIENTIFIC AMERICAN, INC



© 1985 SCIENTIFIC AMERICAN, INC



one-tenth as often as W particles do. 
Two projects are under way in an 

attempt to remedy the problem. At 
CERN (the European laboratory for 
particle physics, where the particles 
were detected) the LEP (Large Elec
tron-Positron collider ring) is being 
constructed; its completion is sched
uled for as early as 1988. It is a ring
shaped electron-positron accelerator, 
27 kilometers in circumference, strad
dling the border between France and 
Switzerland. The LEP will be the largest 
ring-shaped accelerator ever built for 
electrons and positrons. Indeed, it may 
prove to be the largest such ring of all 
time: particles constrained to move in 
a circle lose energy by radiation, so 
that increasing circles yield decreas
ing benefits. 

At Stanford University the two
mile-long linear accelerator is being 
modified so that it too can function as 
a colliding-beam machine. Stanford 
investigators hope to have the device 
generating Z's by October, 1986. 

Each accelerator will be able to pro
duce thousands of ZO particles per day 
because each should be able to acceler
ate electrons and positrons so that they 
collide and release an amount of ener
gy precisely equivalent to the mass of 
an intermediate vector boson. In the 
case of the ZO this so-called resonance 
lies at 94 GeV (billion electron volts). 

At CERN the energy is achieved by 
accelerating counterrotating beams of 
positrons and electrons and then caus
ing them to collide in a detection 
chamber. The Stanford machine takes 
a more complicated approach. At the 
start of each cycle two small storage 
rings will have been stocked, one ring 
with two "bunches" of 50 billion elec
trons, the other with two bunches of 
positrons. A positron bunch will be 
extracted, compressed to a length of 
about a millimeter and injected into 
the linear accelerator. Behind it will 
come the two electron bunches, simi
larly compressed, at a spacing in the 
accelerator of some 17.6 meters. 

The three bunches will be accelerat
ed; then, two-thirds of the way down 
the accelerator, the trailing electron 
bunch will be steered into a metal tar
get, where it will create a burst of pos
itrons. (Positrons must be produced; 
they do not exist in nature.) The re
maining two pulses will reach the end 
of the accelerator. There the positron 
bunch will be directed magnetically 
into the north branch of a pair of accel
erator tunnels that meet like pincers; 

. the electron bunch will be directed into 
the south branch. At the meeting of the 
pincers the two beams will collide. 
Meanwhile the newly produced bunch 
of positrons will have been accelerat
ed, sent to the start of the accelerator 

;;/ � FINAL FOCUS I+- � 
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ELECTRON BOOSTER 
ELECTRON GUN 

The Stal/ford ZO factory 

and placed in the positron storage ring, 
to be employed in a subsequent cy
cle. The entire cycle will take less than 
.006 second. 

The Stanford investigators hope that 
the production of "thousands of ZO'S 
per day" will be yielding insights into 
the fabric of the universe by early in 
1987, thereby stealing a cosmic march 
on their colleagues across the Atlantic. 

Winging It 

Athin ring, 13 inches in diameter, 
has captured the world's record 

for thrown flight. It covered 349 yards 
(319 meters) in an open area adjacent 
to the Rose Bowl. The device, called 
the Aerobie, was invented by Alan 
Adler, a lecturer in engineering at 
Stanford University. Scott Zimmer
man, a college student who had prac
ticed assiduously for the event, made 
the record throw. 

Even a less accomplished athlete, 
according to Adler, could expect to 
throw an Aerobie two or three times as 
far as he or she could throw a Frisbee. 
A liplike structure on the upper, outer
most edge of the Aerobie accounts for 
its superior performance. This "spoil
er" helps to reduce the lift generated 
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Does a personwith 
mental illness have anY.': · . 

to contribute to society? 
Many people think of the mentally ill as the institutionalized. 

People with little chance of productively re-ente� society. 
But the fact is many ordi

nary, even extraordinary, rople 
suffer from some form 0 . 

mental illness. 
Abraham Lincoln suf

fered severe bouts of depression. 
Beethoven struggled with 

acute depression as wdL 
. And millions of Ameri-

cans are suffering today. 
The point is, our goal at 

the Mental Health Association 
isn't solely to improve conditions 
for the severely Iiandicapped. 

We're also working to relieve the suffering of productive Amer
icans and help then1 to reach their full potential. 

Your donations can help. Not just strangers, but people you may 
know and society as a whole. 

Please call your Mental Health Association soon. 

We can't ignore mental illness any longer. 
Mental Health Association Of Greater Chicago. . 

407 S. Dearborn St., Chicago, IL 60605,312-922-0703 

11lt1�rrJtl0I1: HI�[\.lricJI PlCrurt,:� St.'f\'io.:. Chicago . Typography by R yJerTypes 
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PANIC: FIGHTING 
FEARS, PHOBIAS, 
AND ANXIETY 
Stewart Agras, M.D. 

In this provocative book the director of 
the Behavioral Medicine Program at 
Stanford University explains in language 
accessible to the layperson the recent 
discoveries in biology that have led to 
new treatment forms for panic syn
dromes. Dr. Agras clarifies the distinction 
between panic, fears, and phobias and 
uses extensive case histories to explain 
how these disorders may be related to 
brain function. He also discusses the 
search for long-lasting cures, and, 
perhaps most important, what friends 
and families can do to support sufferers. 
Just published. 218 pages. 
Cloth: ISBN 0-7167-1730-1 $21.95 
Paper: ISBN 0-7167-1731-X $11.95 

THE BREAKING OF 
BODIES AND MINDS 
TORTURE, PSYCHIATRIC ABUSE, 
AND THE HEALTH PROFESSIONS 
The American Association for the 
Advancement of Science; Edited by 
Eric Stover and Elena O. Nightingale, 
with a Foreword by David A. Hamburg 

This eye-opening book presents the first 
synthesis of writings by psychiatrists, 
political scientists, ethicists, and health 
care professionals on the role of medical 
personnel in cases of torture and 
psychiatric abuse. The book details the 
complicity of an alarming number of 
medical personnel in these cases and 
examines the ways in which governments 
throughout the world use a medical 
rationale to seek legitimacy for human 
destruction. 
"Everyone should read this book: former 
prisoners, future prisoners, and those who 
will never be prisoners, because 
everyone can and should join the strug
gle against the criminal use of science 
by state 
terrorism." -Jacobo Timerman 
Just published. 336 pages. 
Cloth: ISBN 0-7167-1732-8 $19.95 

_ Paper: ISBN 0-7167-1733-6 $11.95 

NEW FROM 
W. H. FREEMAN 
AND COMPANY 

LEFT BRAIN, 
RIGHT BRAIN 
Revised Edition 
Sally P. Springer and Georg Deutsch 

In this revised edition of a book that has 
sold more than 50,000 copies since 
publication, the authors investigate find
ings and developments that have taken 
place in the field during the last three 
years, making this study of the nature of 
hemispheric differences in humans and 
animals even more relevant. Updated 
throughout, this edition includes a new 
chapter on the effects of brain injuries on 
language, perception, and memor y ;  new 
evidence of a link between left-handed
ness and auto-immune disorders, and 
recent research on biochemical and 
metabolic differences between the 
hemispheres. 
February 1985. 320 pages. 
Cloth: ISBN 0-7167-1666-6 $19.95 
Paper: ISBN 0-7167-1667-4 $11.95 

ROUNDABOUT 
The Physics of Rotation 
Readings from the Amateur 
Scientist in SCIENTIFIC AMERICAN 
Jearl Walker 
Many devices derive their usefulness and 
playfulness from rotational motion. This 
book, culled from the author's popular 
"Amateur Scientist" column in SCIENTIFIC 
AMERICAN, explores the physics and fun 
involved in the rotation of everyday ob
jects, from billiards and tops to coins and 
amusement park rides. Through Walker's 
highly enjoyable writing style, we come 
to understand that the science behind 
racquetball and boomerangs also lies 
behind judo and ballet. 
Just published. 148 pages. 
Cloth: ISBN 0-7167-1724-7 $20.95 
Paper: ISBN 0-7167-1725-5 $10.95 

PROGRESS IN 
NEUROSCIENCE 
A SCIENTIFIC AMERICAN Book 
Edited by Richard F. Thompson 
A collection of 12 articles from SCIENTIFIC 
AMERICAN, this absolutely up-to-date 
book examines the most current research 
in the broad and exciting field of neuro
science. The authors, some of the most 
distinguished scientists in the field, explore 
the neuron, synaptic transmission, the 
chemistry of the brain, the development 
of the brain, and how genes can control 
behavior. Other chapters consider how 
the brain integrates sensory processes, 
and the book concludes with two 
articles on brain and behavior. 
Just published. 138 pages. 
Cloth: ISBN 0-7167-1726-3 $20.95 
Paper: ISBN 0-7167-1727-1 $10.95 

c---

ARMS CONTROL 
AND THE 
ARMS RACE 
A SCIENTIFIC AMERICAN Book 
With Introductions and Edited by 
Bruce M. RusseH and F red Chernoff 
These 17 articles from SCIENTIFIC 
AMERICAN thoroughly discuss the evolu
tion of nuclear weapons since 1945 and 
the attempts to control the nuclear arms 
race through national action and interna
tional negotiations. Divided into three 
sections, the book combines technical infor
mation on weapons with political analysis. 
Part I looks at the SALT agreements while 
Part II examines some of the outstanding 
strategic arms issues, including the 
consequences of a limited nuclear war. 
The book concludes with discussions of 
European security, various nuclear 
weapons and their range, chemical 
warfare, and chemical disarmament. 
Exceptionally current. ARMS CONTROL 
provides an objective examination of the 
most critical issue of our time. 
Just published. 232 pages. 
Paper: ISBN 0-7167-1729-8 $10.95 

c---

Available at fine bookstores, or order 
directly from the publisher: 

I_ W. H. FREEMAN AND COMPANY 
4419 West 1980 South 

• Salt Lake City, Utah 84104 
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at the leading half of the ring and so 
brings it into balance with the trail
ing half (which flies in the downwash 
produced by the leading half). With
out the spoiler the ring would drift to 
the left (if it was spinning clockwise 
as seen from above); the spoiler helps 
it to fly straight. 

Adler set out to design "a flying disk 
or ring that had the lowest possible 
aerodynamic drag consistent with sta
ble flight." He arrived at the design 
with the help of a personal computer. 
The resulting "wing" consists of an in
ner core of plastic and a surrounding 
rubber cushion. The Aerobie's inner 
diameter is 10 inches; it is .15 inch 
thick and weighs 112 grams, or slightly 
less than four ounces. 

The precise length of Zimmerman's 
record throw was 1,046 feet 11 inches, 
vouched for by the archivist of the 
U.S. Disc Sports Association. Zimmer
man also holds the record for the Fris
bee: 456 feet (152 yards). An average 
person with no special training could 
throw a Frisbee from 35 to 40 yards; 
with an Aerobie he or she could expect 
to achieve between 120 and 150 yards. 

Neural Constancy 

During gestation the developing hu
man brain generates neurons at 

an average rate estimated at more than 
250,000 per minute. The estimate is 
based on the assumption that virtually 
no neurons are produced after birth, 
even though they are constantly dy
ing. This assumption has been dogma 
in neurobiology circles, but as Pasko 
Rakic of Yale University notes in a 
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The Aerobie: ill flight, at rest alld ill cross sectioll 

recent issue of Sciellce, it is dogma that 
"has never been tested in the adult 
of any primate species," much less in 
human beings. Moreover, laboratory 
studies in the past few years have indi
cated that neurogenesis does occur in 
other ad ult vertebrates, including cer
tain fishes, amphibians and birds. 

Rakic has now reported the first di
rect evidence that, as far as primates 
are concerned, the dogma is accurate. 
He injected 12 rhesus monkeys, rang
ing in age from six months to 11 years, 
with radioactive, tritium-labeled thy
midine. Thymidine is a precursor of 
one of the four nucleotide bases found 
in DNA and is incorporated only into 
DNA, not into other parts of a cell. 
The presence of radioactive thymidine 
labels a cell's genetic material, and 
thus the cell itself, as having formed 
after the thymidine was injected. 

Rakic estimates he screened about 
100 million cells from all major struc
tures of the brain of each of the 12 
monkeys. He found not a single la
beled cell resembling a neuron. In con
trast, radioactive thymidine was readi
ly detectable in cells known to prolifer
ate throughout adulthood, including 
the glial cells that fill the space be
tween neurons in the brain. Rakic 
therefore concludes that the brain of 
an adult monkey is probably incapable 
of forming new neurons. Furthermore, 
what is true for rhesus monkeys is like
ly to be true for human beings, whose 
brain is very similar in organization 
and is thought to follow the same se
quence of development. 

The notion that neurogenesis ends 
no later than a few months after birth 

has profound implications for under
standing how the primate brain works. 
Primates are distinguished from many 
other animal species not only by their 
longevity but also by a prolonged 
learning period preceding maturity. 
The physical basis of learning is wide
ly assumed to be the setting up of pat
terns of connections between neurons 
in the brain. To retain what it has 
learned, Rakic argues, an animal needs 
a stable set of neurons. 

The evidence for a strict limit on 
neurogenesis also suggests that the 
prospects for treating brain and spinal
cord injuries, which at present are gen
erally irreversible, will remain slim. 
On the other hand, the uniq ue property 
of neurons-they are the only cells in 
the adult human body that do not pro
liferate-makes them immune from 
cancer. (Brain tumors in adults involve 
cells other than neurons, such as the 
glia.) According to Rakic, some work
ers think there must be a mechanism 
inhibiting the replication of DNA in 
neurons. If such a mechanism could be 
identified, it might lead to a treatment 
for the malignancies that plague other 
parts of the body. 

Grim Reckoning 

When a smoker dies of emphyse
ma, the cause is entered in the 

official statistics under chronic ob
structive pulmonary diseases rather 
than under smoking. Deaths from oth
er diseases associated directly or indi
rectly with smoking, alcohol or drugs 
are also usually attributed to the dis
ease rather than to the underlying 
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Give people the tools they need, 
and there is no limit to what they achieve. 

Finally, one 
word processor 
that has it all. 

State-of-the-art 
and simplicity. 

At last , a word processing program 
that lets you do everything you need a word 
processor to do. 

Yet is so easy, anyone in the office 
can use it. 

New WordStar 2000 is loaded. 
With Windows. Undo. Format sheets. 

Five-function math. A built-in spelling corrector. 
WordStar 2000 Plus also lets you manage 

mailing lists. Even use electronic mail. 

Easy-to-Ieam. Easy-to-use. 
With new WordStar 2000, the keys you 

press are the keys you'd expect to press ("c" for 
copy, "p" for print , etc.). 

Results? They're easier to learn and easier 
to remember. 

Now you have t wo choices. 
New WordSfar 2000 becomes the second 

standard for word processing. Choose WordStar 
(or Word Star for PCjr) if the original standard 
suits your needs or budget better. 

See your local MicroPro dealer or call 
(800) 227-6703 [in California 
(800) 632-7979] for the dealer 
nearest you. 

III 
MlcraPra. 

WORD STAR 

Z� 
� � 
Now there are no limits':' 

Now available for IBM PC<loi/AT'k,/XT'" and compatibles with 256K RAM. Attention WordStarowners: Special WordStar 2000 offer just for you. Call your dealer or MicroPro Customer Update (800) 227-5609. 
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QUESTAR® 
• • • the priceless telescope 

Some people say a Questar telescope 
is expensive; others say it is a priceless 
possession. We say that its price is a fair 
one, based on our maufacturing costs, 
with only a modest profit added. We 
think it is a price that the serious 
astronomer is willing to pay for the 
finest instrument he can own. Not only 
is he acquiring optical resolution that 
many claim surpasses theory, but, in 
addition, will enjoy a mount designed to 
accomplish all the motions of a great 
observatory telescope with the utmost 
ease, on a table top. 

Some would say the price of perfec· 
tion comes high, but we are not sure 
about that either. In the thirty years we 
have b�en making Questars we have 
seen the price of cars increase sixfold. 
Questar's price for perfection has slight· 
Iy more than doubled. 

So why not have a Questar telescope? 
It will give you 

• admission to the stars 
• a membership card to all the sky 

spectaculars 
• an intimate look into the shadows 

of the moon 
• access to the secret lives of 

nature's world 
• travel opportunities with an easily 

portable telescope in its own hand 
luggage 

• free special indoor entertainment 
at ten feet in full.color 

A Questar is not only a priceless 
telescope, it is a unique experience. 

LET US SEND YOU OUR I.ITERATURE DESCRIBING 

QUESTAR, THE WORLD'S FINEST MOST VERSATILE 

TELESCOPE. PLEASE SEND 52 TO COVER MAILING 

COSTS ON THIS CONTINENT. BY AIR TO SOUTH 
AMERICA, 53.50; Ell ROPE AND NORTH AFRICA. 54: 
ELSEWHERE, 54.50. INQI1IRE ABOLT OI:R EXTEND· 
ED PAYMENT PLAN. 
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We were delighted to read these observ
ing notes sent to us by Dr. Stanley Sprei of 
Ft, Myers, Florida, and thought you too 
might find them interesting. 

"I enjoy working near the theoretical 
limits of my Questar, and recently a 
moonless, dry and empty sky afforded 
an opportunity to seek out some faint 
planetaries. 

"The first target was NGC 1502, an 
open cluster forming two diverting 
chains of stars, one chain containing an 
easy 7th magnitude pair, which served 
as a guidepost. Two degrees of declina
tion away is the 12th magnitude plane
tary NGC 1501, which appeared as a 
disc seen best at powers from 60 to 
130x. I found it again the following 
weekend despite humid atmosphere 
and the presence of a 3-day old moon 
in the west. 

"In Gemini I observed NGC 2158. 
Burnham's gives 12th magnitude for this 
open cluster, but its brilliance in the 
Questar would indicate that it is prob
ably brighter than 12th. 

"The most difficult object I have 
observed so far is NGC 2438, the 
planetary nebula within M46. Although 
Burnham's lists it as magnitude 11, I 
found it more difficult than 1501 which 
is supposedly one magnitude fainter. I 
was glad to have seen it, as the Cam
bridge Deep Sky Atlas lists it as an 
object for at least a 6-inch scope." 

1984 QUESTAR CORPORATION 

QUESTAR 
Box 59, Dept. 208, New Hope, PA 18938 

(215) 862-5277 

cause. On the basis of a recent survey 
R. T. Ravenholt of World Health Sur
veys, Inc., asserts that if underlying 
cause is taken into account, the abuse 
of tobacco, alcohol and drugs· must 
be reckoned as the leading cause of 
death in the U.S. 

Ravenholt writes in Population and 
Development Review that "the addic
tive use of many psychoactive sub
stances-tobacco, alcohol, heroin, co
caine, marihuana, stimulants, hypnot
ics and hallucinogens "-accounted 
for about 630,000 deaths in 1980, or 
nearly a third of all deaths from all 
causes. He attributed "25 percent to 
the smoking of tobacco, 5 percent to 
the drinking of alcohol and 1-2 per
cent to the abuse of other addictive 
substances. " 

Ravenholt arrived at his estimates 
by examining a number of statisti
cal studies of death and disease rates 
among smokers compared with non
smokers. For example, if the relative 
risk of cancer among nonsmokers is set 
at I, the risk among smokers is 2.72. 
Since 53 percent of men are nonsmok
ers and 47 percent are smokers, it fol
lows that the number of excess deaths 
from cancer among men in 1980 was 
101,000, or 44.8 percent of all male 
cancer deaths (225,949). The compa
rable figure for deaths among females 
was 34.6 percent. 

By similar calculations Ravenholt 
estimated that smoking accounted for 
24 percent of deaths from cardiovas
cular disease and contributed to death 
from respiratory diseases other than 
lung cancer, from digestive diseases, 
from external causes of injury (as in 
fires) and from "miscellaneous and ill
defined diseases. " He also attributes 
some infant mortality to smoking by 
the mother during pregnancy. 

Ravenholt summarized his esti
mates on tobacco: "The total number 
of excess deaths in the U.S. in 1980 
attributable to smoking cigarettes was 
approximately 485,000. Addition . . .  
of deaths caused by the smoking of 
pipes and cigars, the passive inhala
tion of environmental tobacco smoke 
and the chewing and snuffing of to
bacco probably raises the total . . .  to 
more than a half million-more than 
one-fourth of all deaths from all caus
es (1,989,841)." By similar methods he 
ascribed 100,000 deaths to the effect 
of heavy consumption of alcohol and 
30,000 to the abuse of other drugs. 

Asian Roots 

Were Adam and Eve Chinese? 
After analyzing mitochondrial 

DNA of contemporary ethnic groups, 
Douglas C. Wallace of the Emory 
University School of Medicine and 
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IT'S GETTING 
TOUGHER 

FOR NANCY RAY 
TO BE 

A MOTHER. 
Nancy Ray has multiple 

sclerosis. 
Every day it becomes harder 

for her to see. Harder for her to 
walk. Harder to do the things 
she wants to do for her family. 

Four years ago, Nancy Ray 
was young and healthy. She was 
a mother with a four-year-old 
son, a. teacher, a writer for 
educational TV. 

Then, like about 200 young 
adults every week, she learned 
she had MS. 

Multiple sclerosis destroys 
the myelin covering that sur
rounds nerve fibers in the brain 
and spinal cord. Messages to and 
from the brain get lost as they 
travel through the damaged areas. 
So your eyes, arms, legs don't 
do what you want them to do. 

MS can be mild. Or it can be 
severe. Once you've got it, y ou've 
got it for life. Most days, 
Nancy Ray can get around with 
a walker. With a lot of time and 
effort, she can even prepare 
meals for her family. Some people 
with MS aren't that fortunate. 

The National Multiple 
Sclerosis Society is helping 
people with MS live with MS. 
And funding research for a cure, 

. all over the world. We can do it, 
but only with y our help. 

Please give generously. It's 
tough enough to be a mother 
without MS. 

NATIONAL 
MULTIPLE SCLEROSIS 

SOCIETY 
205 East 42nd Street 

New York, New York 10017 

JUST WHEN YOU'RE STARTING TO LIVE, MS CAN STRIKE. 
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his co-workers have hypothesized that 
all the. groups have common ances
tors who lived in Asia between 50,000 
and 100,000 years ago. 

Mitochondria are organelles in the 
cytoplasm of the cell that convert ener
gy from nutrients into a form useful 
in many cellular reactions. They have 
their own DNA: a double-strand loop 
that includes about 40 genes. Mito
chondrial DNA is rapidly becoming a 
fundamental tool of inquiry into mo
lecular evolution because it provides 
clearer information about human lin
eages than the chromosomal DNA 
found in the nucleus. 

Mitochondrial DNA is simpler to 
deal with mainly because it is mater
nally inherited: all the DNA in the mi
tochondria comes from the mother by 
way of the cytoplasm of the egg. In 
contrast, chromosomal DNA comes 
from both parents in equal propor
tions. Moreover, in the course of sexu
al reproduction chromosomal DNA 
is subject to shuffling processes that 
complicate the evolutionary record. 

Wallace and his co-workers took 
advantage of the relative simplicity 
offered by mitochondrial DNA to re
construct the genetic relations among 
Bantus and Bushmen in Africa, a sam
ple of Asians (consisting mostly of 
mainland Chinese), a sample of peo
ple of western European descent and 

Pima and Papago Indians from the 
southwestern U.S. 

Mitochondrial DNA from blood 
cells was cleaved by restriction endo
nucleases. These enzymes cut a DNA 
chain wherever a specific sequence of 
from four to six nucleotides (the sub
units of DNA) appears. The sequence, 
which is specific to a particular en
zyme, is known as a restriction site. 
A site can be destroyed or created by 
a mutation changing a single nucleo
tide in the DNA chain. Hence observ
ing the pattern of restriction sites can 
yield information about mutations. 

The restriction sites themselves are 
found by observing the pattern of frag
ments produced by the restriction en
zyme. For example, suppose the DNA 
of two ethnic groups is known to con
tain many of the same nucleotide se
quences. The application of a particu
lar restriction enzyme might cleave the 
DNA of one group into four fragments 
and the DNA of the other group into 
only three. It could then be assumed 
that the two DNA's differ in one re
striction site as the result of a single 
mutation in the course of evolution. 

Such comparisons can indicate the 
degree of relation among the various 
mitochondrial DNA's. That infor
mation in turn makes it possible to 
construct a genealogical tree for the 
groups. In Journal of Molecular Evolu-

tion and Endocytobiology Wallace has 
published trees for the ethnic groups in 
his sample. The most probable root, or 
origin, of the trees is mitochondrial 
DNA's found predominantly in Asia. 
Because the mutation rate for mito
chondrial DNA is not known precisely 
such trees provide only very rough es
timates of when the various branches 
diverged. Wallace is currently trying to 
define a more precise chronology. 

Missing Mass 

There is more to the universe than 
meets the eye, however powerfully 

it is aided by astronomical instru
ments. On both observational and the-

-oretical grounds astronomers and as
trophysicists believe the universe pos
sesses far more mass than is apparent. 

To account for the motion of stars 
within galaxies and of galaxies within 
clusters of galaxies it is necessary to 
suppose these objects move under the 
gravitational influence of more mass 
than can be detected directly. In fact, 
dynamical calculations based on the 
motions indicate that as much as 10 
times more "dark matter" than lumi
nous matter may be associated with 
galaxies and clusters. 

What is the nature of the dark mat
ter? New and exotic theories are yield
ing fresh and sometimes controversial 
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answers to this question. Edward Wit
ten of the Institute for Advanced Study 
in Princeton has proposed a possibility 
called strange matter. It would differ 
from protons and neutrons in consist
ing not of up and down quarks bound 
in threes but of nearly eq ual propor
tions of up, down and strange quarks 
bound in aggregations of unlimited 
size. Strange matter would be extra
ordinarily dense; scattered lumps of it 
concentrated around galaxies could 
solve the missing-mass problem. 

Hypothetical particles that are the 
result of efforts to advance the theoret
ical understanding of matter have also 
been put forward as the embodiments 
of missing mass. One is the ax ion, 
an exotic particle required in cer
tain grand unified theories. The axion 
would interact only rarely with ordi
nary matter; although light, axions 
would be abundant enough to account 
for the missing mass. Another theory, 
known as supersymmetry, which re
lates every known particle to a partner 
that has a different spin and a much 
greater mass, supplies as a candidate 
the photino, the supersymmetrical 
counterpart to the photon. A third pos
sibility is suggested by superstring the
ory, which ascribes as many as 1 1  di
mensions to spacetime and postulates 
particles more than 1 0 19 times as mas
sive as the proton. 

The Toyota Van . A whole new 
breed of transportation . Part 

wagon . Part car. 
All van. Glide 
open the tall . wide. 
easy access side 
door and see for 
yourself. You can 
seat seven . or 
remove the quick 
release rear seats 
and take on 1 500 

+--+1-+--1- Ibs. of cargo! * 

With almost 1 50 cubic feet of 
space. the Van is very van-like. 

But the LE Van was designed 
to fee/ like a luxury wagon . The 

A more mundane proposaf is that 
galaxies are surrounded by large quan
tities of ordinary matter in forms that 
are difficult to detect, such as brown 
dwarfs, red dwarfs or ionized gas. This 
notion runs afoul of the observed 
abundance of deuterium (an isotope of 
hydrogen). If the universe contained 
enough ordinary matter to account for 
the observed galactic and stellar mo
tions, the density of the early universe 
would have been great enough to cause 
most deuterium nuclei to fuse into 
heavier elements. Victor E. Viola, Jr.,  
of Indiana University recently con
firmed that finding with an analysis of 
the cosmological abundance of the iso
tope lithium 7. In a universe containing 
the necessary amount of ordinary mat
ter far more lithium 7 would have been 
formed than is observed. 

Another venerable hypothesis is still 
being tested. It holds that neutrinos, 
which are enormously abundant in 
galaxies, have enough mass to explain 
the observed motions. Two years ago a 
Soviet group concluded from a study 
of the energy spectrum of the electrons 
emitted during the decay of tritium (an 
isotope of hydrogen) that the electron 
neutrino has a mass greater than 20 
electron volts. That result has met with 
some skepticism; at least 1 2  different 
groups in this country and elsewhere 
are trying to duplicate it. 

superbly designed and uphol
stered seats. back-to-front car
peting. power steering and tilt 
steering wheel all spell comfort. 
Go for the dual air conditioning 
system . two sunroofs . . . even an 
icemaker. and the whole family 
will want to run away from home. 

Best of all. the Van acts like a 
car. Its ride. responsiveness and 

1t'riYi;;;;;;;;o===---,I....... handling will 
amaze you. 
And its 2001 
design does 

more than look and fit in the 
garage. The aerodynamic styling 
results in a drag coefficient of 

THE 1985 TOYOTA VAN. 
IT SLEEPS IN THE GARAGE, 

Mass appears to be missing on theo
retical as well as on observational 
grounds. Specifically, recent models of 
the early evolution of the universe 
known as inflationary theories require 
the current mass density to be very 
near the critical value for a closed uni
verse: the density at which gravity will 
ultimately halt the expansion of the 
universe and cause it to collapse again. 
The necessary amount of mass is some 
20 times more than is visible. Dynami
cal constraints allow at most half of 
that mass to be associated with galax
ies and clusters; the remaining 50 per
cent must be distributed uniformly 
throughout space. 

An even cosmological background 
of neutrinos that move at nearly the 
speed of light and result from the de
cay of more massive neutrinos has 
been proposed by Duane A. Dicus of 
the University of Texas at Austin, Ed
ward W. Kolb, Jr., of Fermilab and 
Vigdor L. Teplitz of the Arms Con
trol and Disarmament Agency. Al
though nearly massless at rest, the 
neutrinos could have an energy equiv
alent to enough mass to close the uni
verse. In a scenario put forward by 
Nicholas Kaiser of the University of 
Cambridge much of the mass in the 
universe takes the form of dark galax
ies, which are composed of matter too 
tenuous to shine. 
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.40. That. and its 2 .0 liter Electron
ically Fuel 
Injected 
engine. 

means the best mile
age rating of any van.  
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-Including occupants, equipment and cargo. 
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mated MPG" of other vans. You may get different mileage, 
depending on how fast you drive, weather conditions and 
trip length. 
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Cheese 

Each of the 2,000 varieties is made from mammalian milk 

in a process consisting of some nine steps. The measures 

taken at particular steps determine the variety produced 

O
ne could go around the world 

counting varieties of cheese 
and come up with a total ap

proximating 2,000. Yet they repre
sent different characteristics emanat
ing from only about 20 basic varieties. 
Moreover, the 20 basic varieties rest 
on a single fundamental process. All 
cheese begins with mammalian milk, 
usually but by no means always from a 
cow. Acid or rennet turns the milk into 
a curd, and the free whey is removed. 
What happens after that determines 
whether the product that comes to the 
table is cottage cheese, a Cheddar, an 
Emmentaler (Swiss) or something else 
on the spectrum of varieties. 

Cheese is thought to have originat
ed in southwestern Asia some 8,000 
years ago. The Romans encouraged 
technological improvements and stim
ulated the development of new varie
ties during their invasions of Europe 
between about 60 B.C. and A.D. 300. 
Their influence is reflected in etymol
ogy: caseus, the Latin for cheese, is 
the root of the modern name. 

Cheese can be broadly and simply 
classified· into two groups: fresh and 
ripened. Fresh cheese is made from 
milk coagulated by acid or high heat 
and must be eaten quite soon after it is 
made or it will spoil. Cottage cheese 
is the most familiar example, but the 
category also includes cream cheese, 
Neufchatel, ricotta and mozzarella. 

Ripened cheese is made from milk 
fermented by lactic acid bacteria and 
coagulated by an enzyme preparation. 
The curd is pressed to remove the 
whey and is salted; then it is held for 
an extended period in a controlled en
vironment. During that time various 
physical and chemical changes take 
place to give the material the charac
teristic flavor and texture that cause it 
to be classified as a distinct variety of 
cheese. The great majority of cheeses 
are ripened. Much ripened cheese is 
sold without further treatment, but 
considerable quantities are instead 
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ground, heated and emulsified with so
dium phosphates and other salts to 
make processed cheese. 

Varieties of Milk 

Although cows provide most of the 
milk for cheesemaking, many parts of 
the world rely more on other animals. 
In southwestern Asia and along the 
Mediterranean sheep and goats consti
tute the major source. France has more 
than a million milking goats and large 
numbers of sheep, whose bluish white 
milk goes mostly into the manufacture 
of Roq uefort cheese. Among the ani
mals providing milk for cheese in oth
er parts of the world are water buffalo, 
camels, yaks, reindeer and llamas. 

Indeed, the milk of almost any mam
mal could be made into acceptable 
and perhaps unique cheese, but the 
amounts collectible or accessible limit 
the opportunities. How does one milk 
a guinea pig or a 100-ton whale career
ing through heavy seas? (Barbour L. 
Herrington of Cornell University, who 
was studying the composition of milk 
from small mammals, actually de
signed a successful milking machine 
for guinea pigs some years ago, but the 
achievement did not lead to a guinea
pig cheese because of the great number 
of animals that would have been need
ed to yield enough milk for even one 
small wheel.) 

Just as the variety of grape influ
ences the flavor and bouquet of wine, 
so the mammalian origin of the milk 
influences the flavor and aroma of a 
natural ripened cheese. Goat's milk 
gives cheese a spicier and more pi
q uant flavor than cow's milk primarily 
because its fat has more caproic, ca
prylic and capric acid. These are fatty 
acids, distinguished from one anoth
er by the length of their carbon side 
chains: six carbons for caproic, eight 
for caprylic and 10 for capric acid. 
Each kind of side chain contributes a 
different pungency to the milk. Goat's 

milk contains twice as much caproic 
acid as cow's milk, three times as much 
caprylic acid and five times as much 
capric acid. 

Sheep's milk yields cheese of a dis
tinctive flavor because the milk con
tains six times the caprylic acid of 
cow's milk and twice that of goat's 
milk. Furthermore, it has only half the 
capric acid content of goat's milk. Lit
tle of this is noticeable in the taste of 
the fresh milk. The characteristic fla
vors appear only when a young cheese 
made from one of these milks is rip
ened and fatty acids are released from 
the fat molecules by lipase enzymes. 

The milk also influences the color of 
natural cheese. The milk of sheep, wa
ter buffalo and some goats has little 
or no beta carotene, a yellow pigment, 
consequently the cheeses made from 
them are basically white. Cow's milk 
has variable amounts of beta carotene 
depending on the season, the breed of 
cow and what the cow eats; the natural 
color of the resulting cheese ranges 
from straw to buttercup yellow. 

Role of Microorganisms 

The ripening of cheese is the work 
of a large number of microorganisms, 
one of the largest concentrations to be 
found in any of the basic foods. On the 
first day of a cheesemaking process the 
number in the starting material rang
es from one to two billion per gram. 
Thereafter the population declines be
cause of insufficient oxygen, high acid
ity and the presence of inhibitory com
pounds that are produced as the cheese 
ripens. Fortunately the ripening organ
isms are safe and perhaps beneficial. 
It is largely the action of their cellu
lar enzymes on lactose, fat and protein 
that creates the ripened-cheese flavor. 

Originally the bacteria and fungi 
that start the fermentation leading to 
cheese arrived in the milk on their 
own, having migrated through the air 
from their natural habitats in plants 
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ROQUEFORT CHEESE ripens in one of the caves of the village 
of Roquefort in southern France. The semisoft, blue-mold cheese 
is made from sheep's milk and formed into wheels weighing about 
2.5 kilograms (5.5 pounds) each. In order to be called Roquefort it 

has to be manufactured in this way and ripened for several months 
in one of the village's limestone caves. In France similar chees
es made from other types of milk or ripened elsewhere are called 
Bleu. The ripening organism is the fungus PellicilliulII roque/or!i. 
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and soils. Between 1890 and 1920 sev
eral workers in Europe and the U.S. 
isolated pure cultures of these micro
organisms. For example, the late mi
crobiologist J. M. Sherman of Cornell 
isolated and cultured a gas-forming 
microorganism, originally named Pro-

pionibacterium shermanii, that is essen
tial for giving Swiss cheese its eyes, or 
holes, and flavor. 

It soon became evident that the addi
tion of pure cultures to raw milk of 
poor quality suppressed spoilage or
ganisms and improved the quality of 

the resulting cheese. Later, when it 
became standard practice to heat or 
pasteurize cheese milk, efiminating 
most microorganisms, pure cultures 
were essential to provide the necessary 
types and numbers of bacteria. 

Improvements in the technology of 

CHEDDAR CHEESE is made at the plant of Great Lakes Cheese 
of New York, Inc., in Adams, N.Y. Once the cow's milk has been 
prepared by the addition of lactic acid bacteria that promote fer
mentation and of a coloring material, rennet (an enzyme prepara-

tion) is added to form a curd (1). After about 30 minutes the curd 
is cut by wire knives (2) to increase the surface area. The curd cubes 
are cooked (3) for about an hour and become drier through the loss 
of whey (4). Then they are raked, compacted and turned repeatedly 
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culturing bacteria have made possible 
frozen, concentrated starter cultures. 
Such a culture contains about 400 
billion lactic acid bacteria per gram. 
They begin growing immediately in 
warm milk, and so they can be added 
directly to cheese vats without prior 

culturing. Moreover, since cultures are 
selected beforehand for their insensi
tivity to bacteriophage (viruses that 
can invade and destroy bacterial cells, 
bringing fermentation to a halt), they 
make cheesemaking easier and more 
predictable. 

In many varieties microorganisms 
play a further role as the cheese ripens. 
Added to the surface of the curd or 
injected into it, they act to produce 
the flavor and the texture that identi
fy a specific variety of cheese. 

Whatever variety the cheesemaker 

(5-9) in the crucial cheddaring step, which helps to create the char
acteristic texture of this cheese. The resulting slabs are milled (10). 
The cheese is salted (11), wrapped in cloth (12-14) and pressed in 
forms called hoops (15) to expel the remaining whey. When it is re-

moved from the forms and packed in boxes, the immature cheese is 
cured for from two to 12 months at a temperature between 36 and 
50 degrees Fahrenheit, being sampled often (16). About two-thirds 
of the factory-made ripened cheese produced in the U.S. is Cheddar. 
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sets out to prod uce, the process usually 
entails nine steps: ( 1) Preparing the 
milk, (2) forming a curd, (3) cutting it, 
(4) cooking it, (5) separating the whey, 
(6) salting the resid ue, (7) applying 
special microorganisms, (8) pressing 
the curd and (9) ripening the young 
cheese. In general it is the amount of 
emphasis put on some of these steps 
that leads to a desired cheese. 

As a rule the milk for making a rip
ened cheese is raw or underpasteurized. 
Fully pasteurized milk also serves, but 
the underpasteurized kind is the com
moner choice. The enzymes from the 
microorganisms that survive the lower 
temperature give rise to a better flavor 
in the cheese. In the u.s. a ripened 
cheese made from raw or underpas
teurized milk must be held for at least 
60 days. During that time the salt, the 
acidity, the metabolic compounds of 
ripening and the absence of oxygen 
usually destroy any food-poisoning 
organisms. 

One of the first steps in preparing the 
milk may be to add a coloring materi
al. The coloring agenb include beta 
carotene and extracts of seeds and 
plants. Annatto, a yellowish red dye
stuff made from the pulp of the fruit 
of the tropical tree Bixa orellana, is 
one such extract, paprika another. 

Next the starter culture is added. 
The cultures for most ripened cheeses 
contain bacteria that produce only lac
tic acid, which is derived from lactose, 
a sugar of milk, and performs many 
essential functions. Different cultures 
produce widely different amounts of 
lactic acid. The amount of lactic acid 
strongly influences the flavor and tex
ture of the cheese as well as the extent 
to which eyes are formed in the cheese. 

For many natural ripened cheeses 
the starter culture consists of bacteria 
that grow well at moderate tempera
tures (from 20 to 37 degrees Celsius, or 
68 to 98.6 degrees Fahrenheit), such as 
Streptococcus cremoris and S. lactis. For 
cheeses such as Emmentaler whose 
curds are cooked at relatively higher 

temperatures the bacteria of the starter 
culture must be able to grow well at 37 
degrees C. or higher; the choice then is 
S. thermophilus, Lactobacillus bulgari
cus or L. helveticus. 

Forming the Curd 

Once it is prepared, milk is trans
formed into a smooth, solid curd by a 
coagulating enzyme. The enzyme is 
chymosin, more commonly known as 
rennin. It comes from rennet, which 
used to be obtainable only as an ex
tract from the fourth stomach of a calf. 
Rennet extracted from fungi such as 
Mucor m iehei, M. pusillus and Endothia 

parasiticus is also available now. Be
cause rennets of this origin cost less 
than rennet from calves, they have 
captured about half of the market. 

Rennet, when it works as desired, 
forms a smooth curd in 30 minutes at a 
temperature of 32 degrees C. The reac
tion proceeds in two stages. The chy
mosin attacks casein, one of the pro
teins of milk, but not the soluble pro
teins lactalbumin and lactoglobulin. In 
the presence of calcium ions the resid
ual fractions of casein coagulate. The 
resulting gel has a fibrous structure. Its 
filaments cross-link and bond in a lat
tice that under quiet conditions be
comes smooth and firm, forming a bed 
of curd. The protein in this chymosin 
curd is called paracasein, but because 
it is bound largely with calcium, it ap
pears initially as dicalcium paracasein. 

In the third step wire knives or cut
ting bars are used to red uce the large 
bed of curd in the cheese vat to cubes 
about 1.5 centimeters on a side. This 
step increases the surface area. 

During the cooking period that fol
lows these small cubes contract and 
expel whey. At this point the cheese
maker can influence to a degree the 
final moisture of the cheese by varying 
the temperature of cooking and the 
speed at which the curds and whey 
are stirred. For Cheddar and related 
cheeses the optimal cooking tempera-

ture is 37 degrees C. Emmentaler and 
Gruyere curds are cooked at about 54 
degrees. Cooking continues for a peri
od ranging from an hour to an hour 
and a half. Then the whey is removed, 
leaving a warm or hot curd mass that 
is a recognizable but still immature 
cheese structure. 

The cheesemaker can improve this 
structure by turning the curd over re
peatedly in the vat or by letting it 
lie dormant under pressure in large 
cheese hoops or some other form. 
During this time lactic acid develops 
from the activity of the starter culture, 
and the chemistry of the curd changes. 

Next comes the salt. In some cases 
the cheesemaker applies dry salt to the 
curd. If he has pressed the curd into 
blocks or wheels, however, he may 
substitute brine. The practice is to im
merse the immature cheese in saturat
ed brine for from two to 72 hours, de
pending on the size of the cheese. 

If the cheese being made req uires the 
addition of special microorganisms to 
aid ripening, they may be introd uced 
into the brine. They can also be put in 
the milk during the preparation stage 
or sprayed on the surface of the imma
ture cheese. 

In the pressing stage the wet, warm 
curd is confined in a wood, plastic or 
metal form or a cloth bag, sometimes 
under external pressure. Pressure gives 
the cheese a compact texture and char
acteristic shape; it also extrudes any 
free whey that remains and completes 
the knitting of the curd. 

Pressing is the end of what might be 
called the preparatory phase of mak
ing a ripened cheese. Next the young 
cheese is put in a controlled environ
ment, where the crucial ripening proc
ess takes place. 

The pivotal event in ripening is the 
death of the millions of lactic acid bac
teria that are present at the start. The 
process continues throughout the rip
ening phase. On death a bacterial cell 
disintegrates, releasing many intracel
lular enzymes. These enzymes (togeth-

CHANGING TEXTURE of Cheddar cheese is shown at successive of milk when the rennet is added, becomes puddinglike as a curd and 
stages of the manufacturing process. The material is the consistency then turns quite firm as increasing amounts of whey are removed. 
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er with the residual chymosin and 
enzymes in the milk) transform the 
.protein, fat and carbohydrate. Conse
quently the cheese begins to develop 
its typical flavor and a smooth texture. 

In the early stages of ripening the 
cheese is stiff because of the presence 
of dicalcium paracasein; the cheese 
would not melt or become stringy if it 
were heated. As the amount of lactic 
acid in the curd increases, more bound 
calcium dissolves and a new com
pound emerges: monocalcium paraca
sein. It is soluble in warm salty water, 
stretches easily and melts uniformly 
when it is heated: 

Within 48 hours of pressing much of 
the dicalcium paracasein has been con
verted into monocalcium paracasein. 
In the continued presence of lactic acid 
more calcium dissolves and some of 
the monocalcium paracasein becomes 
simply paracasein. This compound 
serves as a substrate for enzymes: pro
teases, which break down proteins into 
pep tones and pep tides, and peptidases, 
which in turn fragment peptides into 
their constituent amino acids. From 
these sources in a ripening cheese solu
ble peptides, free amino acids and 
amines accumulate, contributing to 
the typical flavor of the finished 
cheese. The concentrated action of the 
enzymes also further breaks down 
parts of the rigid initial structure of the 
curd, making the material softer. 

The typical flavor of a ripened 
cheese depends largely on the relative 
balance of the flavoring components 
derived from the degradation of pro
tein, fat and carbohydrate. An excess 
of a derived compound that upsets the 
balance may lead to undesirable fla
vors: bitter, rancid, fruity or sulfuric. 
The art of cheese making lies in achiev
ing the desired balance. 

If ripening is properly controlled, 
the fat of a ripening cheese is partially 
hydrolyzed (fragmented in a chemical 
reaction involving water) by enzymes 
from microorganisms and by the li
pase in milk. The prod uct of the reac
tion is free fatty acids. Some of them, 
such as caproic, caprylic and capric ac
ids, give rise to piquant flavors. Vari
ous ketones that provide flavors par
ticularly characteristic of blue cheese 
come from fatty acids. It is also impor
tant that hydrolysis soon slows, other
wise ripened cheese would invariably 
have a strong, unpleasant taste and a 
bad smell. 

The lactose in a ripening cheese also 
contributes to flavor. It is converted 
into lactic acid and lactates. They in 
turn are changed into other organic 
compounds (such as diacetyl). 

Cheese evolves gas steadily as it rip
ens. In Cheddar and Emmentaler the 
gas is carbon dioxide; in Camembert 

CHEESE STRUCTURE appears in micrographs (top) of Parmesan (left) and Camembert 
(right). The enlargement is abont 2,500 diameters. Below each micrograph is a photograph 
of the cheese as it appears to the consumer. Parmesan is a hard cheese, Camembert a soft 
cheese. The micrographs were made by Roger Maret of the Nestle Co. in Switzerland. 

and Brie carbon dioxide may give way 
to ammonia, decreasing the quality of 
the cheese. A consistent source of car
bon dioxide during normal ripening is 
the attack on free amino acids by en
zymes associated with specific bacte
rial groups such as the enterococci. 
Cheese may 'also generate hydro
gen, hydrogen sulfide and an exces
sive amount of carbon dioxide. Such 
events indicate an abnormal fermenta
tion and an inferior cheese. 

Eyes develop in ripened cheeses that 
have hard rinds (Emmentaler) or are 
enclosed tightly in a rubberized-plastic 
film that is highly impermeable to gas 
(block Swiss). The phenomenon is par
ticularly conspicuous if Propionibac
terium organisms are added to the milk 
and the cheese is kept warm for several 
weeks. Each eye grows from a bubble 
of carbon dioxide. 

Varieties 

The general process I have described 
differs depending on the specific vari .. 
ety of cheese being made. A few exam
ples from the broad classification of 
natural ripened cheeses as hard, semi
soft and soft illustrate the point. 

The hard cheeses include Cheddar, 
Emmentaler and Provolone. Ched
dar, which is named for an English 
village where its manufacture began 
in the 17th century, usually ripens in 
from five to 12 months at a tempera
ture between two and 10 degrees C. In 

general 100 kilograms of milk yields 
9.5 kilograms of Cheddar; the yield 
varies according to the levels of fat and 
protein in the milk and the amount of 
moisture in the finished cheese. The 
most characteristic feature of the man
ufacturing process is the cheddaring 
step. This entails turning for several 
hours the warm slabs of curd on the 
floor of the vat. 

Emmentaler cheeses acquire their 
gold-hued rind by daily washing of the 
surface. The cheese is noted for its 
eyes, which are larger in the U.S. than 
they are in Europe. The lactic acid fer
mentation of Emmentaler is carried 
out by thermophilic (heat-loving) bac
teria. Most of the fermentation caused 
by the bacteria takes place during the 
pressing stage. 

Provolone is made chiefly in Italy, 
Argentina and the U.S. In the early 
stages the steps are much the same as 
they are for low-moisture mozzarella, 
the standard cheese for pizza. Provolo
ne is formally described as a pasta./ila
ta, or pulled-curd cheese. The imma
ture cheese is molded into the shape of 
a sausage, a pear or a ball and then 
encased in twine. It is usually smoked 
and then ripened to develop its distinc
tive flavor. 

Semisoft cheese includes Roquefort 
and Blue. Limburger, Camembert and 
Brie are soft cheeses. The two groups 
have little in common except that they 
all require air for their special ripening 
organisms: the fungus Penicillium ro-
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que/orti for Roquefort and Blue; the 
reddish bacterium Bacterium linens for 
Limburger, and the fungus P. caseico
lum (known in the cheesemaking in
dustry as P. calldidum ) for Camembert 
and Brie. Each of these organisms is 
cultivated in a special liquid medium 
and transferred to the cheese under 
sterile conditions. 

Roquefort, a blue-mold cheese de
rived from sheep's milk, is made in a 
region south of a line between Bor
deaux and Grenoble; Corsica is also a 
source of Roquefort. (French cheeses 
of the Roquefort type made from oth
er kinds of milk are called Bleu, and 
similar blue-veined cheeses made in 
the U.S. and other countries are called 
Blue.) The standard form for Roque
fort is a wheel weighing about 2.5 kilo
grams (5.5 pounds). To be certified 
as Roquefort all the wheels must be 
brought within eight days of manu-

EMMENTALER (SWISS) 

facture to one of the natural caves 
of the village of Roquefort and rip
ened in that cave for from three to 
four months. 

standard lactic acid culture to create 
the desired cavities. In a blue-mold 
cheese held at 10 degrees C. and at 
high relative humidity the mold spores 
germin

'
ate in approximately 30 days as 

branched, greenish blue mycelia (fila
ments) containing highly active pro
teolytic and lipolytic enzymes. These 
enzymes function in unison with the 
ones normally found in the interior of 
the cheese and develop the typical fla
vor of the cheese in from three to 
six months. 

The blue-mold fungus P. roque/orti 
that ripens this cheese req uires less air 
than the white-mold fungus P. caseico
lum; it is also hardier. Although many 
strains of P. roque/orti exist, only five or 
six are used in ripening Roq uefort. All 
of them have been isolated from the 
atmosphere of the caves by a process 
of natural selection that has gone on 
for centuries. 

The blue-mold spores are applied to 
the cheese milk or to the curds in the 
form of a black powder. In the pressed 
cheese they remain dormant until the 
carbon dioxide in natural crevices of 
the cheese or in channels made by in
serting steel needles is replaced by air. 
Sometimes gas-forming Leuconostoc 
bacteria are introduced along with the 

Three Soft Cheeses 

Limburger is one of a number of 
reddish cheeses ripened by surface 
bacteria. Among the others are brick, 
Liederkranz, Saint Paulin and Pont 
l'Eveque. The early stages of ripening 
are marked by the growth of wild 
yeasts (such as members of the genus 

CHEESE MILK METHOD OF RIPENING 

HA RD CHEESES 

ASIAGO COW OR EWE CURED FOR UP TO A YEAR, WASHED A ND 
TURNED FREQUENTLY A ND SOMETIMES 
RUBBED WITH VEGETABLE OIL. 

CHEDDA R COW CURED AT 36-50° F. FOR 60 DAYS TO 
12 MONTHS. 

COLBY COW CURED FOR 60 DAYS OR MORE. 

EDA M COW SHELVED IN LAYERS AT 50-60° F. FOR SIX TO 
EIGHT WEEKS. WASHED, DRIED A ND TURNED 
FREQUENTLY 

EMMENTA LER (SWISS) COW FORMATION OF EYES IN THREE TO FOUR 
WEEKS AT 72° F. A ND 80-85 PERCENT 
RELATIVE HUMIDITY RIPENED AT 40° F. A ND 
HIGHER TEMPERATURES FOR TWO TO 10 
MONTHS. 

GOUDA COW CURED AT 50-60° F. FOR T WO TO SIX MONTHS. 

GRUYERE COW FORMATION OF EYES AT 60° F. IN ONE MONTH. 
CURED FOR 80 DAYS OR MORE AT 50-60° F. 

PA RMESAN COW SHELVED FOR 10 MONTHS OR MORE AT ABOUT 
50° F. AND 85 PERCENT RELATIVE HUMIDITY 
TURNED, WASHED, SCRAPED A ND RUBBED 
WITH OIL FROM TIME TO TIME. 

PROVOLONE COW SMOKED A ND CURED AT 40-50° F. FOR UP TO 
12 MONTHS. 

STILTON COW MOLD-RIPENED BY PENICILLIUM ROQUEFORT! 
FOR TWO WEEKS, CURED FOR A BOUT SIX 
MONTHS. 

SEMISOFT CHEESES 

BLEU (BLUE) GOAT OR COW MOLD-RIPENED BY P ROQUEFORTI, CURED 
FOR THREE MONTHS AT 48° F. A ND 95 
PERCENT RELATIVE HUMIDITY, WRAPPED IN 
FOIL A ND STORED IN A COOL ROOM FOR T WO 
TO THREE MONTHS. 

METHOD OF CURING ripened cheese has a great deal to do with 
developing the characteristic texture and flavor of the cheese. The 

chart lists the key steps of curing for 20 well-known ripened chees
es, which are classified according to whether they are hard, semi-
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Pichia) on the surface of the cheese. 
Their enzymes make the mixture less 
acidic, raising the pH to about 5.5, a 
condition that favors the growth of 
Bacterium linens. 

The first Camembert was developed 
in the tiny French village of that name 
by Marie Harel in 179 1. Since then its 
manufacture has spread to several oth
er regions of France. Under the old 
tradition the cheese is made from raw 
milk; the modern tendency is to use 
pasteurized milk. Camembert is ordi
narily formed into 228-gram (half
pound) wheels. 

The process for Brie is simllar. Both 
cheeses require the introduction of P. 
caseicolum because of its white myce
lia. Camembert and Brie ripen from 
the surface to the center. The manu
facturer must guard against starting 
with wheels that are too thick; in such 
a wheel the outer regions ripen ex-

cessively before the center turns ·soft. 
Moreover, the outer regions develop a 
higher pH, which means that eventual
ly ammonia will be given off there, 
causing discolorations to appear be· 
fore the entire cheese is mature. 

conveyors for matting curd, electronic 
salting devices, block cutters and vacu
um presses combine to turn out cheese 
of surprisingly good quality. The es
sential fermentation with lactic acid 
lies hidden under stainless-steel man
tles encasing the operational machin
ery, but its pattern is still the same as 
that in the copper kettles or I,OOO-liter 
tinned vats of village cheesemaking. 

More an Art 

As the reader will have gathered 
from several of these observations, 
cheesemaking is still more of an art 
than a technology. In many countries 
one can find cheese makers apply
ing the methods of their ancestors 
with simple tools and facilities. Yet in 
the same regions large manufacturing 
plants may be producing similar chees
es in quantity much as a bakery turns 
out loaves of bread. 

At the other end of the spectrum is 
the growing number of people in the 
U.S. who make their own cheese. One 
result is the recent formation of the 
American Cheese Society. Its mem
bers try their hand at creating a Monte
rey Jack, a Cheddar, a Brie or some 
other variety. Just as small wineries 
are being established by the score in 
the grape-growing regions of Califor
nia and New York, so small-scale es
tablishments making specialty cheese 
can be expected to proliferate. 

Much cheese is the product of mod
ern technology. Enormous vats, mo
lecular-membrane sieves, continuous 

CHEESE MILK METHOD OF RIPENING 

SEMISOFT CHEESES 

BRICK COW CURED ON SURFACE BY BACTERIUM LINENS 
FOR 14 DAYS, WRAPPED A ND STORED FOR 
TWO TO THREE MONTHS AT 40° F 

GORGONZOLA COW MOLD-RIPENED BY P ROQUEFORT!, CURED AT 
40-50° F A ND 80 PERCENT RELATIVE HUMIDITY 
FOR 30 DAYS, THEN AT HIGHER HUMIDITY FOR 
THREE TO SIX MONTHS. 

MONTEREY COW CURED FOR SIX WEEKS OR MORE AT 600 F 
A ND 80 PERCENT RELATIVE HUMIDITY 

MUENSTER COW CURED FOR SEVERA L WEEKS AT 50-55° F. A ND 
80 PERCENT RELATIVE HUMIDITY 

ROQUEFORT EWE MOLD-RIPENED BY P ROQUEFORT/. WHEELS 
ARE SA LTED A ND STORED IN CAVES AT 
ROQUEFORT HELD AT LOW TEMPERATURE 
A ND HIGH RELATIVE HUMIDITY FOR THREE 
MONTHS. 

SOFT CHEESES 

BRIE COW RIPENED BY A WHITE MOLD, P CANDIDUM, FOR 
EIGHT TO 11 DAYS IN CELLAR OR CAVE AT 52' F 
A ND 90 PERCENT RELATIVE HUMIDITY 
DlSTRIBUTED WITHIN 14 DAYS UNDER 
REFRIGERATION. 

CAMEMBERT COW RIPENED BY P CANDIDUM ON FRA MES OR 
SHELVES AT 55° F A ND ABOUT 95 PERCENT 
RELATIVE HUMIDITY FOR 12 DAYS. 
DISTRIBUTED WITHIN 21 DAYS UNDER 
REFRIGERATION . 

LlEDERKRANZ COW RIPENED BY B. LINENS FOR THREE TO FOUR 
WEEKS AT 45' F 

LIMBURGER COW RIPENED ON SURFACE BY B. LINENS AND 
CURED ON SHELVES FOR THREE WEEKS AT 
ABOUT 55° F AND 95 PERCENT RELATIVE 
HUMIDITY 

soft or soft. Ripened cheeses make up one of the two major groups 
of cheese, the other group being fresh cheeses. That group includes 

cottage cheese, cream cheese, ricotta and mo�zarella. Fresh chees
es are not cured and must be eaten fairly soon after they are made. 
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Low power dissipation of 
CMOS devices has typically 
meant low performance, 
but with Intel's 1.5 /-lm design 
rules this limitation is virtually 
eliminated. 

These half-micron-narrower 
design rules are critical to a 
process we call CHMOS-a 
process that yields CMOS 
prcx:lucts with performance on 
par with HMOS technology. 
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What's equally significant is 
that we provide a complete 
family of CHMOS 1.5 /-lm 
products - not just an iso
lated product here and there. 
Including the likes of the 
highest density DRAM avail
able in CMOS (256K), a 
high-performance 35ns static 
RAM, EPROMs and world 
standard microprocessors and 
controllers in CMOS. 

Intel's CHMOS process is 
the amalgam of low-power 
CMOS with high-performance 
HMOS. Switching speeds 
of 200 picoseconds at 3 
nanowatts power per gate can 
now be achieved. 

Despite the continuous 
improvement of HMOS by 
scaling, the delay-power 
product for CHMOS is more 
than an order of magnitude 
lower than its HMOS counter
part in the typical integrated 
circuit. For example, in a 

VLSI part with 50,000 gates 
operating at greater than 
10 MHz, the CMOS version 
would dissipate less than 
2 Watts compared to over 
25 Watts for an HMOS part. 

A special use of double
metal layers with CHMOS 
can produce a large savings 
in real estate, making pack
age densities of over 500K 
transistors on a chip possible. 

As critical dimensions of 
the technology are reduced, 
reliability becomes more dif
ficult to achieve. With Intel's 
CHMOS technology, reliabil
ity is assured by the follOwing: 

First, by using epitaxial 
substrates, the latch-up prob
lem is eliminated over a 
wide range of operating con-

© 1985 Intel Corpor.llion 

ditions. For example, no 
latch -up is observed at sup
ply voltages of 9 volts at 125°C 
for a part that nominally 
operates at 5V And input 
pins can withstand currents 
up to 200 rnA without initi
ating latch-up. 

Secondly, the lower die 
temperatures that Intel's 
CHMOS provides substantially 
diminish the electromigra
tion problem typical ofVLSI 
devices. 

Finally, by locating the stor
age node in the CMOS well, 
a natural barrier is provided 
against soft errors for DRAMs 
and SRAMs. 

10----------

OlMOS 

/ 
HMOSm 

1 1.0 

01
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Intel's CI-lMOS gives you the high-perfonnance 
of I-lMOS but uses only one-tenth the power. 

The result is a low-power, 
high-performance CHMOS 
technology with high reliabil
ity And an array of 15 /-lm 
products unmatched in 
technical properties. 

And that's only part of the 
story For more informa
tion, call (800) 538-1876. In 
California, (800) 672-1833. 
Or write Intel Corp., Lit. Dept. 
W-203, 3065 Bowers Ave., 
Santa Clara, CA 95051. 

And see just how big half a 
micron can be. 
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FRESHLY MOLTED BLUE CRAB (bol/om) is shown with the 
exoskeleton, or hard covering, that it has just shed (top). The crab 
has absorbed water and is 25 percent larger than the old shell. The 
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calcified exoskeleton cannot increase in size and therefore it must 
be shed intermittently as the crab matnres. The blue crab takes its 
name from the color of the legs and the inner surface of the claws. 
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Mol ting in the Blue Crab 
The blue crab intermittently sheds its shell and forms a new one. 

One result is a summer delicacy: soft-shell crabs. The chemistry 

underlying the formation of a new shell is now being illuminated 

S
ome of the most satisfying of all 

recipes begin with the instruc
tion "Take a dozen soft-shell 

crabs ... " The basis of these recipes is 
the familiar blue crab, and whether the 
recipe calls for deep-frying the crabs in 
a light. batter or simply sauteing, the 
result is a delicious meal that is associ
ated with pleasant memories of early 
summer. Soft-shell crabs are most of
ten enjoyed by residents of the eastern 
seaboard of the U.S., but the taste for 
them has sprea-d to other parts of the 
U.S. and indeed to other countries. 
Underlying the appearance of the soft
shell crabs in the fish markets in early 
summer is a complex biological cycle, 
which combines elements of natural 
history, physiology, ecology and com
mercial fishing. 

The blue crab, Callinectes sapidus, is 
a soft-shell crab only at a particular 
phase of its life: just after it has shed 
the old shell and before the new one 
has begun to harden. The periodic 
shedding and re-forming constitute a 
cycle that persists throughout the life 
of the crab. My scientific interest cen
ters on the chemistry of shell forma
tion. The shell of the ad ult blue crab is 
about 7.5 centimeters (three inches) 
long and 15 centimeters wide. The top 
of the shell is generally green; the bot
tom is a whitish shade. The name blue 
crab comes from the coloring of the 
legs, of which there are five pairs. The 
three middle pairs are walking legs. 
The two front legs end in claws. The 
hind legs, flattened at the outer ends, 
are employed in swimming; the blue 
crab is one of the best swimmers 
among all crab species. 

The main habitat of the blue crab is 
the Atlantic shoreline of the Americas 
from Cape Cod to Brazil. Its range ex
tends, however, to the Gulf Coast of 
Louisiana and Texas and even to the 
shores of the Mediterranean. In all 
those places the crab passes through 
the phases of its life cycle in the shal
low waters of estuaries and muddy 

by James N. Cameron 

shores. On the Chesapeake Bay, where 
the U.S. blue crab industry is cen
tered, the crabs are favored by heavy 
growths of grasses. Emergent grasses, 
which protrude from the water, form 
extensive marshes along the shoreline. 
Beds of submerged aquatic grasses 
grow in the shallow water. Together 
the marsh and sea grasses form the 
lowest level of the ecological pyramid 
that supports the crabs. Among the 
grasses the adult crabs feed on a wide 
variety of fish, mollusks, crabs and 
other or�anisms. 

The water of a coastal marsh under
goes wide fluctuations in tempera .. 

ture and salinity, particularly if the 
marsh is in an estuary or a lagoon. 
Therefore female blue crabs generally 
travel to the bay mouth or to ocean 
water near the shore to release their 
eggs. From the newly hatched egg 
emerges the first of the crab's larval 
stages: the zoea. The zoea is a micro .. 
scopic form that resembles a shrimp 
more than it does the adult blue crab 
[see illustration on next page]. Hatching 
often takes place in June or August, 
although the timing of events in the 
crab's life cycle can vary considerably 
according to s'uch factors as water tem
perature, salinity and region. After the 
zoea hatches it floats on currents and 
tides while undergoing a complicated 
metamorphosis. There are usually sev
en zoeal stages (sometimes there is an 
eighth) and between each stage the lar
va molts: it sheds its outer covering 
and forms a new one. At each molt 
there is a slight increase in size and a 
slight change in form. These early 
molts, in which the form as well as 
the size changes, are called metamor
phic molts. 

The molting process, which reap
pears throughout the life of the crab, 
is an evolutionary accommodation to 
the increase in size that accompanies 
maturation. Like the other members 
of the large phylum of arthropods, 

the crab has an exoskeleton, or a hard 
external skeleton. The exoskeleton 
has several advantages, including in
creased protection for the internal or
gans and excellent leverage for some 
muscle systems. Unlike the bones of 
a mammal, however, the exoskeleton 
cannot grow as the crab expands. If 
the crab were to retain its shell perma
nently, it would never be able to pass 
beyond the microscopic zoeal stage. 
Molting is one solution to this problem 
and it is the solution observed in most 
arthropods. 

At the end of the zoeal period the 
crab larva molts again, but this molt 
does not yield another zoea. Instead 
the metamorphic molt yields a form 
known as the megalops. The megalops 
has eyes on stalks (as the adult crab 
does), three pairs of walking legs and 
crude claws. Hence it resembles a blue 
crab more than the zoea does, but the 
resemblance is still slight. After about 
two weeks, however, a final metamor
phic molt brings the megalops to the 
"first crab" stage. The first crab is a 
blue crab in miniature, identical with 
the adult in all respects but size and 
sexual maturity. Under ordinary con
ditions the period from hatching to 
the appearance of the first crab is about 
two months. 

After the transformation into the 
first crab the successive molts accom
modate increases in size without bring
ing any change in form. A healthy crab 
may live for about three years and 
molt some 20 times in that span. As 
the crab matures the interval between 
molts increases; by the second or third 
winter the interval may be many 
months. The molt cycle has been di
vided into five stages designated A 
through E according to the progres
sive changes in the exoskeleton and 
the associated tissues. Stages A and B 
are the postmolt phases; stage C is the 
intermolt phase; stage D is the pre
molt phase, and stage E is the emer
gence from the shell, for which the 
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technical term is ecdysis. The neat di
vision into five phases is somewhat de
ceptive. Based on outward signs the 
intermolt period, stage C. is by far the 
longest. Internal preparation for the 
molt, however, begins before there are 
any obvious external signs, and the 
physiological recovery from the molt 
continues after all visible signs have 
disappeared. Thus the molt is not an 
abrupt interruption of the crab's life 
but the culminating event in a continu
ous process of growth. 

Preparation for the molt begins in 
stage D when systems of enzymes 

cause a separation of the upper and 
lower layers of the shell and begin 
to dissolve some of the harder parts. 
Suture lines, thin separations on the 
claws, across the front of the outer 
shell and all around the undersurface 
of the shell are fully dissolved by the 
enzyme action. As the dissolution 
progresses a new shell is forming un
der the old one. For the most part 
the forming shell is invisible. The seg
ments at the end of the walking and 
swimming legs are partially transpar
ent, however, and in those segments 

a 

ONE MILLIMETER 

c 

the new shell can be seen as a thin bor
der within the margin of the old shell. 
The double border enables the water
men of the Chesapeake Bay to deter
mine how soon a particular "peeler" (a 
crab close to molting) will shed its hard 
outer covering. The double border 
also gives rise to other colorful terms 
that are part of the watermens' special
ized occupational vocabulary. A week 
or two before the molt, when the dou
ble margin is whitish and indistinct, the 
term is white-sign crab. Closer to the 
time of molting the margin becomes 
quite distinct, taking on a pink color 
and finally a deep red tone, and the 
term is red-sign crab. The final prepar
atory phase begins with the absorption 
of water into the tissues, which causes 
swelling and rupture along the weak
ened suture lines. A crab with a ruptur
ing shell is called a buster. 

When the physiological prepara
tions are complete, the old shell can be 
shed quite quickly: we have seen the 
emergence take 15 minutes or less in 
the laboratory. The withdrawal is ac
complished partly because of the hy
draulic pressure of the absorbed water. 
The crab is also capable of some mus-

LARVAL STAGES of the blue crab are the zoea and the megalops. When the egg hatches, 
the first zoea (a) emerges. The zoea molts six times in six weeks, increasing in size and devel
oping in structure nntiI it reaches the seventh stage (b). Another molt transforms the zoea 
into the megalops (c). Like the adult crab, the megalops has claws and five pairs of legs. Af
ter two weeks a final metamorphic molt yields the "first crab": a blue crab in miniature. 
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cular contraction, and it makes pump
ing motions of the stomach in the final 
stages of the molt. All external sur
faces are shed in a piece, including the 
lining of the stomach (which is an 
external surface although it is rarely 
thought of as such) and the coverings 
of the gills. The crab emerges from the 
old shell backward and upward, with
drawing its flaccid claws, legs and gills 
from the old, loose exoskeleton [see il
lustration on opposite page]. When the 
molt is finished, the crab is soft and 
wrinkled and the shell is brighter col
ored than it is during the long inter
molt phase. Over the next two hours 
the crab continues to absorb water 
and soon is about 25 percent larger 
than the old exoskeleton. 

The newly molted crab in stage A is 
the gourmet delicacy that begins ap
pearing on restaurant menus in the late 
spring. Stage A is brief. The exoskele
ton hardens quickly. The process be
gins with the most critical parts, such 
as the mouth structures that pump wa
ter over the gills. Within a few hours 
the crab has reached stage B, the "pa
per shell" stage. By this time the back 
has a crinkled texture and the crab is 
no longer in prime commercial condi
tion. Because the optimal period for 
shipping the soft crabs is so short, the 
watermen of the Atlantic and Gulf 
coasts are by necessity close observers 
of the molting cycle. They know that 
as the molt approaches the peelers 
move from their normal foraging ar
eas to shallow beds of marine grasses 
near the shoreline. The reason for the 
move is that freshly molted crabs are 
quite vulnerable to predators, includ
ing other crabs, and the thick clumps 
of grass offer excellent places to hide. 
The peelers are collected from their 
hiding places among the long grass in 
pots or with trawllike devices called 
scrapes. Once the peelers are pulled 
from their hiding places they are held 
in "peeler floats," large floating con
tainers anchored near the shore. The 
operator of the float watches the hun
dreds of crabs within carefully, wait
ing for the moment of molting. Imme
diately after molting the now soft crab 
is removed and shipped in a refrigerat
ed container to a wholesaler and .from 
there to the dinner table. 

F
or the crabs that escape the trip to 

the dinner plate the completion of 
the molt is simply a stage of the life 
cycle. The postmolt stage B blends 
quickly into the intermolt stage C. 
when the shell is hard. The length of 
stage B depends on the size of the crab. 
In large crabs the process of harden
ing can be seen for at least 10 days 
and probably is not finished for two 
weeks. During the intermolt period, 
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MOLT of an adult blue crab is depicted in drawings based on photo
graphs made over a period of about 20 minutes in the author's labo
ratory. The molt begins with the rupture of suture lines around the 
old shell. The upper part of the old shell begins to lift up, revealing 

5 

6 

the new shell (color) underneath (1-5). After the upper surface has 
been shed the crab lifts its body up and back in a maneuver that re
sembles a back flip in gymnastics (6). It then pulls itself from the 
old leg coverings, the gill coverings and the lining of the stomach. 
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when no changes are visible, the or
ganic reserves needed for the next molt 
are being replenished. It is also during 
the intermolt stage that the majority of 
tissue growth takes place. Just after the 
molt there is more fluid than meat 
within the shell. Toward the end of the 
intermolt period the carapace is well 
filled with muscle tissue and the crab 
is noticeably heavier. 

The continuous molting cycle does 
have an end for each crab. For the 
female the final molt marks the be
ginning of readiness for reproduction. 
The female can mate only after the 
final molt, which is called the nuptial 
molt. Copulation can take place only 
immediately after molting, when the 
female's shell is still quite soft. Since 
the period of receptiveness is very 
short, the mating pair must make con
tact before the female molts. How the 
male is alerted remains a mystery, but 
pheromones probably have a role. Af
ter the prospective mates find each 
other, the male carries the female un
der him, clasped in some of his walking 
legs. The joined pair, which are known 
as "doublers," may hide in the grass for 
as long as a week awaiting the nuptial 
molt. After mating they remain dou
bled until the female's shell hardens. 

EXOCUTICLE 

ENDOCUTICLE 

EPIDERMIS 

BASEM 
MEMBRANE 

Mating often takes place in the fall and 
the sperm is stored in the female's 
body until the following spring; when a 
mass of fertilized eggs is released to 
hatch into the tiny zoea. 

Thus the natural history of the blue 
crab includes two superimposed cy
cles: the long cycle of growth and re
production that stretches from the 
zoea to the doublers and the shorter 
molting cycle that is repeated many 
times in the life of each crab and forms 
the basis of the early-summer appear
ance of soft crabs on the menu. My 
work has focused on the subtle phys
iological changes in the exoskeleton 
and other systems that accompany the 
briefer of the two cycles. The exoskele
ton is not a separate tissue type. It is 
an epithelium, or skin, that has been 
strengthened by the addition of inor
ganic salts of various minerals. The 
principal mineral salt is calcium car
bonate (CaC03) but there are also 
small amounts of magnesium, stronti
um and phosphate. 

The toughened epidermis, or outer 
layer of the skin, is divided into several 
horizontal layers, which are collective
ly called the cuticle. The thin epic uti
cle, or outer layer, contains waxes that 
reduce the permeability of the shell 

BLUE CRAB CUTICLE is the outer part of the skin, which is made rigid by the deposition 
of mineral salts. The epicuticle contains proteins and waxes. Horizontal layering in the exo
cuticle and endocuticle results partly from the presence of proteins and chitin. (Chitin is a 
tough polysaccharide also found in the outer shell of insects.) These materials provide an 
organic template for the deposition of the mineral salts, the most abundant of which is calci
um carbonate. Just before a molt the upper part of the cuticle (color) separates from the 
lower part. The organic structures in the cuticle then re-form in preparation for the deposi
tion of calcium carbonate. The cells of the epidermis produce a chemical environment that 
has a key role in the hardening process. The function of the pore canals is not known. 
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and afford some protection from bac
terial attack. The epicuticle also holds 
proteins that are tanned by tne action 
of substances secreted by the crab. 
Tanning links the protein molecules, 
making the epicuticle tough and leath
ery. Under the epicuticle are two thick
er layers: the exocuticle and the endo
cuticle. Both include proteins and chi
tin. Chitin is a natural polymer with 
properties resembling those of plastic. 
In many invertebrates, including in
sects, protein and chitin provide all the 
structural strength of the exoskeleton. 
In the crab, however, the deposition 
of mineral salts adds considerable 
strength and rigidity. 

The research in my laboratory began 
with an investigation of how the 

blue crab regulates its internal acidity. 
Acidity and alkalinity are generally ex
pressed in terms of pH, or the negative 
logarithm of the hydrogen ion (H+) 
concentration. Low pH indicates an 
acid solution; · high pH indicates an 
alkaline one. The level of acidity has a 
potent effect on the chemical reactions 
that underlie the formation of the 
crab's shell. Chris M. Wood of Mc
Master University in Ontario and I 
found that 14 percent of the crab's 
body fluids are contained in the exo
skeleton and that the fluid there is 
much more alkaline than other body 
fluids. We also found that in molting 
the crab retains little of the mineral 
salts from the old cuticle. Those two 
observations led us to wonder how the 
mineral salts are built up after the molt 
and what significance the alkaline fluid 
of the cuticle has in that process. 

Calcium carbonate (CaC03), the 
main mineral salt of the cuticle, exists 
in a delicate balance when it is in solu
tion, including solutions such as the in
ternal fluids of the crab and seawater. 
The balance is easily changed by fluc
tuations in pH. A slight decrease in 
pH causes the salt to dissolve into its 
components: the calcium ion (Ca ++) 
and the carbonate ion (C03--). A 
slight increase in pH, on the other 
hand, results in the formation of cal
cium carbonate. Bicarbonate ions 
(HC03 -) dissociate into carbonate 
ions and hydrogen ions (H+). Each 
carbonate ion joins with a calcium ion, 
and the solid salt CaC03 precipitates 
out of the solution. Clearly the alkalin
ity of the fluid in the exoskeleton fa
vors precipitation of the solid miner
al salt. 

The linked chemical reactions in the 
exoskeleton enable the crab to increase 
the calcium content of the cuticle very 
quickly. In a large crab of about 400 
grams some 40 grams of calcium car
bonate, equivalent in weight to four 
sticks of blackboard chalk, are depos-
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ited during the two weeks after the 
molt. The new calcium carbonate is 

. formed from calcium (Ca ++ ) and bi
carbonate (HC03 -) ions in the tissue 
fluids. The formation of carbonate 
ions (C03--) from bicarbonate ions, 
however, which precedes the laying 
down of the mineral salt, generates a 
surplus of hydrogen ions. If the crab 
is to maintain the constant internal pH 
needed for life, the hydrogen ions must 
be transported from the exoskeleton to 
the blood and from there to the sea
water. Furthermore, there must be 
parallel transport paths in the other 
direction to supply calcium and bi
carbonate ions. 

To obtain a better understanding of 
these processes it would be helpful to 
measure the rates at which the various 
ions flow into and out of the crab while 
the shell is being calcified. There is an 
experimental difficulty, however, in 
measuring the exchange of hydrogen 
and bicarbonate (HC03 -) ions with 
seawater. The difficulty is related to 
the fact that the ultimate source of bi
carbonate ions for the new cuticle is 
carbon dioxide (C02), Carbon dioxide 
is present in seawater and also in the 
crab's tissues, where it is a by-product 
of metabolism. Molecules of carbon 
dioxide combine with molecules of 
water to form carbonic acid (H2C03). 
Each molecule of carbonic acid then 
dissociates into a hydrogen ion and a 
bicarbonate ion. 

These reactions, however, can also 
proceed in the opposite direction: 

hydrogen ions and bicarbonate ions 
can join to form carbonic acid, which 
can then split into carbon dioxide and 
water. In seawater (indeed in any solu
tion) the ratios of hydrogen ions, bicar
bonate ions, carbonic acid and carbon 
dioxide tend toward a particular level, 
which is known as chemical equilibri
um. If a solution at equilibrium is per
turbed by the addition or subtraction 
of molecules of one of the four sub
stances, the quantity of all four will 
change until the equilibrium level is 
regained. Thus it is not possible to dis
tinguish between the addition of a hy
drogen ion and the subtraction of a 
bicarbonate ion because in either case 
reequilibration will lead to the same 
change in the concentrations of each 
ion. It is possible, however, to meas
ure the sum of all the chemical spe
cies when equilibrium is reached, 
which yields a measurement of the 
net change. To acknowledge the ambi
guity of the measurement the term ap
parent hydrogen ion excretion is 
employed. We measured the rate of 
apparent hydrogen ion excretion in 
freshly molted blue crabs and found 
that it was very high. Since the hydro-

G 08 
WATER HYDROGEN ION HYDROGEN ION 

+ + + 

8 /--,. 8 8 I \ 
�f \� - � --co, �\�,co:/� HCO, � 

co, 
CARBON CAR'i30NIC BICARBONATE CARBONAT� 8 
DIOXIDE ACIC) ION ION CaCO, 8/ CALCIUM 

Ca++ CARBONATE 
(SOLID) 

CALCIUM 
ION 

�<�D�E�C� R� E�A�S�IN� G 
_________________ PH ________________ �IN� C� R�E�A�S� IN� G�>� 

CALCIUM CARBONATE FORMATION depends heavily on a solution's pH: the nega
tive logarithm of the hydrogen ion concentration. The pH is a measure of acidity and al
kalinity. High pH indicates an alkaline solution, low pH an acid solution. As the pH in
creases, water and carbon dioxide combine to form small quantities of carbonic acid. For 
the most part the carbonic acid dissociates into bicarbonate ions and hydrogen ions. The bi
carbonate ions in turn dissociate into carbonate ions and hydrogen ions. The carbonate ions 
can react with calcium ions to form calcium carbonate. Most of the calcium carbonate pre
cipitates out of the solution as a solid deposit. Such deposits stiffen the blue crab's cuticle. 
If the pH of the solution falls, the chain of reactions proceeds in the opposite direction. 

gen ions are excreted as part of the 
process of calcification of the new cu
ticle, we expected that calcium uptake 
would also be rapid. Measurement of 
the rate of calcium absorption showed 
that it was indeed high. 

We then set about uncovering the 
system that transports the calcium, hy
drogen and bicarbonate ions needed 
for calcification. The transport proc
esses became clearer when we began to 
investigate the source of the carbon di
oxide incorporated into the calcium 
carbonate. The carbon dioxide could 
come from the crab's own metabolism. 
During ordinary metabolism, animals 
consume oxygen and produce carbon 
dioxide in roughly equal amounts. Our 
work showed that some of the carbon 
dioxide could come from metabolism. 
The demands of calcification, how
ever, outstrip the crab's capacity to 
produce carbon dioxide. An adult blue 
crab produces about 1.6 grams of car
bon dioxide per kilogram of body 
weight. The complete exoskeleton 
contains about 44 grams of carbon di
oxide (incorporated in the calcium car
bonate) per kilogram. If only metabol
ically produced carbon dioxide were 
used to calcify the new shell, it would 
take nearly 28 days for the shell to 
be completely mineralized. Minerali
zation is completed in far less than 28 
days; hence there must be an external 
source of carbon dioxide in addition to 
the internal metabolic processes. 

The other source of carbon dioxide 
is the ambient seawater. Carbon diox-

ide from the environment could enter 
the crab's tissues in two ways. The first 
way is direct diffusion of gaseous car
bon dioxide dissolved in the water. The 
second is the absorption of bicarbon
ate ions (HC03-), which, as we have 
seen, incorporate molecules of carbon 
dioxide. In order for a substance to 
diffuse freely into the tissues from 
the environment, the external concen
tration must be greater than the inter
nal concentration. Our measurements 
showed that there was no such gradi
ent to provide the basis for inward dif
fusion of carbon dioxide: the concen
tration of dissolved gaseous carbon di
oxide was higher inside the crab than 
outside. The additional carbon diox
ide needed for calcification must there
fore be supplied by the absorption of 
bicarbonate ions from the surround
ing seawater. 

These findings provide a fairly com
plex picture of the transport proc

esses that take place in the week or so 
following the molt [see illustration on 
next page]. Calcium ions are trans
ported across the gills to the blood and 
then carried by the circulation to the 
inner surface of the forming cuticle. 
A second transport step moves the cal
cium ions into the fluids within the 
exoskeleton. At the same time hydro
gen ions are being pumped out of the 
exoskeletal fluid. The removal of the 
hydrogen ions raises the pH, making 
the fluid alkaline and thereby favoring 
the formation of carbonate ions and 
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solid calcium carbonate. Bicarbonate 
ions are transported from seawater 
to the blood and then into the exo
skeleton. The hydrogen ions resulting 
from calcium carbonate formation are 
moved in the opposite direction: from 
the exoskeleton to the blood and final
ly into the seawater. 

As a result of the work done so far, 
£\. it is clear that there are three prin
cipal ion movements: calcium and bi
carbonate ions move inward while hy
drogen ions are moving outward. We 
are now engaged in deciphering the de
tails of the transport system. We re
cently found that although the rates of 
transport are particularly sensitive to 
variations in the calcium and bicar
bonate concentrations of the seawater, 
they are also sensitive to the hydrogen 
ion gradient between the seawater and 
the blood. The ion flows are linked but 
the coupling is not tight. By manipu
lating the external conditions hydro
gen ion movements can be interrupt
ed without completely blocking the 
movement of calcium; the converse is 
also true. Each ion flow is affected by 
changes in the chemistry of the blood, 
but such effects are not well under-
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stood because blood conditions in a 
live animal cannot be changed very 
much experimentally. 

There are many questions still to 
be answered about the physiology of 
molting. A significant area for further 
work is the relation of the transport 
processes to the overall endocrine con
trol of the molt cycle. In the premolt 
period the approach of the molt is ac
celerated by crustecdysone, a steroid 
hormone. Crustecdysone, which is se
creted by the Yorgan, a neurosecreto
ry structure in the thorax, was isolated 
in 1966 by F. Hampshire and Denis H. 
S. Horn of the Commonwealth Scien
tific and Industrial Research Organiza
tion in Melbourne, Australia. In the 
intermolt period production of crust
ecdysone is blocked by a molt-inhibit
ing hormone (MIH), which is secreted 
by the X organ, a neurosecretory struc
ture in the eyestalk. The chemical 
composition of MIH is not yet known. 
The X organ also appears to secrete 
several other hormones whose roles 
are not understood in detail. 

In view of the great impact of hor
mones on the molting process it is 
probable that the calcification of the 
new cuticle after the molt is under 

BLOOD 
(PH 7.8) 

some form of hormonal regulation. 
Yet when we injected crustecdysone 
into newly molted crabs, there was 
no apparent change in the processe.s of 
ion transport. Injection of eyestalk ex
tracts, which contain a variety of hor
mones from the X organ, also had little 
effect. These results do not invalidate 
the hypothesis that mineralization is 
hormonally regulated, but they do im
ply that the regulation is not carried 
out by crustecdysone or by hormones 
from the X organ. The brain and other 
nerve tissues of the blue crab, how
ever, also have considerable secretory 
activity, and experimental attention 
should probably focus on those struc
tures next. 

Solving the intriguing puzzles that 
remain in the molting cycle of the 
blue crab could have both scientific 
and commercial benefits. Calcifica
tion takes place in a very broad range 
of organisms and understanding the 
process completely would be of great 
value. The freshly molted crab might 
serve as a good experimental model 
for calcification as well as for the study 
of ion transport and pH regulation. 
In practical terms control of the molt
ing process could increase the value of 

EXOSKELETON AND CUTICLE 
(PH 8.2) 
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TRANSPORT SYSTEM carries the ions needed to form a new blue 
crab shell. An active pumping mechanism transports hydrogen ions 
from the cuticle to the seawater. The removal of the hydrogen ions 
raises the pH of the exoskeleton and favors the deposition of calci
um carbonate. Other pumps bring calcium and bicarbonate ions into 
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the cuticle from the seawater. At the high pH of the cuticle the bi
carbonate ions yield carbonate ions, which are incorporated into 
calcium carbonate. Carbon dioxide from metabolism also contrib
utes to the formation of bicarbonate ions. The carbon dioxide that 
is not needed in forming the new cuticle diffuses into the seawater. 
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the crab harvest, make crabbing easier 
and spread the business of crabbing to 
new areas. 

The harvesting of soft-shell crabs 
developed, beginning in about 1860, 
from a colorful local custom into 
a substantial commercial enterprise. 
Recipes for soft crabs were created 
long before 1860, but the shipment of 
a steady supply of soft crabs to the 
large cities of the Eastern seaboard 
had to await the advent of fast rail
roads and steamships and mechanical 
refrigeration. When means of rapid 
shipping became available, the mar
ket expanded quickly. Although na
tional statistics are not very reliable, 
the value of soft-shell crabs on the 
dock is currently several million dol
lars per year. 

Although hard crabs make up the 
I\. bulk of the commercial blue crab 
harvest, individual soft crabs are worth 
far more than hard crabs. Hard crabs 
are worth about 20 cents per pound 
on the dock, whereas soft crabs have 
brought more than $2 per pound in 
recent years. If it were possible to con
trol the molting process, the propor
tion of soft-shell crabs in the harvest 
would rise and the overall value of the 
harvest would increase. 

In addition, commercial control of 
molting could make the business of 
soft-shell crabbing far easier. Operat
ing the peeler floats where the premolt 
crabs are held until they shed the old 
shell is arduous, labor-intensive and 
commercially risky. A reliable meth
od of inducing the molt could make 
the industry less arduous and help to 
spread soft-crab harvesting far beyond 
its current limits. There is now almost 
no significant commercial soft-shell 
crabbing outside the Chesapeake Bay 
region in spite of the fact that other 
parts of the crab's domain are in some 
respects more favorable for harvest
ing. Because of the milder climate in 
Texas, the molting season there lasts 
from March through mid-November, 
almost twice as long as the season 
on the Chesapeake. If crab harvesting 
were made easier, the industry might 
grow rapidly, lowering the price and 
spreading the soft-shell-crab habit to 
new palates. 

Since the incentives are substantial, 
perhaps a cheap and reliable molting 
trigger will soon be found. For the 
moment, however, the molting of the 
blue crab must be viewed mainly as 
one step in a continuous process of 
growth. Furthermore, it is possible 
that the savor of a soft-shell crab 
washed down with a fine white wine is 
sweetened by the knowledge that the 
delicacy is available only when nature 
offers it. 
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Crystals at High Pressure 

X-ray studies of crystals compressed between a pair of gem-quality 

diamonds reveal a range of responses to increased pressure. Changes 

�'n atomic structure are best viewed in terms of polyhedral geometry 

by Robert M. Hazen and Larry W. Finger 

W
hat happens to the atomic 
structure of a crystal when 
the external pressure is in

creased? In the broadest sense the an
swer is obvious: the individual atoms 
move closer together, reducing the 
crystal's volume. It is only in the past 
few years, however, that investigators 
have begun to analyze in detail the 
various ways in which compression 
affects particular arrangements of at
oms. The gain in understanding has 
come from the marriage of two experi
mental tools. One, the diamond-anvil 
high-pressure cell, is a fairly recent 
addition to the laboratory; the other, 
the X-ray diffractometer, has been a 
mainstay of crystallographic research 
for decades. 

The advent of the diamond-anvil 
cell has made it possible to achieve ex
traordinarily high pressures with un
precedented ease. Pressures in excess 
of two million atmospheres (equiva
lent to those near the core of the earth) 
can now be produced routinely at the 
interface of two small, gem-quality 
diamonds that are squeezed together 

in a mechanically levered device sim
ilar to a nutcracker [see "The Dia
mond-Anvil High-Pressure Cell," by 
A. Jayaraman; SCIENTIFIC AMERICAN, 
April, 1984]. 

The tremendous pressure generated 
in a diamond-anvil cell can be trans
mitted to a single crystal hydrostatical
ly (that is, uniformly in all directions) 
by immersing the crystal in a fluid that 
is confined by a metal gasket between 
the diamonds. Because diamonds are 
transparent to X-radiation, a narrow 
beam of X rays can be focused on the 
crystal, and the diffracted components 
of the beam can be measured by stan
dard X-ray detection eq uipment. Thus 
the arrangement of the atoms in a crys
tal under high pressure can be deter
mined in much the same way as it can 
in a crystal at atmospheric pressure. 

Knowledge of the properties of mat
ter at high pressure is crucial to under
standing the earth's interior. Accord
ingly most of the several dozen com
pounds that have been studied to date 
with the new high-pressure crystallo
graphic techniques have been miner-

also Among them are oxides, silicates, 
'halides and simple molecular crystals. 
At pressures comparable to those in 
the earth's lower mantle and core such 
minerals are reduced in volume by 50 
percent or more. What changes in 
atomic structure can account for such 
a large loss of volume? What do these 
changes reveal about the nature of the 
forces between atoms? 

The atomic bonding of most rock
forming minerals can be described in 
terms of a simple ionic model. Posi
tively charged metallic ions, called cat
ions, are typically surrounded by nega
tively charged ions, called anions. The 
cluster formed by a cation and its sur
rounding anions is usually quite reg
ular in shape, with the anions (most 
commonly oxygen) corresponding to 
the corners of a tetrahedron, an octa
hedron, a cube or some other simple 
polyhedral form [see illustration below]. 

The representation of ionic clusters 
as cation-centered polyhedrons simpli
fies the description of complex crys
tal structures. Arrangements of many 
different atoms, which are difficult 

REGULAR GEOMETRIC CLUSTERS of negatively charged an
ions (white) surround a central, positively charged metallic cation 
(color) in many crystalline substances, including most common 
rock-forming minerals. Ionic compounds of this kind can be con-

veniently represented as arrays of polyhedrons; at the center of 
each polyhedron is a cation and at the corners are the anions. Three 
representative ionic structures are illustrated. In the rest of the poly
hedral diagrams accompanying this article the ions are omitted. 

110 © 1985 SCIENTIFIC AMERICAN, INC



to depict if every atom is shown, are 
reduced to simple geometric forms . 

. Common binary compounds, such as 
the oxide of a single metal, can be rep
resented by the packing of one type 
of polyhedron. Silicates and multiple
metal oxides can be similarly treated, 
although they call for two or more 
types of polyhedron. 

C
ation-centered polyhedrons are 
more than just visual aids. Each 

type of polyhedron has its own distinc
tive set of properties, which can be 
helpful in predicting the behavior of 
the bulk crystal. The recognition of 
the importance of these characteristic 
properties has led to a new approach to 
the modeling of different forms of sol
id matter. In this approach, called the 
polyhedral method, one first identifies 
the constituent polyhedrons and their 
properties; one then sums these factors 
for the bulk crystal. The procedure is 
often complex and depends to a large 
extent on how the polyhedrons are 
linked. In general two polyhedrons can 
be joined by a shared corner (that is, a 
single common anion), a shared edge 
(two common anions) or a shared face 
(three or more common anions). Al
ternatively two polyhedrons can be 
joined by weak molecular forces, in 
which case no anions are shared. The 
bulk properties of the crystal depend 
on the types of constituent polyhe
drons and the nature of their linkages. 

The polyhedral apprmich has been 
particularly effective for studying the 
behavior of crystals under compres
sion. Each type of cation-centered 
polyhedron has its own value of com
pressibility, and the relations between 
the polyhedral linkages and the com
pressibility of the bulk crystal are 
comparatively straightforward. In or
der to predict how a particular crys
tal will behave under compression it 
is first necessary to understand the 
kinds of change pressure can impose 
on an atomic structure. 

Three kinds of change in structural 
geometry account for most crystal 
compression. Bond shortening, which 
can be modeled as polyhedral com
pression in ionic compounds, is ob
served in all substances at high pres
sure and is therefore always responsi
ble, at least in part, for any reduction 
in volume. Bond-angle bending, in 
which the distances between "nearest 
neighbor" atoms change only slightly 
while "second-nearest neighbor" at
oms move much closer together, dom
inates compression in crystals in which 
the atoms are not densely packed. In
termolecular compression is the prin
cipal response to increased pressure in 
condensed molecular substances. Any 
combination of these three kinds of 

a 

THREE POSSIBLE RESPONSES of a crystal structure to compression are shown in these 
polyhedral diagrams of typical atomic arrangements. Bond shortening (a) reduces the aver
age distance between pairs of atoms. Bond-angle bending (b) changes the angles between 
adjacent bonds without significantly altering the length of the bonds. Intermolecular com
pression (c) is characteristic of solids that are made up of discrete molecules held together 
by weak bonds (dotted lilies). Each of the three mechanisms shown reduces the volume of 
the bulk crystal by decreasing the average distance between the atoms; the magnitude of 
the changes and the final relative positions of the atoms, however, are different in each case. 
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SIMPLE BINARY COMPOUNDS have 
structures that can be represented by a sin
gle type of cation-centered polyhedron. The 
compressibility of such crystals is uniform 
in all directions and is identical with the 
compressibility of the individual polyhe
drons. In lithium oxide (a) each of the lithi
um cations is surrounded by a tetrahedron 
of oxygen anions. Sodium chloride (b) is 
composed of an edge-sharing array of sodi
um-centered octahedrons. Cesium chloride 
(c) consists of a face-sharing array of cubes. 
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geometric change can contribute to 
crystal compression. 

Although bond shortening is ob
served in every compressed crystal, the 
magnitude of the shortening varies for 
different polyhedrons. Thus some cat
ion-anion clusters in a given structure 
can be considered "soft," in the sense 
that they vary significantly in size ac
cording to the pressure, whereas others 
can be considered "hard," in that they 
show little change in size even at pres
sures as high as thousands of atmos
pheres. The range of compressibility 
from the most compressible bond to 
the least compressible one is more than 
100 to one. In modeling crystal com
pression it is essential to know the rela
tive compressibilities of the bonds that 
form the polyhedral clusters. 

In spite of the wide range of ob
served bond compressibilities it is re
markable that any given type of poly
hedron-a magnesium cation bonded 
to six oxygen anions, for example-dis
plays very nearly the same compressi
bility in all crystals. A value of com
pressibility that is almost constant 
from structure to structure can there
fore be assigned to each type of poly
hedron. What factors govern the rel
ative magnitudes of polyhedral com
pressibility, and how can these values 
be predicted? 

I
onic bonds, which link cations and 
anions in the polyhedral cluster, can 

be described by a few simple parame
ters, including the length of the bond, 
the number of nearest neighbors of 
each ion and the electrostatic charge of 
both the cation and the anion. Linus 
Pauling, in his classic monograph The 
Nature of the Chemical Bond, success
fully related many subtle features of 
crystals to these simple variables. We 
have taken the same approach in mod
eling polyhedral compression. 

Two significant empirical relations 
have been found between the bonding 
parameters and the compressibility of 
a given polyhedron. First, polyhedral 
compressibility tends to be propor
tional to the cube of the distance be
tween the ions and hence (roughly) to 
the volume of the polyhedron. Large 
polyhedrons, such as those of alkali 
cations, are more compressible than 
small polyhedrons, such as those of sil
icon or aluminum cations. It follows 
that the polyhedrons responsible for 
most of the volume of a crystal usually 
contribute most to crystal compres
sion. Second, polyhedral compressi
bility is inversely proportional to the 
charge of the cations and the anions; 
hence the distance between cation-an
ion pairs with the strongest electrostat
ic interaction will be least affected by 
pressure. These two relations, which 

were derived from the analysis of hun
dreds of measurements of bond com
pressibility, facilitate the prediction 
of bond and polyhedral compressibili
ties in oxides and silicates. 

Bond shortening dominates com
pression in structures in which all 
polyhedrons are joined to adjacent 
polyhedrons by shared edges or faces. 
In these structures there are no discrete 
molecules for intermolecular com
pression, and bond-angle bending can
not occur without severe polyhedral 
distortions, which are not observed. 
Thus knowledge of the magnitude of 
polyhedral compression is sufficient to 
predict the behavior of these crystals 
under compression. 

Simple binary compounds such as 
lithium oxide, sodium chloride and ce
sium chloride are among the easiest 
polyhedral structures to model at high 
pressure [see illustration on this page]. 
In each of these crystals the bulk com
pressibility is identical with that of the 
constituent polyhedrons; a measure
ment of the macroscopic change in 
volume with pressure corresponds to 
a direct measurement of polyhedral 
compression. When pressure is applied 
to such structures, it tends to decrease 
the distance between atoms without 
resulting in any significant change in 
the relative positions of the atoms. 

Binary oxides, which have two kinds 
of cation-anion cluster, often exhib
it more complex behavior. Scheelite
type compounds, which have the gen
eral chemical formula AB04 (in which 
the arbitrary symbols AB stand for 
some combination of metallic ions), 
are particularly interesting because of 
the great variety of AB cation pairs 
that are observed to form this struc
ture [see illustration on opposite page]. 
As a rule the compressibility of a 
scheelite is determined by the com
pressibility of the large A polyhedron, 
which in turn depends on the electro
static charge on the A cation. 

D
ifferential polyhedral compressi
bilities can lead to highly aniso

tropic, or direction-dependent, behav
ior in some crystals under pressure. 
For example, olivine, a common rock
forming mineral with the formula 
Mg2Si04, has an array of magnesium
centered octahedrons that fill space in 
much the same way as the octahedrons 
do in the sodium chloride structure. 
In olivine, however, rigid silicon-cen
tered tetrahedrons share edges with the 
octahedrons in one plane of the struc
ture. As a result the compressibility 
of olivine in this plane is only about 
half the value observed in the uncon
strained perpendicular direction. The 
small, rigid, silicon-centered polyhe
drons, even though they account for 
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only a small fraction of the volume, 
have an important influence on the 
bulk properties of the mineral. 

In all the examples considered 
above the polyhedrons share edges or 
faces; no bond-angle bending is ob
served in these structures. If the poly-

hedrons in a structure share corners, 
the volume of the crystal is often re
duced by changing the angles between 
the polyhedrons rather than by sig
nificantly shortening the ionic bonds 
within them. The ubiquitous mineral 
quartz, the commonest oxide of sili-

con, is perhaps the best-known exam
ple of this phenomenon [see illustra
tion on next page]. The basic building 
blocks of the quartz structure are sil
icon-centered tetrahedrons, each of 
which shares four corners with four 
other tetrahedrons to form a con tin-

SODIUM IODATE (NaIO,) 

BISMUTH VANADATE (BiVO,) 

SCHEELITE-TYPE COMPOUNDS, which have the general chem
ical formula AB04, are composed of two types of cation polyhe
dron. The small B tetrahedrons, shown in red, are comparatively in
compressible and occupy only 5 percent of the volume of the crys
tal. The large A polyhedrons, which can be viewed as distorted cubes, 
form a continuous three-dimensional network and fill most of the 
crystal's volume. Thus the reduction in the volume of the crystal 
under increased pressure is determined predominantly by the com-

CALCIUM TUNGSTATE (CaWO,) 

ZIRCONIUM GERMANATE (ZrGeO,) 

pression of the large eight-coordinated A polyhedrons. The four 
representative scheelites shown in this illustration are identical in 
crystal structure; the bulk crystals differ widely in compressibility, 
however, because of large differences in the compressibility of their 
constituent A polyhedrons. In this case the range of relative com
pressibility is indicated by a spectrum of colors: the red end of the 
spectrum designates the structure with the least compressible bonds 
and the violet end the structure with the most compressible bonds. 
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CRYSTAL STRUCTURE OF QUARTZ (Si02), the commonest oxide of silicon, consists 
of a complex, three-dimensional network of silicon-centered tetrahedrons, all of whose cor
ners are shared (a). In quartz compression is attributable primarily to the bending of the 
bond angles between the polyhedrons (b). As a result a bulk crystal of quartz is 10 times 
more compressible than its constituent polyhedrons. Quartz serves as a counterexample to 
the intuitive notion that the hardest substances are the least compressible; because of its 
strong framework of silicon-oxygen bonds, quartz is one of the hardest compounds in na
ture, and yet it is one of the most compressible of the common rock-forming minerals. 
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uous three-dimensional framework. 
The small tetrahedrons 'with their 
highly charged cations are quite rigid, 
changing by less than 1 percent in vol
ume even at pressures as high as tens 
of thousands of atmospheres. Never
theless, quartz crystals are 10 times 
more compressible than their constit
uent polyhedrons, because the angles 
between the tetrahedrons are free to 
bend. The bending of the bond angles 
between the silicon and oxygen ions 
requires much less energy than the 
shortening of the bonds between the 
ions, and so the "tilting" of the polyhe
drons becomes a more efficient com
pression mechanism. 

In some compounds polyhedral tilt
ing is responsible for a dramatic phase 
transition. For example, rhenium ox
ide (Re03) is composed of extremely 
incompressible octahedrons, each of 
which has a rhenium cation at the cen
ter surrounded by six oxygen anions 
[see illustration on opposite page]. At 
normal room temperature and pres
sure the crystal is cubically symmetri
cal; that is, all the octahedrons are con
strained to align themselves along the 
axes of a cube. No tilting is possible 
in this cubic form of the crystal, and 
the oxide is correspondingly incom
pressible. At a pressure of about 
5,000 atmospheres, however, a strik
ing change takes place. The oxide un
dergoes a phase transition to a form 
with the same linkage of octahedrons 
but with a lower degree of symmetry; 
as a result the rhenium-oxygen clus
ters are free to tilt. At the transition 
point the compressibility of the crys
tal increases more than tenfold, sim
ply because the dominant compression 
mechanism changes from bond short
ening to bond-angle bending. 

The greatest dimensional changes 
observed in crystals at high pres
sure are associated with intermolecu
lar compression. The weak bonds be
tween adjacent molecules may shorten 
by more than 1 percent per 1,000 at
mospheres. Such a large effect domi
nates the behavior under compression 
of any material in which the bonding 
is molecular. The simplest condensed 
substances displaying molecular bond
ing are high-pressure crystals of ele
ments that are gaseous at normal 
room conditions. The inert gases neon 
and argon, for example, can be lique
fied at very low temperatures and then 
loaded into the gasket chamber of a 
diamond-anvil cell. The elemental flu
ids crystallize at high pressure, and 
even at room temperature they retain 
their crystalline form if they are con
fined at pressures of several thousand 
atmospheres. Hence it is possible to 
study the crystal structures and com
pressibilities of the crystalline phases. 
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X-ray-diffraction experiments re
veal that at high pressure and room 
temperature crystals of neon and ar
gon adopt the familiar cubic-close
packed structure, which is also charac
teristic of many metallic elements. The 
inert-gas crystals, however, have com
pressibilities unprecedented in magni
tude; changes in volume of more than 
1 percent per 1,000 atmospheres are 
observed in these materials, whereas 
the cubic-close-packed metals can be 
compressed by no more than about a 

tenth of this amount. 

G
ases consisting of multi-atom 

molecules can exhibit much the 
same behavior. For example, methane 
(CH4) crystallizes at a pressure of 
about 16,000 atmospheres; the struc
ture is also the cubic-close-packed ar
rangement, but the five-atom methane 
molecule rather than a single atom of 
neon or argon forms [he close-packed 
unit. As in inert-gas crystals, the com
pressibility of crystallized methane is 
on the order of 1 percent per 1,000 
atmospheres. A number of other multi
atom gases, including hydrogen (H2)' 
oxygen (02), nitrogen (N 2) and carbon 
dioxide (C02), also form extremely 
compressible molecular crystals at 
high pressure. 

Crystals of pressurized gas are 
among the simplest to display molecu
lar bonding, but they are by no means 
the only ones. Virtually all organic 
crystals, from solid forms of alcohols 
and hydrocarbons with a few tens of 
atoms per molecule to giant proteins 
with tens of thousands of atoms in 
each molecular unit, have highly com
pressible molecular bonds. It is easy to 
predict that all these substances will 
prove highly compressible compared 
with the inorganic minerals that form 
the solid earth. It is also easy to im
agine the extreme anisotropic com
pression that must be displayed by 
some organic molecular crystals such 
as polymers, in which strong carbon
carbon bonds form continuous chains 
along one axis of the crystal and are 
joined laterally only by weak intermo
lecular forces. 

Layered atomic structures exhibit 
fascinating and revealing behavior un
der compression. Layered compounds 
are anisotropic by definition; the bond
ing within each layer is stronger than 
the bonding between the layers. These 
differences in bond strength result in 
contrasts in compressibility along dif
ferent crystal directions. Graphite, the 
commonest form of elemental carbon, 
is a classic example of a layered struc
ture. Carbon-carbon bonding within 
each layer is as strong as that in di
amond, and yet adjacent layers are 
bonded by molecular forces so weak 

b 

RHENIUM OXIDE (Re03) consists of a simple corner-linked array of rhenium-centered 
octahedrons. Each rhenium cation is positioned at the corner of a unit cube of the crystal 
structure, and the rhenium-oxygen bonds lie along the edges of the cube (a). Under normal 
room conditions the compound is one of the least compressible oxides known, because com
pression can occur only by shortening the rigid ionic bonds. At a pressure of about 5,000 
atmospheres, however, rhenium oxide undergoes a phase transition to a structure with the 
same arrangement of octahedrons but with a lower degree of symmetry (b). The volume of 
the high-pressure form is reduced by the more favorable mechanism of bond-angle bend
ing, or polyhedral tilting. At the transition the compressibility increases more than tenfold. 

that graphite is valued as a lubricant. 
The contrast between the compressi
bility parallel to and perpendicular 
to the layers is also dramatic; com
pression between the layers is more 
than 50 times greater than compres
sion within the layers. 

Layered silicates, including such 
common mineral groups as the micas, 
talcs and clays, can respond to pres
sure by a combination of all three 
compression mechanisms: bond short
ening, bond-angle bending and inter
molecular compression. As a result 
these minerals reveal much about how 
pressure affects condensed matter. 

One of the simplest layered minerals 
is brucite, or magnesium hydroxide 
[Mg(OHhl; it is the active ingredient in 
milk of magnesia. The main building 
block of this structure is an octahedron 
of magnesium coordinated to six oxy
gen-hydrogen pairs. The polyhedrons 
are linked by shared edges to form 
continuous layers that are one polyhe
dron thick. Slabs of octahedrons, each 
with the basic brucite composition, are 
stacked one on top of another and are 
linked by intermolecular forces. The 
compression of magnesium hydroxide 
within the octahedral layers is con
trolled by the shortening of magne
sium-oxygen bonds and hence is sim
ilar to the linear compressibility of 
magnesium oxide. The compressibil
ity perpendicular to the layers is 
many times greater. 

T ayered silicates are all composed of 
L several polyhedral layers stacked 
in some regular sequence. An octahe
dral layer, like that of brucite, is a 

ubiq uitous feature of layered magnesi
um silicates; a layer of silicon tetrahe
drons is another. The silicon tetrahe
dral sheet differs from the octahedral 
sheet in that all the polyhedral units 
share corners with adjacent units in the 
same layer. Even though the individu
al tetrahedrons are rigid, the layers 
themselves are highly compressible 
because of bond-angle bending. Bond
angle bending is also important be
cause for a wide range of different 
compositions it allows the size of the 
tetrahedral layer to conform to the 
more constrained octahedral spacing. 
Accordingly micas, clays and other 
layered silicates occur in a remarkable 
range of compositions. 

A number of layered silicates are 
composed entirely of octahedral and 
tetrahedral sheets. In the mineral ser
pentine, for example, alternating octa
hedral and tetrahedral layers are bond
ed together by intermolecular forces. 
The anisotropic compression of ser
pentine is similar to that of magnesi
um hydroxide: the compression is 
much greater in the direction of weak 
interlayer bonding. The most remark
able feature of this structure is related 
to bonding anisotropies. The two 
polyhedral layers are joined at flexi
ble shared corners between octahe
drons and tetrahedrons. Furthermore, 
each layer can bend. As a result ser
pentine layers can curve and form 
fibrous crystals in which the atomic 
layers are rolled up like a carpet. This 
fibrous form of serpentine, called 
chrysotile asbestos, has a layered 
atomic structure that is in distinct con
trast to many other needlelike crystals, 
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in which long chains of atoms line up 
along the crystal axis. The crystal 
form, like the anisotropic compres
sion, is a consequence of the great dif
ference of bond strengths within and 
between polyhedral layers. 

Talclike silicates are composed of 
one octahedral layer sandwiched be-

tween two tetrahedral sheets. Used for 
centuries in lubricants and as talcum 
powder, these common layered miner
als provide another example of aniso
tropic properties that result from ani
sotropic bonding. Talc and serpentine 
display all three compression mech
anisms. Magnesium-oxygen and sil-

icon-oxygen bond shortening occur 
within the polyhedral sheets. Tetrahe
dral layers conform to the size of octa
hedral layers through changes in the 
silicon-oxygen bond angles. Intermo
lecular compression accounts for most 
of the reduction in volume perpendic
ular to the layers. Without recognizing 

LA YERED SILICATES have a characteristic crystal structure 
that is based on the stacking of octahedral and tetrahedral sheets. 
The octahedral sheet viewed from the top and from the side in panel 
a, for example, is made up of a single layer of edge-sharing, cation
centered octahedrons. The simplest structure to incorporate this 
feature is the mineral brucite, or magnesium hydroxide [Mg(OHh] , 
in which the octahedral layers are joined by weak molecular bonds. 
The compressibility of brucite within the layers is determined by the 
compressibility of the magnesium-oxygen bonds; the compressibil
ity between the layers, however, is many times greater. In contrast, 
the polyhedral silicon dioxide sheet shown in panel b is composed 
of corner-linked silicon-centered tetrahedrons to form an infinite 
two-dimensional array of six-member rings. The compression of 
this layer is facilitated by bond-angle bending, which is energetical
ly more favorable than the shortening of the rigid silicon-oxygen 
bonds. For example, the serpentine group of minerals is formed 
from the superposition of one snch tetrahedral sheet onto one of the 
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aforementioned octahedral sheets (c). In this structnre some oxygen 
atoms are shared by both polyhedral layers. The double polyhedral 
sheets are also linked by intermolecular forces, which are so weak 
that many serpentines fail to form regular three-dimensional crys
tals. The individual layers often bend, curl or even roll up like a car
pet to form long, needlelike crystals. In effect the two different 
polyhedral layers that make up the serpentine sheet behave like the 
bimetallic strip in a thermostat. One curious result is that the ser
pentine structure, which is basically planar, produces the most fi
brous of all minerals: chrysotile asbestos (bottom part of pallel c). 
Layered silicates such as talc, on the other hand, are composed of a 
stack of triple sheets, each of which consists of an octahedral layer 
sandwiched between two tetrahedral layers (d). Because of the sym
metrical sequence of layers, talc is incapable of bending; that is 
what makes talcum powder a good lubricant. The compressibility 
of talc within the layers is equal to that of the octahedral layer, 
but the compressibility between the layers is several times greater. 
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each of these three common mecha
nisms of crystal compression, it is not 
possible to understand or describe the 
response of these structures and others 
to high pressure. 

In sum, the polyhedral approach en
hances understanding of crystal com
pression and other crystal properties 

c 

by establishing correlations between 
atomic-scale interactions and macro
scopic crystal behavior. The approach 
is empirical in the sense that it is based 
on experimental data rather than on 
theoretical predictions. It is comple
mentary to more rigorous quantum
chemical methods, which can lead to 

d 

calculations of crystal properties from 
first principles but which are not yet 
applicable to the multi-atom struc
tures found in nature. The polyhedral 
approach therefore greatly facilitates 
efforts to understand crystal com
pression and other phenomena in the 
real world. 
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Perceiving a Stable Environment 
We perceive our surroundings as stable in spite of the relative 

motion given the environment by our own movement, because 

the perceptual system can compensate for such displacements 

The world shifts around an ob
server as he moves through it. As 
he approaches an object it ex

pands within his field of view; as he 
passes an object it turns with respect to 
his changing position. A turn or nod of 
the head alters the orientation of the 
surroundings; eye movements shift the 
image of the world that is projected on 
the retina. Yet we are ordinarily not 
aware of the environmental motions 
precipitated by our own activity. What 
mechanisms enable us to discount the 
effects of our own movement and per
ceive the environment as being stable? 
In 12 years of research other workers 
and I have uncovered elegant and pre
cise compensation processes. 

An observer sees a stationary scene 
when he turns his head but would per
ceive the environment as moving if it 
actually revolved around him while 
he was motionless. Conceivably such 
tendencies reflect a perceptual block
age, triggered by signals that indicate 
body movement arriving from the ten
dons, the joints and the vestibular or
gans. One might propose that any per
ception of environmental motion is 
ruled out in the presence of such pro
prioceptive information. 

The notion is easily dismissed. A 
subject wearing glasses that reverse 
the direction in which the environment 
shifts as he turns his head will, at least 
at first, be acutely conscious of motion 
in his surroundings. Similarly, a sub
ject who walks forward while facing 
a large mirror held at eye level will 
perceive the reflections of the environ
ment behind him as shrinking or re
ceding. The displacements are equal 
in magnitude, although opposite in di
rection, to those that ordinarily occur 
ahead of an observer as he moves for
ward, but whereas the normal dis
placements go unperceived, the sub
ject is vividly aware of the abnormal 
motions of the scene in the mirror. 

A converse instance also demon
strates that proprioceptive inputs in-
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dicating body movement do not sim
ply block the perception of environ
mental motion. In an effect familiar to 
museum visitors the subject of a paint
ing sometimes appears to rotate as the 
viewer passes it, so that regardless of 
his actual position with respect to the 
picture, he seems to stand in the same 
relation to the scene it depicts; similar
ly, a head in the painting may seem 
to turn toward the viewer wherever 
he walks. If the painted scene existed 

in three dimensions, it would rotate 
counterclockwise in relation to an ob
server passing it on his right (clockwise 
if he passed it on his left). The configu
ration of its components would change 
and individual elements, such as the 
head, would be revealed from a stead
ily changing angle. Nevertheless, the 
observer would perceive the scene as 
being immobile. 

Because the painted scene is flat, 
however, and the arrangement of its 

SEEMING MOTION of a figure in a photograph or a painting is familiar to museum
goers. A three-dimensional object, such as the head of N efertiti, turns with respect to a pass
ing observer in a direction opposite to that of his own movement. As is shown in-the top 
row, the observer sees the head from a steadily changing angle, just as if it were actually 
to rotate while he remained still. Yet the relative motion of the figure goes unperceived; 
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elements is the same whichever direc
tion the painting is viewed from, the 
n'ormal counterclockwise rotation of 
the scene does not occur. At the same 
time it no longer appears immobile 
but instead seems to turn clockwise, If 
the perception of environmental mo
tion were simply blocked when the ob
server himself moves, the absence of 
normal relative motion would not af
fect perceptual experience. 

Such observations suggest that visu
al data on the relative displacements of 
the surroundings is compensated for 
rather than blocked. The compensa
tion mechanisms compare visual in
puts with the proprioceptive data that 
represent body movement. When the 
visual and proprioceptive stand in a 
certain fixed relation, the environ
ment is perceived as being stable. Vio
lations of that relation, in contrast, 
give rise to an awareness of motion. 

As a first step toward a more detailed 
fl. understanding of the compensa
tion process Jerome H. Kravitz and 
I, working at Swarthmore College, 
investigated its precision. We asked 
how much discrepancy between body 
movement and environmental motion 

is allowed before the observer per
ceives his surroundings as moving. 
When an observer turns his head 20 
degrees, the visual environment ordi
narily is displaced by 20 degrees in the 
opposite direction and the environ
ment appears to remain stable. Will it 
still seem stable if it is displaced by 15 
degrees during a 20-degree head turn, 
or by 25 degrees? To use the language 
of our research, what is the immobil
ity range for head turning, the range 
of actual environmental displacements 
through which the surroundings con
tinue to seem immobile? 

To answer the question we devised 
an experimental apparatus in which 
motions of the subject's visual envi
ronment could be coupled with head 
movements. The subject wore a head
gear to which a vertical shaft was at
tached, at a point directly over the 
head's axis of rotation. The other end 
of the shaft entered a variable-ratio 
transmission, mounted above the sub
ject's head. The output shaft of the 
transmission in turn affected the sub
ject's visual environment. 

In some of our experiments a mirror 
was attached to the output shaft. The 
beam of a slide projector was reflected 

from the mirror onto a screen facing 
the subject. When head movements 
were transmitted through the output 
shaft to the mirror, the projected im
age was shifted across the screen; the 
setting of the transmission determined 
the displacement produced by a head 
movement of a given extent. In oth
er experiments we substituted for the 
mirror and projector a shadow cage, a 
cylindrical arrangement of rods with a 
point source of light at the center. The 
arrangement cast a pattern of shadows 
on a large cylindrical screen enclosing 
the subject. By changing the transmis
sion setting the investigator could al
ter the ratio of the shadows' angular 
motion to the angle of head rotation. 

In determining the immobility range 
under these conditions, we chose as a 
unit of measurement the displacement 
ratio: the ratio of the actual motion of 
the environment to the subject's head 
movement. In a stable environment 
the displacement ratio is zero; objec
tively speaking, the surroundings do 
not move at all during head rotation, 
We could simulate that condition by 
adjusting the transmission so that it 
passed no motion at all from the head 
to the visual environment. In contrast, 

the figure appears immobile. When a three-dimensional object or 
scene is depicted in two dimensions, however, as in a painting or 
in the photograph of Nefertiti's head, shown in the bottom row, the 
same rotation with respect to an observer cannot take place. Al
though a passerby sees the representation from a range of angles, 

the angle from which the figure or scene is depicted on the two-di

mensional surface does not change. In the absence of the normal 

contrary rotation, the object or scene that is depicted no longer ap

pears to be immobile but seems to turn with the observer. Thus N ef

ertiti's gaze seems to follow the viewer as he passes the photograph. 
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- PROJECTOR 

VARIABLE-RATIO 
TRANSMISSION ______ 

_MIRROR 

KINETIC RELATION OF HEAD AND SURROUNDINGS was altered in an apparatus 
designed around a variable-ratio transmission. When the experimental subject turned his 
head, a shaft connected to the headgear carried the rotation to the transmission. The trans
mission imparted a proportion of the motion to the visual environment. In some experi
ments the transmission turned a mirror, which reflected an image from a slide projector 
onto a screen (top). The setting of the transmission determined how far the projected image 
moved, and in what direction, for a given angle of head rotation. In other experiments the 
visual environment consisted of a pattern of shadows thrown on a cylindrical screen sur
rounding the subject by a cage of slender rods enclosing a light source (bottom). The setting 
of the transmission determined the relation between the subject's head rotation and the dis
placement of the shadows. The apparatus enabled workers to determine how sensitive a 
subject is to environmental motion during head turning; it also served to show that subjects 
adapt to abnormal displacements of the environment, eventually failing to perceive them. 
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when the apparatus was adjusted so 
that the visual environment moved 
by the same amount as the observer's 
head, whether in the same direction or 
in the opposite direction, the displace
ment ratio was 1. 

To measure the range of displace
ment ratios within which a subject per
ceived the visual environment to be 
immobile, we first adjusted the trans
mission so that the environment was 
displaced in the direction of head rota
tion in a proportion sufficiently high 
for the subject to perceive motion. We 
then readjusted the transmission to re
duce the displacement ratio in steps, 
half a percentage point at a time. At 
each step the subject sampled the envi
ronment by turning his head from side 
to side. The point on the continuum of 
displacement ratios at which the sub
ject no longer detected motion marked 
one boundary of the immobility range. 
We then repeated the process for envi
ronmental displacements in a direction 
opposite to that of head movement to 
determine the immobility range's oth
er boundary. The procedure yielded 
measured immobility ranges extend
ing from .0 15 to .030 displacement ra
tios to each side of objective immobili
ty. In other words, our subjects were 
unaware of displacements that did not 
exceed from 1.5 to 3 percent of the 
extent of their head movements. 

The immobilit� range found !n oth
er compensation processes IS con

siderably wider. Another relative mo
tion of the environment for which such 
a process exists is the rotation of ob
jects in relation to a passing observer. 
To study the compensation mechanism 
Linda Stanton and Dean Becker, then 
at Swarthmore, and I constructed an 
apparatus by means of which an object 
could be made to turn as a subject 
walked by it. 

Again the setup used a variable-ratio 
transmission; the subject's transverse 
movement as he walked past the appa
ratus was transmitted to the input shaft 
through a horizontal rod, attached by a 
system of cables to the subject's head
gear. The reference object (a translu
cent sphere with a dark pattern on its 
surface or a framework of luminous 
wires) was suspended from the output 
shaft of the transmission. The setting 
of the transmission determined the re
lation between the subject's movement 
and the object's rotation. The setup en
abled us to determine that for motions 
of this kind an observer typically does 
not perceive actual rotations when 
they amount to less than 40 percent of 
his own angular displacement. 

A relatively broad immobility range 
is also characteristic of the process 
that compensates for eye movements, 
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-- VARIABLE-RATIO TRANSMISSION 

RODS AND CABLES transmitted a subject's transverse move
ment to the input shaft of a variable-ratio transmission, which then 
turned a patterned globe. The setting of the transmission determined 
the extent of the globe's rotation. The subject watched the object 

while he walked past it, guided by a handrail. The apparatus was 
meant to determine how much of a departure is needed from the 
normal rotation of a stationary object with respect to a passing ob

server before the observer becomes aware that the object is turning. 

which displace the image of the sur
roundings that is projected on the reti
na of the eye. Separately, Arien Mack 
of the New School for Social Research 
and William R. Whipple, who worked 
in my laboratory, devised experiments 
in which a subject's eye movements, 
electronically monitored, triggered the 
simultaneous motion of a luminous 
point or of a circle across an oscillo
scope screen. The degree of displace
ment could be varied. Mack found 
that subjects could reliably perceive a 
shift only when it subtended an angle 
greater than 20 percent of the eye 
movement. Under different conditions 
Whipple found somewhat greater sen
sitivity: his subjects perceived motions 
amounting to 8 percent or more of si
multaneous eye movements. 

The compensation process for the 
effect of head movements is thus 

the most accurate of the mechanisms 
that have been studied, a characteristic 
that made it well suited to further ex
perimental inquiry. In an attempt to 
find out how the process operates we 
exposed subjects to environments in 
which the normal one-to-one relation 
of head movement to the displacement 
of the surroundings does not hold. We 
wanted to study the effect on the per
ceptual system of an environment that 
moves by disproportionate amounts as 
the observer turns his head. 

It has been known since the turn 

of the century that the compensation 
process can adapt to an abnormal rela
tion between head rotation and en
vironmental displacement. In 1896 
George Stratton of the University of 
California at Berkeley wore a system 
of lenses that inverted his surround
ings and caused his visual environment 
to be displaced in the same direction as 
his head movements rather than oppo
site to them, as is normal. At first he 
was aware of the abnormal motions, 
but after he had worn the device for 
two days his environment stabilized. 
His perceptual system seemed to have 
adapted to. the new relation between 
his own movements and the resulting 
motions of the environment-a suppo
sition that was confirmed when he re
moved the device after eight days and 
found that with the normal relation re
stored his surroundings appeared to 
swing wildly opposite to his head 
movements. In a process of adaptation 
to abnormal conditions Stratton's im
mobility range had shifted. 

Our experimental arrangement for 
measuring the immobility range and 
our means of characterizing it numeri
cally enabled Kravitz and me to gauge 
such adaptation effects. In an initial 
experiment subjects wore wide-angle 
glasses that caused the visual environ
ment to shift in the direction of head 
movement by 34 percent of the head 
rotation's angular extent (a displace
ment ratio of .34). After six hours we 

tested the subjects using the procedure 
described above. 

Without the goggles the subjects 
now perceived the environment to be 
stable only when it moved in synchro
ny with head movement at a displace
ment ratio that averaged . 175. Their 
adaptation hence was partial; their im
mobility range had shifted enough to 
accommodate about half of the ab
normal displacement they had experi
enced. The extent of adaptation varied 
greatly among the 12 subjects, how
ever; one of them adapted fully during 
his six hours of exposure, perceiving 
environmental stability at a displace
ment ratio of .34. In later experiments 
we encountered faster adaptation. We 
used the apparatus itself to provide 
the abnormal environment; we set the 
transmission to a large displacement 
ratio and had the subject turn his head 
from side to side for 10 minutes. 

Although such adaptation shifted 
the immobility range from a posi
tion straddling objective immobility 
to a point elsewhere on the scale of 
displacement ratios, the width of the 
range stayed the same. The compensa
tion process remained as accurate as 
before. It seemed likely that adapta
tion leaves the process unaltered. It 
must therefore affect one of the inputs 
to the compensatory mechanism: ei
ther the visual data on the relative mo
tion of the subject's surroundings or 
the proprioceptive information that 
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POINTING TEST required a subject to gauge the direction of a target from the extent of 
the eye movement needed to look at it. The test was done in the dark, so that the subject, 
who held a pointer, could not aim at the target simply by sighting along the pointer. The sub
ject first turned his head to the left, where at an angle of 18 degrees a stop in the apparatus 
prevented further rotation (left). When a target spot on a screen ahead of his torso was il
luminated, the subject moved his eyes to the right to look at the target and aimed the point
er. The investigator then turned on a light source within the pointer and noted where the 
point of light it cast fell in relation to the target. Subjects who had adapted to a condition in 
which the entire environment was displaced by less than the normal amount during head 
turning pointed too far to the right (right), suggesting that the extent of the eye movement 
was misjudged. Apparently adaptation to abnormally short displacements of the surround
ings entails an overrating of the eye movements that are needed to track the environment, 
so that motions of the surroundings are perceived as being longer than they actually are. 

indicates the extent of head rotation. 
Which category of input does adap

tation to a new kinetic relation of head 
and surroundings affect? Suppose ad
aptation changes the proprioceptive 
inputs to the compensation process so 
that, for example, the nervous system 
transmits the same signals during a 
40-degree head turn that it ordinar
ily sends to indicate a 20-degree turn. 
The visual environment will therefore 
need to rotate in synchrony with head 
movement by an angle of 20 degrees 
(equivalent to a displacement ratio of 
.5) for it to be perceived as stable. 
Such an adaptation effect should be 
apparent, however, not only in the vis
ual immobility range but also in the 
immobility ranges for other kinds of 
stimuli, since each immobility range 
reflects a compensation process that 
acts on proprioceptive inputs. 

By using the variable-ratio trans
mission to control the rate at which 
a sound was shifted along a bank of 
speakers as a subject turned his head, 
Kravitz and I could test subjects' audi
tory immobility range. We found that 
adaptation to abnormal shifts in the 
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visual environment was not reflected 
in the immobility range for sounds, 
which remained centered on objec
tive immobility. Apparently the adap
tation we had induced affected only 
the visual basis of compensation. 

Anarrowing of experimental scope 
was now in order. It was clear that 

adaptation entails a change in the visu
al information on the displacement of 
the surroundings; adaptation experi
ments therefore promised to serve as 
an experimental tool for revealing the 
nature of that information. Joshua Ba
con, now at Tufts University, and I 
varied the conditions of adaptation in 
order to answer two questions suggest
ed by everyday experience. During a 
head turn the eyes often track a sin
gle point in the surroundings. Do the 
lengths of the eye movements needed 
to track a stationary point serve as the 
visual data on the displacement of the 
surroundings? Or do the motions enter 
the compensation process in a more 
complex form, in which the visual en
vironment is represented as it exists in 
relation to the head? 

Using the variable-ratio transmis
sion, the shadow cage with its light 
source and a second source of light, 
Bacon and I separated the subject's 
visual environment into two comp o
nents, one that shifted during head 
movements and one that did not. In the 
first set of trials the screen surrounding 
the subject displayed both a stationary 
pattern of shadows and a point of light 
that moved with the subject's head 
movements at a displacement ratio of 
.4. The subject was instructed to fix his 
gaze on the light as he turned his head 
from side to side during a 10-minute 
adaptation period. 

Exposure to these conditions did al
ter subjects' immobility range, sug
gesting that the extent of eye move
ments does play a part in the adapta
tion process. A single fixation point 
in the visual environment that consis
tently required abnormal tracking eye 
movements, it seemed, was enough to 
induce the kind of adaptation evoked 
by abnormal displacements of the en
vironment as a whole. Yet the adapta
tion effect was smaller than the one we 
measured for the same period of "nor
mal adaptation," in which, as in earlier 
experiments, the entire environment 
moved during the adaptation period. 
Although the subjects' eyes did not 
track the stationary background pat
tern, it apparently was also represent
ed among the visual data on environ
mental displacement and resulted in a 
diminished adaptation effect. 

To confirm the role of the back
ground pattern we reversed the exper
imental conditions. In the second 8et 
of trials the point of light remained 
stationary as the subject turned his 
head, keeping his eyes fixed on the 
light, whereas the pattern of shadows 
moved. Again we measured an adapta
tion effect. Since the eye movements 
with which the subject tracked the light 
were of normal length, the adaptation 
could only have resulted from a repre
sentation of the shadows and their mo
tions in relation to the subject's head. 
Such a representation presumably de
rived from the slow displacement of 
the pattern across the retina of the eye 
as the subject turned his head. 

It appeared that the answer to both 
of our questions was yes. We named 
the kind of adaptation evoked by t e 

. first experiment eye-movement adap
tation, because it seemed to be mediat
ed by the extent of eye movements 
alone. We named the second effect 
field adaptation; it seemed to reflect 
displacements of the visual field as a 
whole, divorced from any abnormality 
of tracking eye movements. 

In further experiments Bacon and I 
confirmed the distinction between the 
two kinds of adaptation. The tracking 
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movements of the eyes that compen
sate for head movement occur both 
when the environment contains a sta
tionary point on which the eyes can fix 
and in the dark, when the eyes are not 
guided by any visual stimulation. The 
automatic compensatory movements 
made in the dark are known as the 
Dodge reflex. The Dodge reflex ap
pears to be precisely tuned to the nor
mal relation between head rotation 
and tracking movements of the eyes, 
and therefore to the normal relation 
of head movement and environmental 
displacement. 

When we measured the extent of the 
Dodge reflex in subjects who had un
dergone 10 minutes of eye-movement 
adaptation at a displacement ratio of 
.4, however, we found a significant 
change. The point of light the subjects 
tracked during their adaptation period 
moved in the direction in which they 
turned their head; the tracking move
ments needed for a given extent of 
head movement were therefore shorter 
than normal. The Dodge-reflex move
ments showed a corresponding short
ening, by an average of 13 percent. 
In contrast, we found normal reflex 
movements in subjects who had expe
rienced field adaptation, which entails 
no alteration of tracking movements. 

We also tested the group of subjects 
in whom we had induced normal adap
tation. Like the other groups, they had 
experienced 10 minutes of adaptation 
at a displacement ratio of .4; their im
mobility range now fell, on the aver
age, at a di'splacement ratio of . 13. We 
were intrigued to find that the extent of 
the Dodge reflex in these subjects was 
also shorter than normal by 13 per
cent, on the average-an amount equal 
to the entire adaptation effect. 

In order for a subject to perceive the 
environment as being stable when 

the eye movements that track it are 
shorter than normal, the nervous sys
tem must overrate the movements. 
Bacon and I devised a direct demon
stration of such overrating. In a dark
ened room the subject was seated in 
an apparatus that limited the move
ment of the head. He was instructed 
to turn his head to the left; at an angle 
nf 18 degrees a stop prevented further 
movement and a target straight ahead 
of his torso was illuminated. The sub
ject then looked toward the target and 
pointed at it without straightening.his 
head. In the dark the subject could not 
see his hand; thus his appraisal of the 
target's direction depended entirely 
on a rating of eye movement. 

Following eye-movement adapta
tion subjects pointed an average of 13 
percent too far to the right; they over
estimated their eye movements by an 
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amount that precisely offset the short
ening we had measured in tests of the 
Dodge reflex. A similar pointing er
ror was found in normal-adapted sub
jects, but field-adapted subjects, who 
had tracked a stationary point during 
the adaptation period and showed a 
normal Dodge reflex, appraised their 
eye movements accurately and aimed 
straight at the target. 

The Dodge-reflex and pointing tests 
detect eye-movement adaptation only; 
another test Bacon and I devised sin
gles out field adaptation. In the dark, 
with the head turned 18 degrees to one 
side, the subject had to move a lumi
nous target to a position straight in 
front of his torso. Both normal- and 
eye-movement-adapted subjects per
formed this "straight ahead" test suc
cessfully. Field-adapted subjects erred 
significantly, however, placing the tar
get off to one side by an amount equiv
alent to a displacement ratio of .087. 

This combination of results suggests 
that eye-movement adaptation is the 
process underlying normal adaptation 
as produced in our experimental ap
paratus. The tracking of a single point 
during head movement results in ad
aptation to abnormal dispiacements 
of the entire visual environment. Field 
adaptation appears to be an entire
ly distinct phenomenon. It probably 
takes place at a higher level of percep
tual processing, at which eye position 
and eye movements have been taken 
into account and displacements of the 
visual field as a whole are represented. 

Although field adaptation played no 
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part in the normal adaptation we in
duced, it does not follow that under 
ordinary conditions eye movements 
alone signal the extent of environmen
tal displacement during head rotation. 
The everyday world differs from the 
experimental situations my co-work
ers and I devised. In particular, an 
observer does not always confine his 
gaze to a single point in the surround
ings while turning his head. 

Under ordinary circumstances the 
tracking of single points is often inter
rupted by rapid movements known as 
saccades, in which the eyes shift from 
one fixation point to another. A sac
cade brings to the center of the visual 
field a point in the environment that 
the eyes had not previously tracked. 
To find out how the displacement of 
the surroundings is registered under 
these more complex conditions we 
devised an adaptation condition in 
which a subject was forced to inter
sperse tracking eye movements with 
saccades. We used the variable-ratio 
transmission with a mirror and a pro
jector displaying a slide showing col
umns of letters, each column consist
ing of rows of three letters. The image 
fell on a screen filling the subject's 
field of view. The array of letters shift
ed by a displacement ratio of .4 as the 
subject moved his head. 

Each subject underwent a la-minute 
adaptation period during which he 
turned his head continuously from 
side to side. During each turn to the 
right he read, from left to right, the 
letters in specified rows of adjacent 

8 
9 

Y 

H 

<E--

� 

� 
\ \ 

\ \ 
\ 

\ 
" 

130 
OVlM 

XVW 
813 

\ 

� 

/ � ( . 
, 

, I I 
, 

�/ .. 
/ 

08A IH8 

J�L ROg 

UT2 WVV 
008 LIH 

130 

OV1M 
UT2 

813 

columns. Thus the subject had to per
form saccades, needed to shift his gaze 
from column to column, as well as 
tracking movements, needed to fix his 
eyes on individual rows of letters. The 
subject was then given the straight
ahead test, which revealed a substan
tial measure of field adaptation. 

Under these more elaborate (and 
more lifelike) experimental con

ditions environmental displacements 
were registered not only at the level of 
eye movements but also at a higher 
perceptual level. It appears likely that 
in ordinary circumstances the process 
of compensation (which may in fact 
consist of two processes operating 
simultaneously) employs both kinds 
of input, comparing them with pro
prioceptive data to yield a perception 
of stable surroundings. The distinct 
mechanisms that are altered in field 
and eye-movement adaptation are 
both at work in everyday perception. 

Through processes of compensaton 
such as the one my co-workers and I 
have studied, our perceptual system 
conveys a world that remains reassur
ingly stable in spite of our own move
ment. In everyday life we are not 
aware of their operation; they simply 
give us the world as it is. An analy
sis of what is entailed in the percep
tion of a stable environment, however, 
makes it apparent that such mecha
nisms exist. Only through adaptation 
experiments in which we altered the 
conditions to which one such process is 
attuned could we lay bare its workings. 
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TRACKING AND SACCADIC EYE MOVEMENTS were both 
evoked in an experiment intended to determine the effect of the 
combined movements on adaptation to an environment that is dis
placed by an abnormal amount during a rotation of the head. Using 
the projector and mirror setup shown on page 120 the investigators 
displayed a grid of letters on a cylindrical screen surrounding the 
subject. The variable-ratio transmission linking the subject's head 
to the mirror caused the array to be displaced in synchrony with 
head movement but by a smaller angular extent. As the subject 
turned his head he had to read the columns of letters one after an-

other. The subject thus employed both tracking eye movements, 
needed to fixate on a single column as his head turned slowly past 
it (right alld middle), and quick jumps, or saccades, needed to shift 
his gaze from one column to the next (left). Under these complex 
conditions of eye movement the abnormal displacement of the visu
al environment is registered in two forms. One is length of tracking 
eye movements, which in the experiment were shorter than nor
mal because of the motion of the display. The other, the investiga
tors discovered, is a representation at a higher perceptual level, em
bodying the subject's visual field as a whole in relation to the head. 
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Automation has revolutionized 
engineering. And given rise to an 

amazing number of computer hard
ware and software products in the pro
cess. There are computer systems 
of every size and description. There 
are software programs designed to 
automate vinually every aspect of 
engineering. 

Can every product be evaluated? 
Probably not. 

Overcrowding in the market
place can cause real problems 
for an engineering manager or 
executive responsible for 
structuring a long term auto
mation strategy. It is with these 
courageous individuals, in par
ticular, that we would like to 
share our very practical approach 
to automating engineering and 
increasing profitability. 

USE THE VERY 
BEST SOF1WARE ... 
Granted that the subject of application 
software can seem overwhelming. 
There is, after all, so much of it around. 
But industry experts agree: There is 
nothing quite like PDA Engineering's 
PATRAN� 

Put simply, PATRAN is an extraordi
narily powerful tool that can help your 
company solve its most complex engi
neering problems today, while prepar
ing it for the solution of even more 
complex problems it will encounter 
tomorrow. 

Here is a CAE application so ele
gantly designed, so mathematically 
complete, it models incredibly com
plex solids as easily as it produces high 
quality exploded and cutaway views. 
PATRAN is a registen.:u trauemark of POA Enginet'ring. 
VA ... , is a trademark ()f Digil:d Equiplllt'nt C()rporalion. 
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As a modeler, PATRAN's capabilities 
are unmatched: wire frame,surface, 
solid, even environmental modeling
all with equal facility. 

Its applications seem endless: fluid 
mechanics, thermodynamics, acous
tics, electrical and magnetic analyses, 
radar cross sections, geophysical mod
eling, camouflage patterns, space plan
ning, medical research, ergonomics 
(the list goes on and on) - all made 
possible by PATRAN's inherent com
pleteness.And with an ever-expanding 
set of analysis modules and full color 
interactive postprocessing, which 
brings results evaluation to life, 
PATRAN provides an extraordinarily 
powerful and continuingly relevant 
tool that solves tomorrow's problems 
as well as today's, at a price few can 
afford to pass up. 

WITH THE VERY 
BEST HARDWARE ... 
PATRAN is available on most of the 
World's finest. Take,for example, 
Digital Equipment Corporation's VAX'· 

family of compatible 32-bit com
puter systems. 

Digital has been develop
ing, manufacturing and 
supponing computer sys
tems for over a quaner of a 

century now. Digital's VAX 
computer systems range 

in size from very large to very 
small. Each is available with 
networking, communications 

and office solutions - vinually 
all of the computing capa
bilities your company needs. 

SIT BACK AND 
NjOY THE SHOW! 

W hen you've got PDA Engineering's 
PATRAN working for you in an interac
tive computing environment, you've 
got the means to increase the profit
ability of your company's operations
easily, economically, yes, even 
dramatically. 

Now that you've got the inside story, 
we'd be happy to tell you more.]ust 
call PDAEngineering's Software Prod
ucts Division at 714-556-2800. 

PATRAN ............... . 
THE PICTURE OF 
PROFITABILITI 
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The Restoration 
of Medieval Stained Glass 

The victim of its own composition and of modern air pollution, 
Europe's most radiant art is now threatened with destruction. 
The efforts at preservation depend on knowledge of the glass 

Tight has long served religion as a 

L symbol. It has signified creation 
("Let there be light" was the first 

command of the Creator) as well as 
salvation (John the Evangelist saw the 
Heavenly Jerusalem illuminated as if 
made "of jasper" and its walls "like 
clear glass"). The earthly reflections of 
such visions, achieved throughout the 
Middle Ages by means of light, were 
the period's most brilliant works of art: 
the stained-glass windows of Roman
esque and Gothic chapels, churches, 
minsters and cathedrals. For almost a 
millennium, in the case of the earliest 
stained-glass windows, the glass es
caped major damage. Even the catas
trophe of World War II inflicted harm 
that was within bearable limits. In fact, 
stained glass all over Europe was re
moved to safety. Today, however, its 
total destruction is threatened, not by 
war but by air pollution. If stained
glass windows are kept in situ in their 
present state of preservation, their to
tal ruin can be predicted within our 
generation. 

A few examples will illustrate the 
threat. The stained-glass windows of 
Cologne Cathedral, in the immedi
ate vicinity of the city's main railway 
station, have been unusually vulnera
ble. They were endangered by exterior 
weathering and air pollution as early 
as the mid-19th century. Seen from 
outside the building, the windows now 
look like sheets of chalky plaster. Con
tinuous etching by air pollutants has 
corroded the exterior surface of the 
glass, reducing its thickness year by 
year and giving the decomposed sur
face a so-called weathering- crust. The 
process of destruction starts anew 
as each rain washes the crust away. 
Meanwhile the colored glass itself 
breaks into tiny particles. The particles 
fall out of each panel; thus the win
dow disintegrates. 
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by Gottfried Frenzel 

In England stained-glass windows 
are exposed to heavy smog. Canter
bury Cathedral displays the results. 
The cathedral includes the Trinity 
Chapel and its ambulatory, or proces
sional aisle, which incorporates the 
large chapel called the Corona, con
structed between 1174 and 1220. In 
both chapels some of the stained glass 
has been attacked. Pits have formed, 
which have now perforated the panels, 
leaving them quite porous, so that acid 
rain can reach the inner surface of the 
glass and eat into the paintwork there. 

France is the classic repository of 
stained glass. A single cathedral, the 
one in Chartres, is decorated with 
more than 2,000 square meters of 
stained glass from the 12th and 13th 
centuries, the period when the art 
reached its peak in France. As recently 
as 20 years ago one could marvel at the 
glass, and in particular at the richness 
achieved in the predominantly blue 
panes of the Romanesque and early 
Gothic periods: the "blue miracle" of 
Chartres. Today the contrast is shock
ing. The blue has not lost all its intensi
ty; indeed, the chemical composition 
of the blue glass has made it relatively 
resistant to weathering. (In German
speaking countries the green glass has 
proved least susceptible to weather
ing.) The panes of other colors, how
ever, have corroded and turned a man
gy brown, rendering the stained-glass 
images barely recognizable. 

M
edieval stained-glass windows are 
constructions of extreme fragili

ty. Each consists of numerous pieces 
of colored glass of varying chemical 
composition held together in a firm but 
elastic network of cames, or thin lead 
strips with grooves to hold the glass. 
The cames follow the lines of the com
position, prod ucing a unified, mosaic
like image. In most cases the glass was 

colored with metal oxides, which were 
put into the molten mass at the time 
the glass was manufactured. The ex
ception was flashed glass, in which a 
thin film of color (usually red) was 
fused onto a clear base glass. Detailed 
effects could then be achieved by 
grinding away parts of the colored 
film. In the early 14th century silver 
stain was introduced. It consisted of 
silver nitrate bound in clay or ocher. 
The stain was painted onto the outer 
surface of the glass; then the glass was 
fired, that is, given its final heating. The 
result was a color ranging from light 
lemon yellow to deep orange. Final
ly, in the middle of the 15th century, 
sanguine was introduced. Sanguine is 
a pigment containing iron sulfite. Ap
plied to the outer surface of the glass, 
it takes on a rose to red-brown tint 
on firing. 

The decoration of the colored glass 
was achieved primarily by means of 
paintwork known as grisaille, applied 
to the surface of the glass. As a rule the 
painting was executed in black or a 
dark neutral tone. The paint itself was 
a mixture of copper oxide or iron ox
ide (which lent the mixture a black, 
brown or gray-green color), pulverized 
glass (which allowed the paint to fuse 
with the surface of the glass when the 
pane was fired) and a binding agent 
such as a mixture of wine and gum 
arabic, from the acacia tree. The paint 
was applied as opaque lines or as trans
lucent mattes or washes. Dark shading 
could be reinforced by painting the 
outer as well as the inner surface of the 
glass. The washes could then be light
ened with delicate dabs of a brush or 
etched with a needle or a quill. Any
one admiring medieval stained glass 
at close range for the first time cannot 
help but be struck by the precision of 
detail and the subtlety of the means 
employed in works of art intended to 
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DAMAGE TO STAINED GLASS from the Middle Ages takes dif
ferent forms depending on the composition of the glass and the con
ditions to which it has been exposed. The panel on the left, depict
ing Adam, is from the great west window of Canterbury Cathedral, 
for which it was made in about A.D. 1180. Smog and the permanent 
high humidity have pitted the glass, which in places is perforated 
like a sieve. The damage is plain on the flesh-tone glass represent-

ing Adam's head and body. The panel on the right, depicting three 
warriors, is from the Church of St. Patrokli in Soest, Germany; it 
was made before 1166. Over the centuries the surface of the glass 
has been oxidized. The places with painted Iinework and halftone 
were protected for a while. When the paint fell away, however, a 
negative image remained. The damage is particularly evident on 
the faces. The green colored panes have resisted damage the best. 
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LUCKY AND UNLUCKY PANEL were both made by Michael Wohlgemuth, the teach
er of Albrecht Durer. The stained glass at the top, which depicts Lorenz Tuchet, the donor, 
is from the Church of St. Michael in Furth; it was made in 1485. Exposure to weather did it 
no harm. In 1815 it was sold and became part of a private collection. Finally, in 1968, the 
German National Museum in Nuremberg acquired it. The glass is completely free of cor
rosion; the painted Iinework is wholly intact. The stained glass at the bottom, which depicts 
the emperor HeracIius entering Jerusalem, is from the Church of St. Lorenz in Nuremberg; 
it was made in 1476-77. In the 19th century it was subjected to efforts at restoration that 
only damaged it further. Many parts of the panel are 19th-century copies of the original 
pieces of glass. Moreover, the face of the emperor and the face adjoining it have fractured 
into hundreds of splinters; they are intact because the heads were laminated at the back. 
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be viewed from a great distance. The 
final step in the preparation of the 
pieces of glass was their firing at some 
600 degrees Celsius, the temperature 
at which the surface of the glass would 
soften and the paint on it would fuse. 

From the moment they were in place 
the panels were in danger. The imme
diate threats included not only the ef
fects of hail, windstorms and extreme 
fluctuations of air temperature but 
also wanton destruction, such as the 
hurling of stones by vandals. In the 
Middle Ages religious institutions rou
tinely contracted with glaziers for the 
maintenance of their glass. The care
taking consisted in cleaning (washing 
with water, carbonate of soda and a 
sponge), the repair of carnes and the 
replacement of shattered panels. 

Apart from these external threats the 
II. glass itself was susceptible to a 
process of decomposition. Medieval 
glass was made from local raw materi
als, usually a mixture of one part sand 
and two parts ash from beechwood or 
fern. The mixture had the advantage of 
being easy to melt. The glass, however, 
had the disadvantage of being soft, a 
property that made it susceptible to 
weathering. The process of decompo
sition set in as soon as the glass was 
installed in the form of window panels. 
Water arriving at the surface of the 
panel as rain or dew would hydrate the 
glassy material. In particular, hydro
gen ions from the water would take the 
place of alkali ions in the glass: chiefly 
potassium and calcium ions. Hydroxyl 
(OH) ions from the water would then 
attack the silica (Si02) in the glass, 
turning it from a polymer into a silica 
gel: an amorphous material consisting 
of short silica fragments. Eventually, 
with the alkalis leached out, only silica 
would remain. The silica layer can be 
particularly damaging to the appear
ance of stained glass. The layer can 
become iridescent, making the panels 
increasingly opaque. 

Since the early 19th century the ex
ternal threats and the internal ones 
have been augmented by the hazards 
associated with industrialization. The 
chief of these is sulfur dioxide, which is 
given off into the atmosphere not only 
by manufacturing processes but also 
by the burning of coal and oil. Sul
fur dioxide combines with humidity to 
create sulfuric acid, which increases 
the availability of hydrogen ions. In 
addition it makes sulfate groups avail
able to react with alkalis such as calci
um. The resulting light, chalky layers 
of sulfates form a weathering crust 
that can be several millimeters thick. 
The crust is highly hygroscopic: it ab
sorbs water like a sponge, thus accel
erating the destruction of the glass. 
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DETAILS OF THE DETERIORATION of medieval stained glass 
appear in three photographs of parts of a representation of Mary, 
made about 1385, from the Church of St. Martha in Nuremberg. 
The photographs show, at roughly the actual size, the blue glass of 

Mary's mantle (le/t), the face of Mary (middle) aud an ornamen
tal pattern painted on red glass (right). In each, corrosion has lacer
ated the glass, giving it the appearance of a crackled glaze. The cor
rosion flakes off layers of glass, reducing the thickness of the panes. 

Chemical analyses prove that the de
struction attributable to sulfur dioxide 
goes back no more than 10 or 20 years. 
The rapidity of the destruction can 
be documented by comparing panels 
from the same window when some are 
still in place and others have been 
transferred to a museum. 

T
he durability of a particular piece 
of medieval glass depends on a 

combination of circumstances: the 
chemical composition of the glass, the 
metal oxide coloring agent employed, 
the temperature at which the glass was 
made and the length of time it was 
molten during the manufacture. The 
temperature is crucial. Studies have 
now established that the melting point 
of medieval glass ranges from 300 to 
900 degrees C. Glass from the Ro
manesque period (roughly from 500 
to 1150) has a fairly high melting 
point; in glass from the Gothic period 
(roughly from 1150 to 1550) the melt
ing point is lower. (Glass made still 
later, in the Renaissance, has the high
est melting point.) In general, glass 
with a high melting point is the most 
resistant to weathering. The tempera
ture required to manufacture it tends 
to ensure that its composition is ho
mogeneous and gives it a well-formed, 
fire-polished surface, which in turn 
denies footholds to corrosion. 

This is not to say that a high melting 
point is an unmitigated advantage. The 
glass particles in the paint employed 
for line work and halftones on the sur
face of stained-glass panes melt at 
about 600 degrees C. If the melting 
point of the pane is substantially great
er, the fusion between the two is poor. 
The result in the course of time is par
ticularly obvious in Renaissance glass. 
The glass itself is barely corroded, 
whereas the paint on it is quite poor
ly preserved. Undoubtedly medieval 

glass painters were aware of the im
perfect fusion between their paint 
and high-melting-point glass. Some
times, however, they seem to have 
wished the problem away. In Diver
sarium artium schedula, a manuscript 
written between 1110 and 1140, the 
German monk Theophilus instructed 
glassmakers removing glass from the 
firing kiln to "see if you can scrape 
off the pigment with your fingernail; 
if not, it is sufficient, but if you can, 
put it back again." 

Certain aspects of the medieval fir
ing process are of some importance 
for conservators attempting to save 
the glass today. Pieces of glass ready 
for firing were often stacked in layers 
in the kiln; thus the paint evaporating 
slightly from the surface of a piece in 
the course of high-temperature firing 
produced a faint metallic imprint on 
the piece stacked above or below. The 
imprint was invisible at the time. Nev
ertheless, it reduced the susceptibility 
to corrosion. The Coronation of the 
Virgin, depicted in the Martyrs Win
dow at Freiburg Cathedral, furnishes 
an instance. Christ, who is seated next 
to Mary, wears a crown, which ap
pears faintly, in an imprinted mirror 
image, on the back of the Virgin's 
head. The imprinted area is intact, un
corroded glass; the rest is covered by 
a powdery weathering crust. 

Although the danger confronting 
stained glass today is acute, the prob
lem of its deterioration has a long 
history. At the time of the Reforma
tion, which rejected sacred ornamenta
tion, the art of stained glass came to a 
standstill. Some stained-glass panels 
simply fell into ruin. (As early as 1639 
one observer, Adam Gering, was com
plaining about Freiburg Cathedral: 
"How terribly the precious windows 
are already damaged!") Some panels 
lost so much of their translucency that 

sections of clear glass were fitted into 
their midst in order to lighten the inte
rior of the building. The Baroque and 
the Enlightenment, with their lack of 
interest in medieval relics, only height
ened the neglect. ("Because these 
painted windows turn everything very 
dark, heavy and dull, they are disposed 
of everywhere," a priest of Freiburg 
Cathedral noted in 1787.) 

In the early 19th century interest in 
stained glass revived. Unfortunately a 
misguided ambition to surpass the old 
masters triggered a second wave of 
destruction. Throughout Europe new 
generations of glass painters occupied 
themselves with what they considered 
"restoration." Damaged panes were 
replaced by new ones. Damaged gri
saille was repainted and refired. In 
many cases the original panels disap
peared, doubtless hoarded by collect
ors. At the end of the century practices 
changed. Enthusiasm waned and mon
ey became scarce. Hence damaged 
originals were no longer replaced by 
copies. Instead original panels were 
cut up and the pieces were inserted in 
damaged panels as stopgaps. 

The early 20th century brought a 
number of experimental treatments of 
stained-glass panels. In the first decade 
of the century, for example, two panels 
from the Church of St. Sebald us in Nu
remberg were thinly coated with a low
melting-point overglazing (in particu
lar an enamel) and refired, in order to 
reattach the grisaille. The damage in
flicted by this process was severe. 
Nevertheless, the treatment was ap
plied to more than 200 stained-glass 
windows until 1939. 

H
ow, then, can medieval stained 
glass be restored and preserved? 

The example of the Church of St. Lo
renz in Nuremberg demonstrates that 
in each individual case restoration pos-
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es particular problems. There the cor
rosion caused by air pollution was 
already under way in late medieval 
times: adjacent to the church the bur
ghers of Nuremberg treated hops with 
sulfur. The damage to the glass was 
apparently not minor. At the end of the 
15th century the Council of Nurem
berg appointed the famous workshop 
of Veit Hirsvogel the Elder as the offi
cial glazier of the city. Four centuries 
later the windows of the church were 
subjected to "restoration." Between 
1829 and 1840 the glass painter J 0-

hann Jakob Kellner and his four sons 
removed damaged panes from five 
choir windows and replaced them with 
copies or with entirely new creations. 
The original glass was reduced by 40 
percent. The whereabouts of the origi
nals are largely unknown today. Some 
pieces emerged on the art market and 
others in the German National Muse
um in Nuremberg. Examination of the 
few available specimens shows that 
they were not damaged sufficiently to 
have warranted their removal. 

Twentieth-century pollution intensi
fied the deterioration of the St. Lo
renz stained glass. Joseph Schmitz, a 
Nuremberg architect and the son of a 
glass painter, began to examine meth
ods of conservation. In 1917, after 
many years of experimentation, test 
panels were chosen from the Church 
of St. Sebald us in Nuremberg. The 
panels were disassembled; then the 
pieces were coated with a vitreous 
dust, which, on refiring, prod uced an 
overglazing. Two decades later the 
Bavarian State Bureau for Conser
vation decided to employ the method 
on a larger scale at the Church of St. 
Lorenz. The outer surface of many 
types of glass in the St. Lorenz panels 
was heavily corroded; a thick weath
ering crust made the panels virtual
ly opaque. The grisaille rested loosely 
on the inner surface of the glass and 
fell off in flakes. 

The conservators removed the crust 
by abrasion and applied a low-melt
ing-point overglazing enamel. The in
ner surface also was cleaned and over
glazed, after the loosened grisaille had 
been carefully pressed down with blot
ting paper. Efforts began with the Kon
hofer Window, a work dating to 1477 
and created in the workshop of Mi
chael Wohlgemuth, the teacher of Al
brecht DUrer. It soon became apparent 
that the low temperature chosen for 
the refiring failed to produce a satis
factory refusion of paint to glass. The 
temperature was increased, where
upon the grisaille fused. In addition, 
however, a greenish discoloration de
veloped and the paint blurred. At the 
same time the pieces of glass having 
a high content of iron and manga-

nese, among them the flesh-tone piec
es, turned dark brown. The treatment 
continued nonetheless, until finally 
stopped by World War II. 

T
he renewal of conservation efforts 
in 1968 in my studio at the Institute 

for Stained Glass Research and Resto
ration in Nuremberg revealed the true 
extent of the damage. The refiring and 
subsequent cooling of the St. Lorenz 
glass had subjected it to thermal strain, 
so that it was cracked and in places 
broken. For its part the overglaze had 
bubbled, and it was corroding faster 
than the original glass. The overglaze 
could be removed with a fiberglass 
brush, but the exposed paint was un
protected once again. 

During the 1950's the church itself 
was reconstructed. In the course of the 
effort Richard Jakobi, the former di
rector of the Doerner Institute, under
took to safeguard the church's stained 
glass. In particular he attempted to 
sandwich each piece of glass between 
layers of glass, with a plastic foil sepa-

rating the original glass from its inner 
and outer covers. The process had first 
been tried, with disappointing results, 
on a panel from Naumburg Cathedral 
in 1939. Again the individual panes 
were removed from their network of 
cames. Splintered pieces in each pane 
were glued along their edges and reas
sembled. (Most of the panes were in 
splinters, each a few millimeters long.) 
Then a clay-and-plaster mold was 
made of each side of the pane. Two 
cover glasses about .8 millimeter thick 
were cut to the size of the pane, then 
placed in the molds and settled at a 
temperature of between 700 and 800 
degrees, so that they now had the con
tours of the surfaces of the original. 
Finally the original was sandwiched 
between its new cover glasses. The 
glass layers were glued together, at 
a temperature of about 200 degrees, 
with plexigum foil, a soft acrylic. 

The treatment secured the stained 
glass against air pollution, humidity 
and even storms and hail. Yet the ap
proach has four serious disadvantages, 

MICROGRAPHS of stained glass show further details of deterioration. Pitting (upper left) 
pocks the surface of glass from Augsburg Cathedral. The enlargement is 25 diameters. 
The bottom of a pit (upper right) shows the advance of the decompositio{l under the influ
ence of humidity. The enlargement is 1,000 diameters. The decomposition of the surface 
of a pane from the monastery at Lorsch in Germany (bottom left) has exposed a scarred un
derstratum of glass. The enlargement is 10 diameters. Deep. fissures (bottom right) have 
formed in glass from the church at Lautenbach in France. The smoothness at the upper 
right is the original surface, preserved in that location. The enlargement is 600 diameters. 

131 
© 1985 SCIENTIFIC AMERICAN, INC



which have made it obsolete. First, the 
application of a cover glass and a plas
tic foil to the inner surface of stained 
glass produces a wet-glass effect: a 
tendency to reflect light, which lessens 
the visibility of areas painted in sub
tle halftones. Second, the making of 
a mold without first reattaching the 
painted linework is unfortunate: a sub
stantial part of the loose paint inevita
bly is lost. The subsequent lamination 
of the panel also takes a toll on the 
paint. Third, the heating of the sand
wich to a temperature of 200 degrees 
may ultimately damage the glass. It 
is possible, for example, that internal 
stress induced by the heating will lead 
to disintegration. Finally, the use of 
untested new plastic products in resto
ration projects is potentially danger
ous. In the Church of St. Lorenz dam
age in fact has occurred. Under the 
influence of the sun's ultraviolet ra
diation the plastic employed to join 
broken edges has turned dark brown. 

I
n 1982 my colleagues and I undid the 
lamination. Our primary task, dur

ing a quarter century of restoration of 
the stained glass at the Church of St. 
Lorenz under my direction, has been 
to use carefully aimed prophylactic 
measures to create conditions approx
imating those of a museum. 

The first stage in our work is the 

cleaning of the glass. The purpose of 
the cleaning is not the improvement of 
the translucency of the glass. It is the 
removal of a dangerous source of cor
rosion: the weathering crust, which at
tracts moisture. In addition the clean
ing exposes what is left of the original 
paintwork, so that its state of preserva
tion can be accurately judged. Loose 
parts of the painted trace lines and 
halftones are reattached to the glass; 
otherwise they would be lost. The reat
tachment is done with a non yellowing 
acrylic, a substance that can always 
be redissolved by future conservators. 
The next stage is restoration. Here no 
procedure is guaranteed, reliable and 
universal; each specimen of stained 
glass requires individual treatment. 

Still, the glass can be protected by 
two measures. The first is double glaz
ing. A protective pane of glass, not 
attached to the stained-glass panel, is 
installed. Second, the temperature and 
humidity between the stained glass and 
the protective panel can be controlled, 
as they would be in a museum. The 
idea is to superpose an air cushion 
between the atmosphere and the exte
rior of the glass. After all, the chief 
factor that triggers the' corrosion of 
stained glass is humidity. Without hu
midity even the highest concentration 
of sulfur dioxide would do no harm. 

The oldest double glazing known 

o OXYGEN 
• SILICON 

o CALCIUM 
• POTASSIUM 
o HYDROGEN 

CHEMICAL PROCESS OF DECOMPOSITION intrinsic to me
dieval glass is notably damaging to the soft, low-melting-point glass 
made at certain times in the Middle Ages. Water (in the form of 
rain or dew) attacks the glass in two ways (top drawing): it frees 
alkali ions (chiefly potassium and calcium), and it depolymerizes 
the silica (Si02) network. Eventually only silica remains at the sur
face of the glass (bottom drawing). The silica layer scatters light. 
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was installed in England's York Min
ster in 1861. The intent was simply 
to improve the building's insulation 
against the cold. The serendipitous 
protection of stained-glass windows 
against exposure to the weather was 
noted with gratitude later. The pro
tection, however, was unaesthetic. 
It came in the form of large, green
ish sheets of machine-rolled, textured 
glass; placed between the stained glass 
and the sky, the new glass not only in
terfered with the look of the build
ing from outside but also diminished 
the luminosity of the stained glass 
viewed from within. Moreover, the 
sheets were firmly mortared into posi
tion, and the tension resulting from 
their expansion had broken all but 
one of them after some 45 years. 

A
second experiment with double 
glazing came in 1897. Its subject 

was the Romanesque stained-glass cy
cle in the small church of Lindenau, 
now in the German Democratic Re
public. Two panels of the cycle have 
been in the collection of the Ger

.man National Museum for almost 80 
years. Their state of preservation re
sembles that of the glass still in place 
in the church. The safeguarding af
forded by double glazing evidently 
corresponds to museum conditions. 

Although double glazing protects the 
exterior of the window, there remains 
a critical threat to the inner surface 
of the glass, a threat that arises from 
the heating of medieval churches. As 
a rule the churches were not designed 
to be heated: they have no insulation 
in their floor, walls, ceilings and win
dows. The beneficial result is that the 
relative humidity inside the building 
has fluctuated little over the centuries. 
The thick walls have served as a buf
fer, absorbing moisture or releasing 
it. Heating, on the other hand, pro
duces a temperature difference be
tween the interior and the exterior of 
the church, particularly when the heat 
is turned up quickly in preparation for 
a service. The humidity in the air then 
condenses on poorly insulated sur
faces, notably the inside of the win
dows. The humidity traps air pollu
tants, and so the destruction begins. 
Grisaille and the glass itself begin 
to decompose. The painted surface, 
which for a time had protected the 
underlying glass, remains discernible 
in the form of a negative image. 

The type of deterioration that pro
duces a negative image is often accom
panied by an entirely different process 
of corrosion, one whose mechanism 
has recently been clarified by investi
gations we have carried out in collab-

. oration with the German Museum 
in Munich. The process affects chiefly 
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25 years ago, the laser was .nothing 
more than an exotic flashlight. 

On May 15, 1960, the most intensely 
pure beam of light the world had ever 
seen flashed out of a solid ruby crystal. 

The laser had been born at Hughes 
Research Laboratories in Malibu, 
California. 

The Hughes scientists who built that first 
working laser-and the management 
behind them-could not have guessed 
its eventual uses. But now look at what 
the offspring of their "laboratory 
curiosity" are doing: 

Repairing detached retinas 
Reading product codes on groceries 
Recording and playing video discs 
Cutting fabric for clothes 
Drilling holes in metal 
Inspecting bottles 
Transmitting telephone calls 
Surveying roads 
Sounding the atmosphere 
Dazzling concertgoers 
Annealing microcircuits 
Welding metal 
Characterizing surface roughness 
Measuring air pollution 
Fingerprinting diamonds 
Defining the meter 
Slowing atom beams 
Cutting cigarettes 
Printing computer data 
Measuring the earth-moon distance 
Cutting airplane parts 

. Transmitting news wirephotos 
Aligning precision machinery 
Making three-dimensional pictures 
Controlling tunnel machinery 
Configuring massive telescopes 
Designating military targets 
Diagnosing flames 
Leveling land 
Controlling inventory 
Analyzing compounds 
Finding impurities 

Theftrsl working .u,.,-u """,. ruby red rod-"1ffiJ1000'Ul 

Aligning sawmill cuts 
Monitoring polar icecaps 
Measuring airplane velocity 
Cleaning teeth 
Looking for gravitational radiation 
Installing acoustical ceilings 
Identifying molecules 
Aiding robotic vision 
Inspecting tires 
Positioning medical patients 
Probing genetic material 
Inspecting textiles 
Removing birthmarks 
Illuminating fluid flow 
Communicating underwater 
Enlarging color photographs 
Teaching optics 
Identifying viruses 
Sensing rotation 
Peforming microsurgery 
Erasing ink 
Powering optical computers 
Trimming resistors 
Altering interconnects 
Analyzing materials 
Cleaning diamonds 
Analyzing auto exhaust 
Orienting 'crystals 
Aligning jigs 
Ranging targets 
Watching continents drift 

Sizing dust particles 
. Cleaning art relics 
Tracing air currents 
Measuring molecular density 
Imploding microfusion pellets 
Sensing cloud altitude 
Monitoring earthquakes 
Gauging fine wines 
Testing optical components 
Analyzing thin film composition 
Drilling holes in.diamond dies 
Testing relativity 
Separating isotopes 
Sensing liquid level 
Sensing magnetic fields 
Programming read-only memories 
Counting blood cells 
Guiding missiles 
Gauging film thickness 
Monitoring crystal growth 
Aligning large optics 
Shaping jewel bearings 
Measuring the speed of light 
Securing perimeters 
Positioning x-y stages 
Computing in parallel 
Pumping hard-to-pump lasers 
Astonishing moviegoers 
Creating highly excited atoms 
Amplifying images 
Cauterizing blood vessels 
Diagnosing fusion plasmas 
Enhancing chemical reactions 
Engraving identification marks 
Hardening surfaces 
Perforating computer paper 
Producing advertisements 

Imagine what the next 25 years will 
bring. 

HUGHES 
A ><Cf.lA� T CO\'P;"-, 
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glass that has a large content of iron 
and manganese (glass, as it happens, 
from the Romanesque and the early 
Gothic period). First the uppermost, 
fire-polished layer of the glass is fur
rowed by crizzling: a great number of 
microscopic fissures, which allow oxy
gen, moisture and acids to penetrate. 
The result (in contrast to the more 
typical corrosion, which prod uces a 
weathering crust) is the stripping of 
electrons from chemical elements such 
as iron and manganese. The resulting 
chemical products tend not to dissolve. 
Also, they are dark brown. They actu
ally cause stained glass to turn black 
and opaque. To a degree the process 
can be reversed (in places where there 
is no grisaille on the glass) by the use of 
reducing agents to undo the oxidation. 

The ideal solution, impractical in 
most churches, would be automatic, 
year-round climate control combined 
with air purification. A less extreme 
solution is the provision of a micro
climate around the church's stained 
glass, independent of the conditions 
elsewhere in the building. Double 

glazing helps. The protective glass, 
firmly sealed in the position of the 
original stained-glass window, absorbs 
fluctuations in external temperature 
and provides a cooling surface. (At 
low exterior temperatures it collects 
moisture on the inner side; at low inte
rior temperatures the moisture collects 
on the outer side.) The stained glass, 
hung in the church next to the protec
tive glass, is exposed to the air in the 
building. It remains dry on both sides. 

T
he body of knowledge accumulat
ed so far will be an aid to future 

efforts. We ourselves, in collaboration 
with the German Museum, have pub
lished a damage atlas for the Federal 
Republic of Germany, encompassing 
stained glass from before about 1520. 
As part of the project we have chosen 
30 locations, and in each one we have 
recorded, over half a year, the local 
temperature, humidity and air pollu
tion impinging on the medieval stained 
glass. The intent is to help save a her
itage whose loss could otherwise be 
predicted within our generation. 

ST. AMBROSE was depicted by Wohlgemuth in 1477 for the Church of St. Lorenz in Nur
emberg. Since then the history of the glass has been particularly unfortunate. In 1836 the 
glass painter and restorer Johann Jakob Kellner replaced the banderole, or decorative scroll, 
that bears the name of the saint. A century later it became apparent that all the paint
ed Iinework on the glass had flaked off; it had been undermined by corrosion. An effort to 
reattach the paint by refiring the glass served only to melt and blur the hatch lines. In addi
tion white glass took on a yellow-brown hue and glass used for the robe of the saint, which 
had been blue, turned black. The fine painted detail is now visible only as a negative image. 
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Physician� did you Dliss any of these 
significant developDlents in Dledical science? 

• In March 1985, the FDA licensed a test 
to screen blood products for anti
bodies to HTL V-III, the AIDS agent; 
this test should help protect blood 
product recipients from transfusion
related AIDS. 

• Oral acyclovir was approved in early 
1985 for treatment of initial episodes 
of genital herpes and for suppression 
and treatment of recurrent herpes 
infections. 

• Several cases of adverse reactions to 
Fansidar (pyrimethamine -sulfadox
ine), some of which were fatal, have 
been reported among travelers from 
the United States who took this agent 
for prophylaxis against chloroquine
resistant strains of Plasmodium falci
parum; it should not be given to 
persons with a history of adverse re
actions to sulfonamides. 

• Labetalol, the first approved drug in a 
new category of agents that combine 
alpha and nonselective beta blockade, 
is useful in managing all forms of hy
pertension, including hypertensive 
emergencies. 

I
F THESE ITEMS are familiar you must 
be a prodigiously energetic or pro
digiously lucky reader. With 2,000 

or more journals published each year, 
information that significantly affects pa
tient management all too easily slips by. 
Textbooks are out-of-date before they 
are published . 

Branches of the right and left coronary 
arteries supply blood to the A-V node and 
intraventricular conduction system. 

SCIENTIFIC A MERICAN Medicine i s  lucidly il
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facing page. 

S C I E N T I F I C  AMERICAN Medicine is the 
busy c1!nician's answer to this problem .  

Because its authors update SCIENTIFIC 

AMERICAN Medicine every month, it is al
ways current. Because the new informa
tion appears in a single source , it  is there 
when you need it.  

This 2 ,500-page ,  innovative union of 
publishing and electronic technology is 
the work o f  lead i n g  scholar- practi
tioners from H arvard and Stanford. 
The editors are Edward Rubenstein, 
M . D . ,  E A . C . P. ,  and Daniel Federman , 
M . D . ,  E A . C . P. 

Each month as authors update their 
contributions, revisions are entered on 
the magnetic tape on which the text and 
index are stored . The tape drives high
speed phototypesetting equipment so 
that subscribers receive about eight new 
chapters and a new index every four 
weeks;  a bulletin highlights new devel
opments. 

New material replaces old material in 
the living text, so that the information is 
there - up-to-date, at your fingertips. 

A CME program of eight patient man
agement problems offered over a 1 2 -
month period i s  available a t  no extra 
cost. As an organization accredited for 
continuing medical education,  the Stan
fo rd U n iversity School of Medicine 
designates this  continuing medical edu
cation activity as meeting the criteria for 
32 credit hours in Category 1 for Educa
tional Materials for the Physician's Rec
o g n i t i o n  A w a r d  of t h e  A m e r i c a n  
Med ical Association,  provided i t  has 
been completed according to instruc
tions.  This program has been reviewed 
and is acceptable for 32 prescribed hours 
by the American Academy of Family 
Physicians.  This program has been ap
proved by the American College of 
Emergency Physicians for 32 hours of 
ACEP Category 1 credit. 

Trial Offer 

We invite you to try SCIENTIFIC AMERICAN 

Medicine - for two months at no cost. 
Send us the coupon and you will receive 
the two-volume text and two monthly 
updates . You may also take a CME test 
for credit. At the end of 60 days, if you 
decide to continue the subscription ,  we 
will bill you for $245 for the full 1 2  
months (renewal is  currently $ 1 85 ) ;  
otherwise return t h e  two volumes. 

Please mail the coupon today and let 
us take the hassle out of keeping up. 

� � � � 
t 'f kf 1 1', I I Jt t '/1 t t l  I I  f l 1  I ' ll !  

, � j l 
Computerized scintigraphy reveals pulmo
nary thromboembolism. 

Abdominal computed tomogram reveals 
large renal carcinoma replacing part of right 
kidney. 
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THE AMATEUR 
SCIENTIST 

Cat's cradles and other topologies formed 

with a two-meter loop of flexible string 

by J earl Walker 

The popular game widely known 
as cat's cradle involves manipu
lating a loop of string around the 

fingers in order to create a structure. 
The exercise invites exploration of the 
arithmetic rules that seem to emerge 
from the topology of simple loops. 

One begins by wrapping the loop (a 
flexible string about two meters, or 
about two yards, long) around a few 
fingers. The player then uses his or her 
hands, fingers and even teeth to trans
form the web of string into the prede
termined pattern, often telling a story 
about the figure. In the standard ver
sion a second player takes the structure 
onto his fingers and forms a new one. 

Cat's cradle has been played by chil
dren throughout the world for thou
sands of years. Recently two delight
ful books inspired me to examine the 
game and some of its variants. One is 
Spiders' Games: A Book for Beginning 
Weavers (University of Washington 
Press, 1979), by Phylis Morrison, who 
contributes to the "Books" section of 
this magazine each December. In the 
book she describes among other things 
the string figure called "ten men," us
ing it as an example of how one's fin
gers can serve as a loom [see illustra
tion on opposite page]. The second book 
is Orderly Tangles: Cloverleafs, Gordian 
Knots, and Regular Polylinks, by Alan 
Holden. 

The string in each of these games is 
a loop in a strict topological .sense 
because the figure collapses to a loop 
when the fingers are removed. Accord
ing to the common meaning of knot, 
however, the string figures are knots. I 
wondered if the procedures for tying 
these knots could be catalogued. Sure
ly the figures were devised by people 
who had mentally constructed their 
own catalogue of procedures. This 
month I begin a catalogue by analyz
ing several string figures to be made 
by a single player. 

Analysis requires terminology: I call 
the string running between two fingers 

a section and the string passing around 
a finger or the entire hand a loop. All 
string figures have places where one 
section crosses another; I call them 
crossings. In the most intriguing string 
figures some sections cross each other 
twice. I call them wraps. 

To study the wraps in a string figure 
I mentally follow along the full length 
of the string from an arbitrary starting 
point. When I pass through a wrap, I 
note the sequence of crossings. If the 
section I am following (the first sec
tion) passes over and then under the 
second section, I describe the relation 
as an over-under wrap [see illustration 
on this page]. If instead the first section 
passes under and then over the second 
section, I describe the relation as an 
under-over wrap. 

I began my study with several ques
tions. How is a wrap created? Are 
wraps governed by rules? For exam
ple, must a string figure have an even 
number of wraps, as many do? Must it 
have an equal number of over-under 
and under-over wraps or can the weav
ing establish a bias toward one kind? 
I shall return to these questions after 
I explain how to begin the game and 
how to weave the "ten men." 

According to W. W. Rouse Ball, 
whose book is listed in this month's 
"Bibliography" [page 144], most string 
figures are begun with one of three ba
sic openings: A, B and the Navaho. For 
opening A hold your hands with the 
palms toward each other, as is shown 
in the top illustration on the next page 
(which follows the practice of shading 
the string sections that are to be rear
ranged and marking with an X the fin
gers that are to be moved). Run the 
string around the back of the little fin
ger, across the palm, around the back 
of the thumb, across to the other hand, 
around the back of the thumb, across 
the palm, around the back of the little 
finger and across to the starting point 
on the first hand. With your right index 
finger reach below the string section on 

your left palm and pick it up, hooking 
the string onto the back of the right 
index finger. Separate your hands to 
tighten the string. 

With your left index finger pick up 
the string section on your right palm, 
hooking the string onto the back of 
the left index finger. Again separate 
your hands. You now have opening A. 
Opening B is identical except that you 
start with the left index finger. 

The Navaho opening (named for 
the Navaho Indians, who were high
ly skilled at string games) entails a 
more complicated maneuver. With the 
string in a figure eight [see bottom illus
tration on next page] insert the index 
fingers in the top loop of the figure and 
the thumbs in the bottom loop. (No
tice that at the crossing point the top 
section of string runs from your left 
to your right.) Turn your palms away 
from you with the fingers upward. This 
move catches the top loop of the figure 
eight on your index fingers and the bot
tom loop on your thumbs. Rotate your 
hands to make the palms face. 

Now for "ten men." Begin with 
opening A and continue through 14 
steps. (1) Seize the far string section 
with your teeth and pull it over the 
tops of the other sections. (2) Move 
your right index finger under the sec
tion running from the left little finger 
to your mouth and pick it up. Keep this 
captured section near the tip of the in
dex finger to separate it from the string 
already looped around the finger. (3) 
Similarly pick up the section running 
from the right little finger to your 
mouth. As before, keep this section 
near the tip of the index finger. (4) Re
lease the string from your mouth and 
thumbs while you separate your hands 
to take up the slack. 

(5) Bend each thumb away from you 
so that it passes under four string sec
tions and you can pick up the next sec
tion from below (it is the nearer section 
of the loop around the little finger). 
Pull the thumbs and the sections they 
have captured back to you so that the 

If you -follow 
this ,:,cction, 
ihc \"Imp is 
'ovc,- unde.r.'· 

'\ 

If you fol low 
thi.s se.ction) 
the wrap i.s 

"under - over." 

/ 

How to idelltify a wrap 
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thumbs return to their original orienta
tions. (6) Bend each thumb away from 
you and pick up from below the nearer 
section of the string looped around the 
tip of the index finger. Keep the cap
tured section of string high on each 
thumb to separate it from the string 
already looped around the thumb. 

(7) With your teeth lift the lower 
loop at each thumb over the top loop 
and the thumb tip and drop it in front 
of the thumb. The procedure is called 
Navahoing the loops. (8) Release the 
upper loop on each index finger while 
you separate your hands far enough 
to take up the slack. (9) Transfer the 
loops on each thumb to the top of the 
adjacent index finger by bending each 
index finger toward you and then pick
ing up, from below, the loop on the 
thumb. Keep the captured section at 
the top of the index finger. 

(10) Bend each thumb away from 
you and under the sections of string on 
the index finger. Put the back of each 
thumb under the near section of string 
on the little finger and pick it up. Re
turn the thumbs to their initial orien
tation. Keep the loops low on the 
thumbs. (11) Bend each thumb away 
from you and pick up from below 
the nearer string section of the loop 
around the tip of the index finger. Keep 
these sections near the top of the 
thumbs. (12) Navaho the thumb loops. 

(13) Bend each middle finger toward 

Starting with opening A 

you, passing over two string sections. 
Pick up the next string section from 
below. Keep these captured sections 
near the tops of the middle fingers as 
you return the fingers to their initial 
orientations. (14) To display the string 
figure drop the loops around the little 
fingers, extend your thumbs, keep the 
index and middle fingers together, sep
arate your hands and turn the palms 
away from you. 

The "ten men" has several crossings 
and 12 wraps. Although I mastered the 
construction in about an hour, I spent 
many hours in gaining an understand
ing of how wraps are created. In one 
method that seems to be common to 
several string figures I add a second 
crossing to two string sections that al
ready cross. As the situation is depict
ed in the top illustration on the op
posite page a crossing lies in front of 
a finger around which the string is 
looped. To create a wrap I bend anoth
er finger under the sections and pick 
up the upper section of the crossing 
from below. The return of the finger 
to its initial position pulls the captured 
string section under the lower section 
of the crossing, forming a wrap. 

I can also form a wrap from the ini
tial crossing if I bend a finger over 
the upper section and pick up the low
er section from below. The return of 
the finger to its initial position pulls 
the lower section over the upper one, 

Starting with the Navaho opening 
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forming a wrap. I call these moves a 
hook because a finger hooks one of 
the string sections in order to pull it 
around the other section. Sometimes 
the sections that form the initial cross
ing loop around one finger. Sometimes 
the sections are looped around differ
ent fingers. In each case the hook adds 
a second crossing to the sections to 
form a wrap. 

In some string figures a wrap is gen
erated by twisting a finger. For exam
ple, run a section across your left palm. 
With your right index finger pick up 
the string from below. As you separate 
your hands rotate your finger so that 
the captured string twists around it
self, creating a wrap. When the finger 
moves through the first half of the 
rotation, it crosses the string looped 
around it. In the second half of the ro
tation the finger forces the lower sec
tion to pass over the upper section, 
thereby creating the wrap. 

I have found another procedure that 
is essentially a hook [see top illustration 
on page 142]. The string loops around 
the index finger. The near section of 
the loop crosses under a string section 
that loops around the thumb. When 
the loop around the index finger is ex
panded to loop also around the thumb, 
a wrap is created. 

A double hook is shown in the mid
dle illustration on page 142. Initially 
two string sections cross. A third sec
tion is pulled under and then over a 
section on each side of the crossing 
point, creating two wraps. 

The number of wraps that can be 
produced by Navahoing loops on a fin
ger depends on the shape and orienta
tion of the loops. In the top part of the 
bottom illustration on page 142 the 
loop that is low on the finger forms 
a narrower angle than the high loop. 
Since the loops have the same orienta
tion (their corner angle opens in the 
same direction), each side of the bot
tom loop crosses under the correspond
ing side of the top loop. When you lift 
the bottom loop over the fingertip and 
release it, you create two wraps. 

In the middle part of the illustration 
the top loop forms a narrower angle 
than the bottom loop. Since the loops 
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have the same orientation, the sides of 
the bottom loop do not cross the cor
responding sides of the top loop. This 
time Navahoing the bottom loop over 
the top loop does not produce a wrap. 

In the bottom part of the illustration 
only the left side of the lower loop 
crosses under the left side of the top 
loop. When the bottom loop is Nava
hoed, a wrap is created on the left side 
of the top loop. In sum, the number of 
wraps created by Navahoing loops on 
a finger is equal to the number of times 
the sides of the lower loop crossed un
der the corresponding sides of the top 
loop before the Navahoing. 

Sometimes making a string figure 
generates what I call a potential wrap. 
An example is shown in the top illus
tration on page 143. If the little finger 
on the right releases the string looped 
around it and the hands are separated 
to take up the slack, the released string 
wraps around the section that stretches 
between the index fingers. Many such 
potential wraps are created during the 
weaving of the "ten men," but only two 
of them are converted into real wraps. 

Reversing a procedure that creates a 
wrap eliminates the wrap. In some cas
es a wrap can also be eliminated by 
releasing the string from a finger next 
to the finger you used to Navaho loops. 
For example, suppose you have just 
Navahoed the loops on a thumb and 
one of the loops also passes around 
the index finger. The wrap between the 
thumb and the index finger depends on 
the index-finger loop. If you release 
that loop, the wrap disappears. 

To sum up, there are three basic 
ways to produce wraps in the weaving 
of a string figure: the hook, Navahoing 
loops on a finger and releasing a loop 
by a finger to convert a potential wrap 
into a real one. Included in the hook 
method is the twisting capture by a fin
ger and the expansion of a loop to in
clude two fingers. Wraps can be elimi
nated by reversing a procedure or by 
releasing a loop that stabilizes a wrap 
you created by Navahoing loops on 
another finger. 

Armed with these basic steps, I dis
sected the formation of "ten men." In 
the opening position the string has only 
crossings. Step 1 creates a potential 
wrap. (If the string around the right 
little finger were released, a real wrap 
would appear.) Step 2 creates another 
potential wrap. Real wraps do not ap
pear until step 7, where the Navaho
ing of loops at the thumbs creates a 
total of four real wraps. Step 8 elimi
nates the wraps that were between the 
thumbs and the index fingers because 
they depended on the loops released by 
the index fingers in this step. Now there 
are two real wraps. 

In step 10 the thumbs hook string 

>V1 

Hook upper section of crossinq. 

Hook lower :oection of crossing. One wmp 

Hooks made all aile fillger 

Hook. upper :'>ection of cro5:'>ing. One.. wrap \ 

I '. 

Hook. lower :xction of croosing. One. 

Hooks made all two fillgers 

A wrap made by twistillg a fillger 

14 1 
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A loop expanded onto a thumb 

A double hook 

�Wid�-Clnq\C. loop, hig;� fingc.r 

Various ways to Navaho loops 
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Two wraps 

/ 

� No wrap 

One. wrap 

sections to create two new wraps, 
again giving a total of four real ones. 
Step 12 creates another four wraps 
when the thumb loops are Navahoed. 
Another two wraps appear in step 13 
when the middle fingers hook string 
sections. (This hook is subtle. The ini
tial crossing is formed by the captured 
section and a section that emerges 
from the far side of the index finger 
at the top.) Finally, the last two wraps 
are generated when the little fingers re
lease their loops and convert two po
tential wraps into real wraps, giving a 
total of 12 real ones. 

Can general rules be devised for the 
wraps of a string figure? I believe they 
can. For example, if each manipUla
tion of the string is done on both hands, 
the number of wraps in the figure must 
be either zero or an even number. The 
"ten men" is symmetrical in this way 
because each move on the.right hand is 
also made on the left hand. 

Another rule seems to govern the 
types of wrap in a string figure re
sulting from symmetrical procedures. 
From an arbitrary starting point in 
the "ten men" follow along the string 
and note the types of wrap you pass. 
For example, start at the left thumb 
and move initially toward the left in
dex finger. As you mentally travel 
along the entire string, returning to 
the left thumb, you pass through 12 
over-under wraps and 12 under-over 
wraps. I believe a string figure made 
by symmetrical procedures will al
ways have as many over-under wraps 
as under-over wraps. 

Trace through the "ten men" again, 
adding arrows along the way to indi
cate how you enter each wrap. Since 
during the full trip you pass through 
each wrap twice (once along each 
string section in the wrap),. each wrap 
gets a pair of arrows. They point into a 
wrap either from the same side of the 
wrap or from opposite sides. In "ten 
men" 10 of the wraps have a pair of 
arrows pointing from the same side. 
Only ·the central two wraps have ar
rows pointing from opposite sides. I 
believe all string figures produced by 
symmetrical procedures will turn out 
to have an even or zero number of 
wraps where the arrows point from 
the same side and an even or zero 
number for which the arrows point 
from opposite sides. 

I have also analyzed the produc
tion of wraps in the "fishing net." The 
figure is initiated from opening A. 
Release the loops around the thumbs. 
Bend each thumb away from you and 
under three string sections and pick up 
the farthest string section from below 
(it is looped around the little finger). 
Pull the string into place by returning 
the thumbs to their initial orientation. 
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You now have one potential wrap 
formed by the string looped around 

. the left little finger. 
Bend each thumb away from you 

and over one string section. Pick up 
the next section from below and re
turn the thumbs to their former ori
entation. This move adds a potential 
wrap associated with the right little 
finger. Release the string at each little 
finger to convert the potential wraps 
into two real ones. Bend each little fin
ger toward you and over one section. 
Pick up the next section from below 
and return each finger to its initial ori
entation. In this move each of your 
little fingers makes a hook to add an
other real wrap. Now there are four 
real wraps. 

Release the string from around the 
thumbs. Bend each thumb away from 
you and over two string sections. Pick 
up the next section from below; it is the 
near side of the loop passing around 
the little finger. Return the thumbs 
to their initial orientation. Using your 
right hand, pick up the loop that passes 
around the left index finger. Do not 
remove the loop from the finger but 
make it larger so that it passes around 
both the finger and the thumb. This 
move is essentially a hook because 
the section you move to the thumb is 
forced to wrap over another section 
from the thumb. Now make the same 
move on the right hand. You have add
ed two real wraps for a total of six. 

Navaho the loops on each thumb. 
Since the loops do not have the same 
orientation, this move adds only one 
wrap on each hand, raising the total to 
eight wraps. Each thumb now has in 
front of it a small triangle formed by 
the string section running from the lit
tle finger on that hand. Bend each in
dex finger toward you and pass its tip 
through the triangle on that hand. 

To display the figure rotate your 
hands to put the palms away from you 
and the fingers upward. Catch on the 
appropriate index finger the string of 
the triangle in which it is inserted. (The 
loop already on the finger slides off.) 
Release the loops from the little fin
gers. Catching a string on each index 
finger adds one wrap for each maneu
ver. Releasing the string from the little 
fingers converts two potential wraps 
into two real ones. Now you are up to 
12 real wraps. Between each thumb 
and index finger is one wrap and an 
additional crossing. Ten more wraps 
are spread through the figure. 

The "fishing net" follows my impro
vised rules. The total number of wraps 
is even because of the symmetry of 
procedures on the two hands. When I 
follow along the string from an arbi
trary starting point, I find that the num
ber of over-under wraps is equal to the 

number of under-over wraps. When I 
add arrows to mark how I enter each 
wrap, I find that the arrows for 10 
wraps enter from opposite sides and 
the arrows for two (the central ones in 
the figure) enter from the same side. 
(This result is the reverse of what I 
found for the "ten men.") 

Do the arithmetic relations hold up 
for other figures? I leave it to you to 
apply them to the "lightning," a zigzag 
figure originated by the Navahos. Be
gin (it is almost needless to say) with 
the Navaho opening. Bend each thumb 

'away from you so that it passes over 
two string sections. With the back of 
the thumb pick up the next section 
from below. Pull the string by return
ing each thumb to its original position. 

Bend each middle finger toward you, 
passing it over one string section. With 
the back of each middle finger pick up 
the next section from below. Pull the 
string by returning the middle fingers 
to their original orientation. Bend each 
ring finger toward you, passing it over 
one section. With the back of the finger 
pick up the next section from below. 
Pull it by returning the ring fingers to 
their original orientation. 

N ow bend each little finger toward 
you, passing it over one string section, 
and with the back of the finger pick up 
the next section from below. Pull on 

RciW5C. conve.rt:> potential wrap inio 
rca\ wro)l. 

A potelltial wrap 

the string by returning the little fingers 
to their original positions. Bend each 
thumb away from you and touch its tip 
on the front string section of the little 
finger. This move releases the sections 
wrapped around the thumbs. With a 
flick of your wrists toss these sections 
over the other ones. Press your thumb 
tips down hard on the string sections 
they touch. To display the figure turn 
your palms away from you as you 
spread your fingers and thumbs. 

If you find more ways to weave 
wraps into a figure, I would enjoy hear
ing from you. Are my rules about the 
number and nature of the wraps cor
rect? Can you devise general proofs of 
the rules or find more rules? 

12. wrOp5 

The "fishillg Ilet" displayed 

10 wrop5 

The completed "lightning" figure 
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• A governing or motivating processi 
aware management guiding highly 
resourceful and diverse businesses. 
• A channel or course of action, like record 
performance nine straight years. 
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