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Porous zeolite crystals perform key functions in industry. 

This one helps to convert wood alcohol into gasoline. 
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Picture it. Their data system was good. 
But now] with the instant success of their Spectra 

® 

camera] good suddenly wasn
]
t good enough. 

!@#$%&*()f Trouble. 
So Polaroid called in NYNEX-one of the information 

industry
]
s favorite troubleshooters. 
And NYNEX designed an integrated voice and data 

network that connects all eleven Polaroid locations. 
And makes everything from inventory to finance to 

technological analysis faster. Easier. And more cost-effective. 
There were simply no negatives. 
The NYNEX family of companies would like to 

work with you] too. 
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Ler. 

We offer you everything &om computer networks 
and softwareJ to mobile phonesJ to the services provided by 
New England Telephone and New York Telephone. And more. 

Call us at 1 800 535-1535. 
Discovering the answer is NYNEX could be a 

long-term boon to your business. 
WeJre hardly a flash in the pan. 

Need to communicate? Need to com1!.ute? The answer is 

NYNI� 
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Testing Weapons in Space 
Ashton B. Carter 

The Antiballistic-Missile Treaty seems to forbid the testing of ABM 
weapons in space, but the U.S. has pushed for a "broad" interpretation of 

the language. Would a more permissive regime really serve U.S. interests? 

The testing issue is now on the table again at the START talks, and an 

analysis reveals some surprising pitfalls in a permissive construction. 

Memory Storage and Neural Systems 
Daniel L. Alkon 

How does the brain record a memory? An answer to this profound 

question begins to take shape. When a snail or a rabbit learns something, 

the animal stores the memory in the form of an alteration of the 

excitability of particular nerve-cell branches. The change is mediated 

by the migration to the cell membrane of a key enzyme, protein kinase C. 

Spin Glasses 
Daniel L. Stein 

Once simplification was an effective strategy for discovering the principles 

that underlie the complex disorder of nature. Today, the author argues, 

simplification yields diminishing returns. He and his colleagues meet 

the challenge of complexity head-on by studying the discordant 

magnetic interactions in a complex system: a spin glass. 

Volcanism at Rifts 
Robert S. White and Dan P. McKenzie 

The earth's outer shell rifts continuously: it stretches and splits, both on 

the ocean floor and on continents. Every 30 million years or so the rifting 

becomes cataclysmic, releasing continent-size floods of magma. The 

authors show the same process is at work in both cases; a small increase 

in the underlying mantle's temperature makes the routine extraordinary. 

The Gastrointestinal Tract in Growth and Reproduction 
Kerstin Uvniis-Moberg 

The gut is the largest endocrine gland in the body. The hormones it 

secretes help to orchestrate the changes in metabolism that accompany 

pregnancy, fetal and infant growth, and lactation. The author's data 

explain many of the symptoms of pregnancy-and they also indicate 

that giving a baby a pacifier is physiologically sound. 
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Space Coloristics 
Vladimir V. Vasyutin and Artur A. Tishchenko 

What does the earth look like in truly living color-that is, to a human 

being in space? If orbiting scientists are to serve as accurate remote­

sensing devices, they cannot merely report that the ocean "is the color of 

a samovar." An experienced Soviet cosmonaut and a space scientist report 

on their efforts to understand and codify the look of the earth from space. 

Visual Thinking in the Ice Age 
Randall White 

The archaeological record reveals that suddenly, 35,000 years ago, there 

was an explosion of visual imagery-representations of human beings and 

animals in stone, bone and ivory. How did human capacities, society and 

the environment combine to produce this flowering of visual imagination? 

What does it reveal about our ancestors, about ourselves? 

Synthetic Zeolites 
George T. Kerr 

Heat a natural zeolite, and it bubbles (hence the name, which means 

"boiling stone"); it does so because submicroscopic channels that adsorb 

water vein its crystalline structure. Synthetic zeolites that mimic the 

porous nature of the natural materials are responsible for, among other 

things, the catalytic cracking of petroleum to make gasoline. 
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Ted Standish has a 
bear of a job . 

As Director of Inform a­
tion Resources for the 
North Atlantic Shaving 
Group of The Gillette 
Company, he's been 
given the task of simplify­
ing and standardizing the 
business systems of the 
Company's European and 
North American divisions. 

"With the coming of 
the European open 
market in 1992, we want 
to take a more unified 
approach to products, as 
well as to manufacturing 
and marketing;' says Ted . 

Ted Standish. Director of Information Resources, North Atlantic Shaving Group of The Gillette Company_ 

"Before Lotus Agenda, there were 
three things I always forgot 

Tasks I assigned, promises I made, 
and I carlt remember the third:' 

"This means dealing with hundreds of 
issues, projects, facts and people throughout 
the North Atlantic region every day. 

''As you might imagine, reams of little 
pieces of paper with notes, phone numbers, 
ideas and who-knows-what-else were begin­
ning to take over my office:' 

Which is why Ted visited his local 
computer software reseller and bought Lotus® 
Agenda� the personal information manager. 

In Agenda, Ted has a tool that's helping 
him manage people, projects, ideas, plans 
and information, all with incredible efficiency. 

Because Agenda allows him to enter 
Agenda is also available in an OS/2<11 version. If for any reason you're unsatisfied with Agenda, return it with your sales slip witpin 30 days of purchase and we'll refund your full purchase price. 
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information into his PC without having to 
structure it in advance. Agenda automatically 
arranges the data any way Ted wants so he can 
understand 
it better, 
formulate 
new ideas 
better and 
extract the 
answers he 

Rle VIfffl . Item .. Category Print Utility System Quit 
New, RerTlOYe, Position, Assign, Discard, Undiscard 

Calls PIoject When 

• Call Herb today re: inventory application • Cost Models • 06112189 

• Call MIS 00 Monday re: EIS software • EIS '06/19/ll9 
selection 

Meetings Project When 

f Schedule meeting to set project objectives 
and define proposed information fIoN 

• Repomng • 06/12/89 

• Meetwith Chuck nextTues re: EIS clemo • EtS • 06l2OI89 

• Set up meeting with Joe in london to • Repomng • 07103189 
review European reporting 

person who's corne to rely on Lotus Agenda. 
The Royal Bank of Canada is using it to 

monitor international economic and political 
activities. The accounting and consulting firm 
of Laventhol & Horwath is using it to track 
and support its computer systems all over the 
country. And the CAP International market 
research company is even using it to predict 

File: C:I,&/JENDAIFILESlfCTIONS 
View: By People 

Maggie Project 

trends. 
06112/8911:00 AM 

When The list 
needs better. ---------­ • REMew and evaluate current North • Reporting • 06I141!l9 goes on and Atlantic financial reporting practices 

"It lets 
• Complete initial bi..monthly graph • EIS • 06I30J89 The new Agenda Activities Planner impiemenlationby theend ofthlsmonth on The point gives you step-by-step instructions that put you in Ted P"'leet When 

• 

me +'ocus control of your information quickly. 
• Compare Canadian, European, and • Reporting • 06116189 is, Agenda 1 � us sales analysis systems by the end of 

thisweek 

more on using my information and less on . =�=;;���loodonto • Repomng '061191!l9 can signifi-
processing it;' says Thd. M

;:nylalest"'rsionOftheCostModffi �:Models �::'1!l9 cantly help 
"For example,! can dump in all my 'to do's' 

presentation chan 

you, too. 
and have Agenda organize, prioritize and items in all�ft:��t���r;���

a
Lfr�

e
�ou can view Especially 

categorize them automatically. And whenever information from different perspectives. now that it 
I call up a project, person or due comes with an Activities Planner that gives 
date, I'm instantly given all the you simple,step-by-step instructions so you can 

-
background information I need sit down and create your own personalized 
to make smart decisions. task manager. 

"Now I no longer worry about If you'd like to learn even more about how 
what I told someone in England, Agenda can put you in control , just send us $10 

or what somebody else set up for an Agenda demo kit. Call 1-800-345-1043 
in France, or who's in Boston and ask for demo kit AOP-3058 for 3.5/1 or 
doing whatever. AOP-3053 for 5.25/1 (of course, we'll refund 

''Agenda allows me to quickly your $10 when you buy Agenda). 
consolidate all these things Then you'll see first hand how people like 
in a single place. And dis- Ted Standish are 
cover relationships between working better, think-
people and responsibilities, projects or any ing better and solving 
other relevant topics that corne up. problems better. 

"Now I can see at a glance who's promised Not to mention 
to deliver what and by when. More important, remembering better. 
I can keep my own promises:' 

L +, ... n Ag d And Thd isn't the only business OLL-lkj en a 

LoUIS Agenda 

i 
.n.1fI'I*l�--
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can 

All over the country, people are breaking up with 
their cars in record numbers. It's in the paper every 
day. Just check the used-car section. 

You could avoid this kind of heartbreak with a little 
foresight and a trip to your local Saab dealer. 

T here, you might fall in love with a Saab like the 
900 Turbo Convertible pictured here. You could 
do it with an easy conscience, because unlike most 
convertibles, ours is a Saab as well. 

It wouldn't elate you in the spring, then let you 
down in the gloom of winter. Like all Saabs, it features 
front-wheel drive for great traction in any weather. 
Plus heated front seats and a double-insulated top for 
comfort, heated glass rear window for visibility and 
reinforced windshield pillars for safety. 

• 

You could drive it all year long and not realize it's a 
convertible until you dropped the top. 

T he Saab 900 Turbo Convertible is just one of the 
ways Saab dealers help keep people from buying the 
wrong cars-cars that offer fun without practicality or 
practicality without fun or status at prices that sting 
long after the honeymoon is over. 

Don't buy the wrong car. Don't fall in love with a car 
you can't live with. Instead, make a date to test drive a Saab. 

Your Saab dealer will be more than happy to set 
you up. 

The most intelligent cars ever built. 
I priced from $16,995 to $32,095. 900 Turbo Convertible shown here: $32,095. MSRp, not including taxes, license, freight, dealer charges or options. 

© 1989 Saab-Scania of America, Inc. 
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LETTERS 
To the Editors: 

In his stimulating article "The 
Electrification of Thunderstorms" [SCI­
ENTIFIC AMERICAN, November, 1988], 
Earle R. Williams discusses the con­
vection hypothesis. We question his 
judgment that the coulomb of charge 
being deposited each second on the 
moving surfaces of a roiling, poorly 
conducting cloud probably plays only 
a minor role in its electrification. 

We disagree that the convection hy­
pothesis is "somewhat more compli­
cated" than the precipitation hypoth­
esis. The convection model is com­
plicated by uncertainties concerning 
how air moves within the cloud, but so 
are all the precipitation models. Be­
cause airspeeds up, down and side­
ways may be several times the fall 
speed of precipitation particles, con­
vection dominates most charge-accu­
mulation processes in clouds. 

We also disagree with Williams' 
assessment that the screening layer 
predicted by the convection model 
is only a secondary feature of the 
cloud's electrical structure. Measure­
ments show that it carries a charge 
comparable to that transferred by an 
intra cloud lightning flash. 

In 1960 we carried out experiments 
in Illinois to see what effects the re­
lease of space charge from a high­
voltage wire would have on the elec­
trification of fine-weather cumulus 
clouds. We question Williams' conclu­
sion that our experiments "cannot be 
said to strongly support the convec­
tion hypothesis." On the contrary, we 
found that a cloud growing from the 
artificially charged air exhibited elec­
tric-field and space-charge perturba­
tions in quantitative agreement with 
the theory, which predicted that if 
the cloud had grown to thunderstorm 
size it would have been capable of 
causing lightning. Williams' point that 
the electric fields produced by these 
small clouds were more than 1,000 
times smaller than those believed nec­
essary to produce lightning is of doubt­
ful relevance. Our extrapolation of 103 
from small cumuli to a thundercloud 
is probably no more risky than Wil­
liams' extrapolation of 1015 from labo­
ratory experiments on ice particles. 

That "the precipitation model can 
account for more aspects of cloud elec­
trification than the convection mod­
el" is doubtful, for the model de­
scribed by Williams provides few clues 
to the follOwing: the fate of the charg­
es released beneath the cloud by the 
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corona and those deposited on the top 
of the cloud by conduction; why the 
frequency of lightning increases with 
cloud height and with the conduction 
current flowing to the cloud top; how 
some clouds can make lightning even 
though they are everywhere warmer 
than zero degree Celsius; how volca­
no clouds produce lightning; and how 
lightning is caused on other planets, 
where the temperature and composi­
tion of clouds are quite different. 

An important requirement of any 
electrification model is that it ex­
plain what happens to the charge be­
ing deposited on the top of the thun­
dercloud by the current flowing in 
the global circuit. The assumption that 
downdrafts carry this charge to low­
er levels is the primary uncertainty of 
the convection hypothesis. Recently 
developed, circularly polarized radar 
technology may make it possible, by 
means of radar-reflective chaff parti­
cles serving as tracers, to determine 
whether or not the air in and around 
the cloud moves in this way. 

BERNARD VONNEGUT 

State University of New York 
at Albany 

CHARLES B. MOORE 

New Mexico Institute 
of Mining and Technology 

The author responds: 
Bernard Vonnegut and Charles B. 

Moore (VM) have been major contrib­
utors to research in thunderstorm 
electricity for nearly 40 years, arguing 
in favor of the convection hypothesis 
on the basis of both theory and ob­
servation. Their infectious enthusiasm 
was in no small way responsible for 
drawing me into this field. 

In regard to the macroscopic sep­
aration of charge (the microphysics 
of charge transfer in ice-particle colli­
sions is indeed a mystery), I stand by 
the statement that the convection hy­
pothesis is "somewhat more compli­
cated" than the precipitation hypothe­
sis. No matter how complicated and 
vigorous the convective motions are 
in a cloud, an orderly differential 
motion of particles of different sizes 
is guaranteed to occur. Furthermore, 
vertical displacements of selectively 
charged precipitation particles by only 
500 meters can account for the ob­
served dipole structure of thunder­
clouds, whereas the convection theo­
ry requires vertical displacements of 
space charge by 5,000 meters or more. 

The main negative layer in a thun­
dercloud and the upper and lower 
positive regions have all been shown 
to be active participants in lightning. 
The negative screening layer at the 
cloud top and the corona layer be­
neath the cloud, which are fundamen­
tal to the convection theory and which 
are seen consistently, have not been 
shown to be active participants. 

Referring to 1960 experiments with 
small clouds, VM claim their theory 
predicted that if the clouds had grown 
to thunderstorm size they would have 
been capable of causing lightning. Why, 
then, did no quantitative calculation in 
support of the idea appear in their Sci­
ence paper? In contrast, calculations 
based on field data and on laboratory 
studies of ice-particle collisions have 
shown that the ice-based precipita­
tion mechanism is capable of causing 
lightning. 

The precipitation-based mechanism 
I described does provide clues to 
many of the phenomena VM list. Light­
ning frequency increases with cloud 
height, for example, because higher 
clouds contain more ice particles in 
the mixed-phase region. The conduc­
tion current flowing to the cloud top 
increases because of the increased 
lightning frequency: more negative 
charge must then flow to the cloud 
top to allow for charge conservation. 
(The charge-separation process within 
the cloud is protected from the dis­
sipative effects of conduction by the 
screening layer.) In a volcano cloud the 
range of particle sizes and the corre­
sponding range of differential veloci­
ties are undoubtedly far greater than 
during a thunderstorm. Even though 
the microphysics responsible for the 
charging of dissimilar particles is still 
poorly understood, the process may 
play a principal role here. The other 
planet for which evidence of light­
ning is most convincing is Jupiter, and 
its atmosphere is believed to contain 
clouds of liqUid water and ice. 

I agree completely with VM that the 
ice-based precipitation mechanism of­
fers no clue to the production of light­
ning by warm clouds. Of the few re­
ports of this phenomenon, however, 
only one-by Moore, Vonnegut and 
their colleagues in 1960-is adequate­
ly documented. 

VM point to observations that any 
theory of cloud electrification should 
explain. I think it is important that, in 
addition to accounting for their own 
observations (and interpretations), the 
convection model also explain obser­
vations by other competent scientists. 

EARLE R. WILLIAMS 
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SONYMAVICA 
.......... CHANGES THE 

LOOK AT PHOTOS. 

Sony just added a startling 
new dimension to photography. 

Its called televison. 
With the new Sony Mavica� still 

video camera, you can now capture 
color images electronically Then just connect the camera 

and multi -featured playback controller * to any 
TV and see instant magic right on the screen. 

Using the same technology Sony invented 
for photo journalists, the Mavica is an amazing 
advance that fills the void between still and 

C 1989 Sony Corp. of America. Sony, Mavica and Mavipak are registered trademarks of Sony. Simulated picture. -Not shown. 

video cameras. And since this sleek, simple device 
is as portable as a 35mm camera, photo opportunities 
will abound. 

Unlike film cameras, the Mavica records 50 images 
on a 2/1 reusable Mavipak� disk. With no processing and 
no waiting. Nothing could be easier for people on the 
go who want to stop and see 
life one moment at a time. 

The new Mavi.ca camera. 
Once again, Sony's vision 

improves your vision. 

SONY; 
Mavica� 
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NEC helps the Chicago Police solve 
a fifteen-year-old murder mystery. 

An unresolved murder baffled the Chicago 
Police. It sat in their files year after year with only a 
single clue: fingerprints lifted from the victim's car. 

The prints proved useless - until detectives 
put NEC's revolutionary Automated Fingerprint 
Identification System (AFIS) on the case. 
Within 20 minutes, a suspect who had gotten 
away with murder for 15 years was identified. 
He was later arrested. 

The quality and reliability ofNEC's around�the�clock system 
is currently at work in police departments all across America. 
In fact, since its introduction, the system has been instrumental in 
identifying over 16,000 suspects throughout the u.S. 

For years, NEC quality has reached far beyond law enforcement, 
into every comer of America. You'll find the quality products ofNEC 
in corporations large and small. �n public and private institutions. 
And in homes across the country. Everywhere you look, NEC quality 
is proving itself. Every minute of every day. 

For more proof, call1�800�338�9549. 

NEe 
Quality That Proves Itself. 

Communications • Computers· Electron Devices • Home Electronics 
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50 AND 100 
YEARS AGO 

SCIENTIFIC 
AMERICAN 

JULY, 1939: "INCOMPARABLE PROMISE 

OR AWFUL THREAT? For years past, sci­
entific writers have been pointing out 
that if the energy known to be con­
fined within the atom could be practi­
cally and commercially released and 
employed, there would be power in 
amounts today unknown. The atomic 
energy of a piece of coal would exceed 
that of the same coal burned beneath 
a boiler by a ratio of a whole billion to 
one. As this is written, physicists are at 
work on experiments that seem to con­
tain the possibility if not the probabili­
ty that the billion-to-one power source 
is at least in view. The uranium iso­
tope 235, when bombarded with slow 
neutrons, releases inconceivable en­
ergy. Simultaneously it releases more 
neutrons and, if uranium 235 isotope 
be present in quantity, the result is a 
chain reaction of terrible power." 

"Since most European nations are 
deficient in supplies of oil, the man­
ufacture of substitute fuels, which 
permit conservation and storage of 
gasoline against a possible war, has 
been forced to a new high since 1937. 
Wood, charcoal, coal and lignite are 
being used to make producer gas in 
generators on many European motor 
cars. Compressed natural and man­
ufactured illuminating gases are car­
ried in clumsy tanks on some cars. 
Experiments have been conducted in 
efforts to utilize acetylene, cracked 
ammonia and hydrogen. Hydrogenat­
ed gasoline-made from either coal 
or carbon monoxide-is, however, Eu­
rope's primary motor fuel." 

"Among the manufacturing opera­
tions performed on aluminum alloys, 
none is more interesting and spectac­
ular than the impact extrusion proc­
ess. By this method a small, biscuit­
shaped slug of aluminum is trans­
formed in the twinkling of an eye into 
a toothpaste tube, a flashlight case or 
any one of several hundred common­
place containers and shapes. A slug of 
aluminum is placed on the die, the 
hammer strikes the slug and the high 
pressure forces the aluminum slug to 
'flow' up past the clearance between 
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die and hammer, thus forming a col­
lapsible tube or any other shape deter­
mined by the die. The metal is literally 
'squirted' into the desired shape." 

"What keeps the stars shining? Ac­
cording to Bethe's theory, the most 
notable achievement of theoretical as­
trophysics of the past 15 years, it is the 
transformation of hydrogen into heav­
ier elements. From the mere statement 
that there is a body having 330,000 

times the Earth's mass and contain­
ing 35 percent of hydrogen, the theory 
enables us to predict that it will have 
the size, brightness and temperature 
of the Sun. We could do the same for 
Sirius and for innumerable other stars. 
Thus the Main Sequence is theoretical­
ly explained." 

JULY, 1889: "Thomas A. Edison re­
cently revealed some of the character­
istics of his mode of living: 'Yes; I am 
a hard worker. You know, when I am 
working on anything I keep at it night 
and day, sleeping a few hours with my 
clothes on. I sleep from 1 :00 to 6 :00 in 
the morning, and then I jump up and 
go to work again as fresh as a bird. But 
I tell you we have lots of fun in the 
laboratory. Some time ago I had forty­
two men working with me on the in­
candescent lamp in a big building. I 
hired a German to play an organ for us 
all night, and we worked by the music. 
Oh, we enjoy this kind of life!'" 

"Science describes the experiences 
of a gentleman who placed himself 
under the influence of a hasheesh. He 
smoked it until he felt a profound 
sense of a well-being and then put 
the pipe aside. He felt an unusual full-

Dibble's electrically propelled carriage 

ness of mental impressions-enough 
to fill volumes. He could not write one 
word without hurrying to the next, his 
thoughts flOwing with enormous ra­
pidity. The few words he did write 
meant nothing." 

"Professor John Trowbridge calls 
attention to the importance, from an 
engineering point of view, of making 
careful photographs of steel and tim­
ber at the point of rupture under a 
breaking load, suggesting that in this 
way we may learn something impor­
tant on the much vexed question of 
elasticity." 

"Weak hearts are by no means so 
common as is often supposed. Many 
a man who thinks he has got one 
is merely dyspeptic; many a woman 
owes her symptoms to tight lacing or 
insufficient feeding." 

"A cool head and a steady nerve, 
with a smattering of electrical knowl­
edge, are the prerequisites of a first­
class lineman. Unless a man be apt 
to judge and quick to remember, he 
will be liable to serious blunders in 
his manipulations of the wires. Where 
there are dozens of them attached to 
one pole, he should be able readily to 
distinguish each from the others and 
have no doubt as to whether it be 
quick or dead. Contact with the earth 
through means of a conductor should 
be shunned like death itself. So long, 
however, as the lineman sits astride 
the cross-piece of a wooden telegraph 
pole and confines his attention solely 
to a wire that has no communication 
with the earth, he is as safe as if he 
were in his mother's arms." 

"Professor Fresenius, of Wiesbaden, 
after a long series of chemical analy­
ses, declares that an egg contains as 
much nourishment as a pound and an 
ounce of cherries, a pound and a quar­
ter of grapes, a pound and a half of 
russet apples, two pounds of goose­
berries or four pounds of pears." 

"The accompanying illustration rep­
resents the application of a system 
of electrical propulsion for common 
roads, by means of which traffic is 
designed to be carried on without em­
ploying a railroad track. It has been 
patented by Mr. Harvey D. Dibble, of 
Rapid City, Dakota Territory. Ordinar­
ily the wagon will run in a line paral­
lel with the overhead conductors, the 
trolley following any deviations from 
a straight line, and the driver not being 
required to use the steering lever ex­
cept when it is needful to turn aside." 
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Europe's premier piece of' luggage, the 
Leather Right . This unique, practical 

innAnLN lCO,hutAc.i,.,ncoti to meet all of your travel 
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a vacation, 3-in-l will perform for you like no other bag 
iqthe wor1d! The 3-in-l Luxury Leather Flight Bag is light­
weight and supple yet remarkably durable. It is crafted 
of genuine cowhide leather sections, meticulously 
matched by hand and sewn together. This distinctive 
luggage is designed to be efficient and spacious. It has 
seven compartments and is made with many features 
not found in luggage three times its affordable price. 
It has everything you need for your travels. Act today! 

30 DAY FREE TRIAL 
YOUR GUARANTEE OF SA TlSFACTlON! 

Your complete satisfaction is our number one prior­
ity. That's why we invite you to inspect your 3-in-1 
Luxury Leather Flight Bag for a ful/30 days without 
risk or obligation. After 30 days, you can return the 
3-in-l Luggage (in its original condition) for a full and 
immediate refund. No questions asked! 

Only $99 
Plus Shipping, Handling & Insurance - $6 

Available In Jet Black and Rich Chestnut Brown. 

ORDER TOLL-FREE 
1-800-558-1500 Ext. 13 

[II 
or send check or money order to: 

JETSE7!:= 
1601 W. Glenlake Avenue, Dept. 13 

Itasca, IL 60143 
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SCIENCE AND THE CITIZEN 
Science Gains a Voice 
A new appointment raises hopes 
for better funding of research 

During the final years of Ronald 
Reagan's presidency, scientif­
ic advice in the White House 

shrank to near-invisibility. D. Allan 
Bromley of Yale University, an eminent 
nuclear physicist who was nominat­
ed as director of the Office of Science 
and Technology Policy (OSTP) three 
months after the Bush Administration 
took office, may change all that. 

Bromley's unimpeachable scientific 
credentials, coupled with his reputa­
tion for outspokenness and his long­
standing championship of funding for 
research, have renewed optimism that 
science will be clearly heard in the 
Bush White House. Besides being di­
rector of the OSTP, Bromley will also 
have the title of Assistant to the Pres­
ident for Science and Technology, a 
new position that gives him access to 
the Oval Office and participation in 
policy-making councils. 

Bromley enters a game that has al­
ready begun. An array of mega-proj­
ects, including the space station, the 
Superconducting Supercollider and 
the human genome project, are com­
peting for federal dollars with poli­
tically sacred nonscience programs 
on Capitol Hill; tentative budget com­
promises suggest science requests 
may not be fully met. Nevertheless, 
President Bush has renewed Reagan's 
long-stalled pledge to double funding 
for the National Science Foundation 
by 1993. 

Bromley seems to feel more than 
comfortable with this expansionist 
agenda. He supports-as "an appro­
priate general goal" -a recent call by 
Frank Press, president of the National 
Academy of Sciences, for a doubling of 
the current $ 1O.5-billion total federal 
investment in basic research over the 
next five years. Bromley too sees the 
funding of research as an investment: 
he cit�s an unpublished study by Ed­
win Mansfield of the University of 
Pennsylvania that estimates the social 
return on academic research world­
wide in the past 15 years at some 28 
percent per annum. Mansfield's pre­
liminary data are "the first that give 
us a firm hold on this question," Brom­
ley asserts. 

He suggests he will want to scru-
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tinize the balance between small­
scale research and the big-ticket items 
that attract media attention. In par­
ticular, he questions whether some 
planned big science or technology 
projects should be all-American; per­
haps, he suggests, efforts should be 
made to secure foreign participation 
before the construction stage. 

Bromley's experience has prepared 
him for Washington. He has served on 
many government panels and was a 
vice-chairman of the committee that 
in 1986 first proposed doubling the 
budget of the National Science Foun­
dation. He has earned a reputation for 
being forthright, even somewhat abra­
sive, and is said to have a deep regard 
for scientific discipline and disdain 
for hype. "In terms of preparation, he 
gets a very, very high mark," says Wil­
liam D. Carey, former executive officer 
of the American Association for the 
Advancement of Science. "I don't know 
that he would get many bouquets for 
congeniality, but his other assets are 
really central." 

Certainly Bromley is willing to speak 
out: in 1980 he made headlines by 
calling attention to declining scientific 
literacy in the U.S., and he remains 
emphatic about the need to improve 
science education. At the precollege 
level, he says, it "can only be classed as 
scandalous"; at the college level there 
are "peaks of excellence and valleys of 
mediocrity that defy description," and 
it is only at the postgraduate level that 
the U.S. is a world leader. 

Bromley thinks his most important 
job will be to give President Bush ac­
cess to sound advice on any issue that 
involves science or technology and to 
"sharpen the options available to the 
President." Indeed, one of Bromley's 
first tasks will be to suggest names for 
the President's Council of Science and 
Technology Advisers, a new body that 
is intended to play a more active role 

than did its predecessor, the White 
House Science Council. 

To be personally effective, Bromley 
suggests, he must earn the trust of 
President Bush and his advisers and 
thus come to be perceived as a mem­
ber of the White House inner circle. 
With an eye to that goal, Bromley says 
he will leave any personal agenda in 
New Haven. Perhaps for the same rea­
son, he declines to be drawn out con­
cerning many topical science-and-so­
ciety questions. He was, however, on 
the executive board of the Internation­
al Council of Scientific Unions when 
the idea of a vast study of earth sys­
tems was first put forth, and so he 
is likely to be well informed on is­
sues of global change. With that sub­
ject apparently growing more politi­
cally charged, the exposure could be 
useful. -Tim Beardsley 

Cosmic Collisions 
Computer simulations suggest 
how elliptical galaxies formed 

By ramming ordinary galaxies 
into each other in the deep 
space of a supercomputer, two 

astrophysicists have shown how a 
class of galaxies known as ellipticals 
might have formed. 

More than two thirds of all galaxies, 
including spiral ones such as the Milky 
Way, are roughly disk-shaped. Ellipti­
cal galaxies, in contrast, are more full­
figured, ranging in shape from ellip­
soids to spheres. They tend to be larg­
er than disk galaxies, and they often 
have "active nuclei": central regions 
spewing out prodigious amounts of 
radiation. 

Not long ago many investigators 
thought that elliptical galaxies repre­
sented relics of an early phase of gal­
axy formation and that disk galaxies 
formed later. More recently some as­
trophysicists have advanced an alter­
native idea: that disk galaxies formed 
first and then occasionally collided to 
form elliptical galaxies. Computer cal­
culations made by Joshua E. Barnes 
and Lars Hernquist of the Institute for 
Advanced Study in Princeton, N.J" lend 
support to this newer theory. 

Barnes laid the groundwork for the 
findings. He has spent several years 
developing a computer program that 
simulates how gravitational forces ex-
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"It's not easy for an astronaut to build anything up there ... what they really 
needed was a fastener that would help them put those space structures 
together quick and easy. 

My job is solving these puzzles. This time I designed a self-aligning 
bolt for them. But I couldllt help thinking those gloves they wear could be 
trouble. So I went home and did some work on my own. Cut up a cookie 
sheet and found an old gear in the garage-used them to make some 
modifications on a cordless screwdriver. Thrned it into a push-button wrench 
that'll let anybody-astronaut or robot-screw that bolt together in seconds. 

IT you keep on thinking, one interesting idea just naturally seems to 
lead right on to the next one." -EarICooney,Spa�eStation,IndustriaIEngineerAduisor 

�CDONNELLDOUGLAS 
A company of leaders. 
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erted by stars and "dark matter"­
thought to account for as much as 90 
percent of the total mass of most 
galaxies-might affect interactions be­
tween two or more galaxies. Barnes 
recently concluded that if two galaxies 
pass within a few galactic diameters of 
each other (the Milky Way, to offer one 
example, is 100,000 light-years across) 
they might gravitationally "capture" 

each other and move inexorably to­
ward a collision. A billion years or so 
after the initial collision, they would 
merge into a single object : an ellipti­
cal galaxy. 

By folding interstellar gas into 
Barnes's model, Hernquist has arrived 
at a possible explanation of why some 
elliptical galaxies have hyperactive 
cores. Current theory holds that only 

Simulations of collisions between spiral galaxies 
generate elliptical galaxies that match observations 

2 

3 4 

5 

SPIRAL GAlAXIES containing stars (red), gas (blue) and invisible "dark matter" 
collide in a simulation by Joshua E. Barnes and Lars Hernquist of the Institute for 
Advanced Study in Princeton, N.J. The merger's end product, which has a core of 
dense gas (white) and two long, curved "antennas," resembles some actual ellip­
tical galaxies. The simulation was done at the Pittsburgh Supercomputing Center. 
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huge amounts of matter plummeting 
into a massive black hole could gener­
ate active nuclei, which often outshine 
the rest of the galaxy. The question is, 
what supplies the matter to the black 
hole? Hernquist's calculations suggest 
that the collision of two disk galaxies 
would drive vast amounts of gas to­
ward the center of the newly formed 
elliptical galaxy. This concentration of 
gas, Hernquist says, might spur the 
formation of a black hole and then 
provide it with a virtually endless res­
ervoir of matter. 

The work of Barnes and Hernquist 
has quelled many doubts raised ini­
tially by the collision theory of ellip­
tical galaxies, according to Franc;:ois 
Schweizer of the Carnegie Institution 
in Washington, D.C. Indeed, Schweizer 
suggests that such simulations may 
provide a glimpse of our galaxy's fu­
ture. The Milky Way, he points out, is 
approaching its nearest neighbor, the 
disk-shaped Andromeda galaxy, at a 
rate of 120 kilometers per second; a 
galactic crack-up could occur within 
five billion years. -John Horgan 

Moscow Subversive Chic 
Dissent glues together 
the traditional chaos 

Images are abundant : sidewalk art­
ists displaying fluorescent nudes, 
a swing band belting out "Boogie­

Woogie Bugle Boy"; militiamen carry­
ing demonstrators into waiting buses, 
a scientist waving a copy of Pravda 
at the Presidium of the Academy of 
Sciences; teenagers in punk haircuts 
crossing themselves at an Easter serv­
ice and above the altar a sign of a 
hundred light bulbs flashing on at 
midnight : "Christ has risen!" 

Such images seem random and dis­
connected only if you have not been in 
Moscow recently. In Moscow, where 
anarchy traditionally undermines all 
order, anarchy itself has become the 
ordering principle; anything goes. Or 
does it? A walk through Ismailovsky 
Park confirms that glasnost has ex­
posed a vacuum of experience. Thou­
sands of identical paintings of church­
es, flowers, icons. The country is 
searching for an authentic voice that 
is more than merely a reaction to 
the establishment. It is a voice yet to 
be found; at the moment, to say what 
was previously forbidden-to pro­
test-is to say enough. There is little 
surprise in that the most spontaneous 
performance on the Arbat is "Boog­
ie-Woogie Bugle Boy"-an American 
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Mary Brodie won't /eel the lump in her breast 
for another two years. 

Like a lot of women, Mary Brodie 
understands the importance of regular 
breast self-examination. And because 
she's never felt a lump, she thinks every­
thing is fine. It's the same conclusion a 
lot of women reach. 

Unfortunately, it's wrong. 
The tiny tumor that's forming in her 

breast is too small to feel. But with 
mammography, it's not too small to see. 

And tomorrow Mary is getting her 
first mammogram. Thanks, in part, to a 
new x-ray film created by DuPont that 
makes it safer for women to start 

mammography early. 
And for Mary, early detection means 

a two y ear head start on the rest of her life. 
At DuPont, we make the things that 

make a difference. 

Better thing,r for better living. @ PO fjJ) 
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� � 1988 American Honda Motor Co . . Inc. 

They said it couldn't be done. 
That it would be

. 
impossible 

to create a suspenSIon system 
that combined handling and 
ride without compromising 
either one. Then put it on a car 
that didn't cost a small fortune. 

But the engineers at Honda 
ignored the naysayers. And 
found the answer: Arms. 

The upper and lower arms 
keep all four tires virtually 
perpendicular to the road for 
outstanding handling and 
stability. Which frees up the 
springs and shock absorbers 
to do exactly what they were 
designed to do: absorb road 
shock . That way, you don't 
have to. 
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You'll find this advanced 
double wishbone design on the 
Honda Accord. (And to your 
left). It was inspired by the 
double A-arms used on race 
cars. Honda was first to use 
them on all four wheels of a 
front-wheel-drive car. With a 
slight twist. 

What all this means is that 

you will enjoy a comfortable, 
smooth ride as you put the 
responsive, 2.0 liter, fuel­
injected 120 horsepower LXi 
engine through its paces. 

And you'll appreciate the 
spacious interior, with standard 
air conditioning, full-logic AMI 
FM stereo cassette, power 
moonroof and driver's seat with 

, 

• 
adjustable lumbar support. 

In the meantime, Honda 
engineers will keep looking 
for other innovative ideas. 

It is a challenge they 
welcome with open arms. 

mm�mm 
TheAccordlXi 
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tune_ Anything goes, but what goes is 
predictable_ 

I arrived in the Big Onion on April 8 
for a working visit at V Mire Nauki, the 
Russian edition of Scien tific American.  
It was my eighth trip in 10 years_ The 
next day riots broke out in Tbilisi. 
Reports in Pravda and Isvestia were 
vague; rumors from Georgia were the 
first indications that the protesters 
had been killed by militiamen wielding 
spades_ Despite glasnost, the Moscow 
rumor mill has, thankfully, not ground 
to a halt: "Civil war is approaching, 
you know." 

On April 1 1  Pravda published the 
text of amendments to the criminal 
code that, among other things, made 
"discreditation" of leading officials of 
social organizations a punishable of­
fense. The law bears an unsettling re­
semblance to the old Article 1901, 
used to silence dissidents for "evident 
lying fabrications_" The announce­
ment of the amended criminal code 
and the riot reports did not immedi­
ately appear connected with the up­
coming elections at the Academy of 
Sciences_ Here I was mistaken; in Mos­
cow everything is connected_ 

The Academy was then gearing 
up for the second-round elections to 
the Congress of People's Deputies, in 
which 12 seats left vacant after round 
one would be filled_ The main question 
was whether Andrei D. Sakharov and 
the other liberal candidates removed 
by the Academy's elite before the first 
round would now be elected. 

I was invited to the April 19 meeting 
in the Great Hall of Moscow University, 
where about 1,000 academicians, cor­
responding members of the Academy 
and representatives of the various in­
stitutes gathered to hear the platform 
of each of the 25 candidates and de­
bate its merits. Form was beginning to 
intrude on chaos_ The antiestablish­
ment opened the meeting with pro­
tests on the university steps against 
the candidacy of Georgi A _  Arbatov, 
director of the U.S_A_ and Canada 
Institute, MoscoW's best-known think 
tank on Western affairs_ "Architect of 
stagnation," the placards read_ "Stag­
nation" is standard glasnost for the 
Brezhnev era, a term encountered as 
often as paintings of churches. 

Inside: academician after academi­
cian speaks out for Arbatov, openly 
questioning the motives of the pro­
testers_ Again the liberals: the image 
of a researcher waving a copy of Prav­
da's article on "discreditation" at the 
Presidium is strong: "If we criticize 
members of the Academy's Presidi­
um," he shouts, "are we in violation of 

the law?" The chairman's response 
reflects the code's and the country's 
state of ambiguity: "Criticize but don't 
discredit" Laughter is raucous-and 
uneasy with remembrance of 1901_ 
The subject changes-but not the dia­
lectic-and soon one speaker after 
another is taking the podium to de­
nounce the news reports from Georgia 
as "lying and biased_" 

Any rules of order are lost on me; 
indeed, the election rules are lost on 
some academicians. Candidates with 
names at the end of the alphabet, such 
as Sakharov and Roald Z_ Sagdeev, 
do not appear until late in the eve­
ning. Major points of Sakharov's plat­
form include the prohibition of above­
ground nuclear-power plants and the 
gradual abolition of the Soviet internal 
passport system_ In agreement with 
many liberal thinkers, Sakharov sug­
gests "the liquidation of the [econ­
omy's] administration-command sys­
tem and its replacement with a plur­
alistic system, market controls and 
competition_" 

The elections are held the next day. 
The most votes (869 for; 232 against) 
go to Nikolai P_ Shmelev, an economist 
who supports radical economic re­
form, including the "utmost develop­
ment of market controls." Sakharov 
comes in sixth (806 to 295), Sagdeev 
eighth (739 to 362), Arbatov lIth (645 
to 456)_ The list of round-two winners 
essentially duplicates the list of liberal 
candidates eliminated in round one_ 

To be liberal these days is all-impor­
tant for the intelligentsia_ At a meeting 
with a high-ranking cultural official, a 
secretary enters and asks if he is go­
ing to the Party meeting tonight "Yes," 
he replies, then turns to me with a 
worried glance_ "I'm not a Party Mem­
ber you understand, but my position 
makes attendance mandatory." 

So the elections, both within and 
beyond the Academy, were a clear vic­
tory for glasnost and protest-but for 
democracy? It is easy to estimate that 
the Academy's allocation of 20 seats 
out of the 2,250 in the new Congress 
makes each vote of the 70,000 scien­
tists in the Academy worth about 20 
votes of an ordinary citizen_ Not ex­
actly proportional representation, but 
still a great leap forward_ 

Moscow's directed anarchy was, of 
course, not confined to the Academy_ 
On April 23 the Democratic Union, a 
radical organization that is allowed to 
exist but not to assemble, held a pro­
test across from Pushkin Square in 
central Moscow. Some said it was a 
protest against the new criminal laws, 
others said against the events in Tbi-
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lisi; the subject was not as important 
a,s the act. In any case, the militia had 
cordoned off the area and prevented 
1,000 potential demonstrators from 
crossing the street to find out. 

Five years ago we would all have 
been arrested. Indeed, I watched mi­
litiamen carry off a number of the 
demonstrators. What is the law? Even 
the militia seemed not to know. "Go 
home, take the metro, this is none of 
your business," was all they could 
come up with as the crowd shouted, 
"Pozor! Pozor! Disgrace! Disgrace!" 
"He who holds the megaphone is he 
who has glasnost," was my parting 
shot, drowned out I am sure. 

April chaos is not restricted to art or 
politics, nor is protest. Religion is also 
an option. The ultimate act of subver­
sion is to attend a Russian Easter serv­
ice. At least the authorities seemed 
to think so in the past, barricading 
churches, disrupting the processions. 
This time, too, they made a show of 
it, and the militia surrounded Novo­
devichy Monastery as if they intend­
ed to seal it off. But it was a show: 
they checked neither passes nor pass­
ports: everyone got through. Inside, 
one's first impression was-anarchy. 
Foreigners everywhere, miniskirts, art­
deco gold lame (this lady might as well 
have been from Mars), teenagers hold­
ing hands and those-members of a 
motorcycle gang? 

Was this a protest against authori­
ty or subversion without subverSion, 
just as the militia's show was force 
without force? I don't know. It was 
largely curiosity or the search for a 
voice. Maybe we all just wanted to 
belong to something. But at midnight 
those hundred light bulbs flashed on. 
Where was I, Times Square? No, appar­
ently Moscow. "Christ has risen!" "In 
truth he has risen!" -Tony Rothman 

PHYSICAL SCIENCES 

Stradivari's Secret (Redux) 
Did baroque artisans 
"X-ray" wood with sunlight? 

For hundreds of years musicolo­
gists have argued about why cer­
tain baroque instruments-vio­

lins made by Italy's Antonio Stradivari, 
for example, or harpsichords by the 
Ruckers family in Antwerp-produce 
such splendid sound. Some experts 
maintain the secret lies in the way the 
wood was cured; others claim it re­
sides in the varnish. 

WE'RE 
FIGHTING FOR 

YOUR LIFE 

Americanvt 
Heart 

Association 

V. Official announcement of the 
rIRST MEN ON THE MOON 
$5 COMMEMORATIVE COIN 
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Did ugrain printing" help the masters find-and 
compensate for-variations in the density of wood? 

HARPSICHORD SOUNDBOARDS made by Tillmann Steckner of London, Ontario, 
were transilluminated by electric light. Darker regions in the soundboard at the 
left, which has a uniform thickness, are more densely grained than surround­
ing regions. (The well-defined dark bands represent supporting struts.) Steckner 
thinned out densely grained regions in the soundboard at the right to give it a more 
uniform transparency-and, he claims, a better sound. 

Here is another theory. Tillmann 
Steckner, a harpsichord maker in Lon­
don, Ontario, thinks the baroque mas­
ters may have achieved their extraor­
dinary success by using sunlight as a 
diagnostic tool. The notion first struck 
Steckner in 1974 when he casually 
held up a harpsichord soundboard to 
a window. The light shone through-­
the sheet of spruce (the wood of 
choice for most keyboard and string 
instruments), revealing its internal 
structure. Although the wood's sur­
face seemed to be uniformly grained, 
the backlighting showed that some 
regions were actually more densely 
grained-and darker-than others. 

Later, while browsing through the 
scholarly literature, Steckner learned 
that the top plates of some baroque 
violins and the soundboards of some 
harpsichords have irregular variations 
in thickness. Thinking the variations 
were imperfections, restorers had oc­
casionally planed down the wood to a 
more uniform thickness, but their ef­
forts always ruined the instrument's 
sound. 
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Steckner wondered: had Stradivari 
and other masters used natural light 
to identify densely grained regions in 
their wood and then thinned them to 
compensate? Perhaps this technique 
improved the resonance of the wood 
by making the overall distribution 
of mass-rather than the thickness­
more uniform. Steckner decided to 
test his theory-working not with sun­
light but with electric light-on a harp­
sichord he was building for the St. 
Thomas Church in Leipzig, where Bach 
was once the music director. 

Steckner claims the harpSichord, 
which he finished last fall, sounds bet­
ter than any of his previous creations. 
Experts who have heard the instru­
ment agree. "It has a quite amazing 
resonance," says Damjana Bratuz, a 
professor of music at the University of 
Western Ontario in London. 

Steckner says he has learned of 
at least one other modern artisan-a 
German violin maker named Konrad 
Leonhardt-who has practiced what 
Steckner calls "grain printing," report­
edly with success. But neither Leon-

hardt nor any other modern authori­
ty, to Steckner's knowledge, has pro­
posed that the old masters employed 
the technique. "That's my contribu­
tion," says Steckner, who has de­
scribed his research in a privately cir­
culated manuscript. 

Some experts doubt whether grain 
printing can produce an exception­
al instrument. "The stiffness of the 
wood is what's important," observes 
Carleen M. Hutchins, who is an author­
ity on the acoustics of violins, "and 
you can't equate stiffness with light 
transmission." 

Steckner points out that the true 
test for his theory would be to de­
termine whether relatively thin re­
gions in the top plates of all Stradiva­
ri violins, for example, are also dense­
ly grained. Because spruce becomes 
opaque as it ages, such tests would 
require X rays. So far, Steckner adds, 
"No one has given me a Stradivari to 
take apart." -].H. 

Squaring the Circle 
The sum of the parts equals 
the square or even the circle 

Circles to square, and Cubes to 
double./Would give a Man excessive 
Trou ble . 

-Matthew Prior, 1717 

During the past two millennia an 
inconceivable number of com­
passes, straightedges and scis­

sors have been bent and broken in 
the attempt to transform a circle into 
a square that covers the same area. 
Mathematicians gradually set these in­
struments aside as they proved in­
effective. Yet 100 generations have 
not toiled in vain. The circle has been 
squared. 

Miklos Laczkovich of Lorand E6tv6s 
University in Budapest has demon­
strated a method for partitioning a 
circle into a finite number of points, 
curves and twisted pieces that can be 
rearranged to form a square of the 
same area. "Many mathematicians 
who have worked on squaring the cir­
cle have reviewed the proof," says Stan 
Wagon of Smith College. "Laczkovich's 
method seems sound." 

By applying a straightedge and com­
pass, the ancient Greeks made the first 
attempt to construct a square from 
a circle. They failed, and so inevita­
bly has every mathematician who has 
since tried this approach. A circle and 
square have an equal area only if the 
ratio between a side of the square and 
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STORM WARNING SYSTEM 
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claims, even death or injury. The 
SO-250B is effective in advance warning 
of unannounced "KILLER·' storms. 

This unique, state-of-the-art scientific 
instrument provides ample time to take 
evasive action against such unpredicta­
ble events. Solid state design consists of 
one IC, 31 transistors and 11 diodes. 

The SO-250B satisfies the require­
ments of the U.S. Army Corps of 
Engineers, Bureau of Mines, OSHA and 
others interested in reducing casualties. 

Lowest in cost, highest in quality and 
effectiveness, the SO-250B does what 
the weather bureau cannot. 

The SO-250B is portable and is 
equipped with test calibrator, recharga­
ble battery and battery charger. 
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10,25,50, 100 MILES (+/-20%) 

SIZE: 
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BATTERY: 
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(CHARGER SUPPLIED WITH UNIT) 
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WATERTIGHT MOLDED FIBERGLASS 

OPTIONS: 
REMOTE ANTENNA, STORM INTENSITY 
METER, CHART RECORDER, STROBE 
LIGHT, SIREN 

SENSITIVITY: 
1 (ONE) MICROVOLT W170db LOAD 

SOl INTERNATIONAL � LORTON, VIRGINIA 22079 .: � (703) 550-9899 .: :.  (800) 541-7250 � FAX (703) 339-1269 
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a radius of the circle equals the square 
root of pi. Mathematicians proved in 
1882 that two line segments cannot 
be constructed to have lengths in this 
ratio, and therefore this method can­
not square the circle. 

Undaunted by this mathematical 
impossibility, mathematicians aban­
doned the straightedge and compass 
in favor of the scissors. They tried 
to cut up a circle and rearrange the 
pieces to form a square. If you try to 
do so, you will soon discover that the 
round edges do not cooperate in the 
least. Indeed, after many attempts, 
you might convince yourself that the 
problem is impossible, which is exact­
ly what Lester E. Dubins, Morris W. 
Hirsch and jack Karush of the Univer­
sity of California at Berkeley proved 
26 years ago. 

Another version of the circle-squar­
ing problem remained, however, one 
that Laczkovich ultimately solved: 
could any two objects of equal size be 
decomposed into a finite number of 
points, curves and other contorted 
pieces-those that cannot be cut us­
ing scissors? 

Alfred Tarski, who first posed this 
problem, and Stefan Banach solved the 
three-dimensional case in 1924. They 
divided a ball into convoluted and 
perforated pieces that could be rear­
ranged into a cube of the same vol­
ume. Paradoxically, a sphere can also 
be partitioned into pieces that can be 
recombined into virtually any shape of 
any volume [see "Computer Recrea­
tions," by A. K. Dewdney; SCIENTIFIC 

AMERICAN, April). Remarkably, the two­
dimensional version of this problem 
turned out to be more difficult. 

Laczkovich seems finally to have un­
raveled the answer to it. In a 39-page 
proof he describes the unusual pieces 
from which circles and squares are 
made. In addition to the Circle, his 
method can also square the ellipse or 
any other plane figure whose bounda­
ry can be represented by a smooth 
loop of untwisted string. He demon­
strates that any of these plane figures 
can be decomposed into pieces that 
one can form into a square merely by 
moving them without rotation. 

Some of the pieces resemble those 
of an ordinary jigsaw puzzle, but 
many are collections of single points 
or curved segments. You would not, 
however, want to assemble them your­
self unless you have sufficient space­
time. Laczkovich estimates that his 
method of squaring the circle pro­
duces about 1050 pieces. If each of the 
pieces averaged one square centime­
ter in size, then a circle composed of 

the pieces would cover about a 10th of 
our galaxy. -Russell Ruthen 

Jukeboxes for Scientists 
NASA seeks ways to cope with 
an upcoming deluge of data �ter years of yearning for new 

data, U.S. space scientists may 
soon have more than they 

know what to do with. Consider these 
figures: 

During the past few decades the 
National Space Science Data Center­
which is the National Aeronautics and 
Space Administration's main archive 
for data gathered by scientific space­
craft, from Pioneer to the International 
Ultraviole t  Explorer-has accumulated 
some 6,000,000,000,000, or six tril­
lion, bytes of data (one byte equals 
eight bits, or binary units). That is 
roughly double the amount of infor­
mation contained in all of the Library 
of Congress's 19 million books. 

In late April the space shuttle sent 
Magellan on its way to a rendezvous 
with Venus; by the time the spacecraft 
finishes mapping that planet's baked 
topography some three years hence, it 
will have added three trillion bytes to 
NASA'S current pool of data, raising it 
by 50 percent. 

Magellan 's output will be a mere 
trickle compared with that of the 
Hubble Space Telescope, scheduled to 
be launched next year. The telescope 
should generate several trillion bytes 
every year, thereby increasing NASA'S 

data base more than fivefold over its 
IS-year lifetime. 

The flood will turn into a tidal wave 
when, or if, NASA deploys the Earth 
Observing System (£os) by the mid-
1990's. The battery of sensors planned 
for £os would generate a trillion bytes' 
worth of data every few days. Of 
course, by then the Cosmic Back­
ground Explorer, the jupiter probe 
Cali/eo, the Camma Ray Observatory 
and a host of other missions should 
also be pouring data back to the earth. 

Are NASA'S preparations for the 
deluge adequate? Measured in terms 
of funding, not really, acknowledges 
james L. Green, director of the nation­
al data center. NASA has proposed in­
creasing the center's annual budget of 
$3.2 million by $ 1.5 million next year. 
"That's just not enough" to do all that 
should tie done, Green says. Given 
the trem�ndous constraints on NASA'S 

budget, �e adds, data management 
will prob�bly always be short-shrifted. 
"NASA'S primary responsibility is to 
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build the instruments and then get the 
damn things into orbit," he explains. 
Unless that happens, he points out, 
there will not be any data to manage. 

NASA is nonetheless trying to up­
grade its data-handling resources. The 
agency is extending its electronic links 
to research institutions so that more 
data can travel more quickly to more 
places. Researchers are devising soft­
ware programs that can automatically 
label raw, incoming data so that the 
information can be easily retrieved 
later. Such a program, Green explains, 
might allow a scientist to call up spec­
troscopic data gathered by £OS only 
on cloudy days in the tropics, for ex­
ample, without searching the entire 
data base. 

At the national data center, plans 
call for augmenting the current stor­
age system of computer tapes and 
disks with "optical-disk jukeboxes." 
Each jukebox would have a 100-bil­
lion-byte capacity and would serve up 
data on command to researchers who 
come to the center or who log in on 
computer networks. 

In pursuing these ideas, Green says, 
NASA officials are consulting close­
ly with the space-science community 
and with other outfits experienced in 
handling electronic data. Convenient­
ly, he notes, the national data center is 
housed in the Goddard Space Flight 
Center in Greenbelt, Md., "right up 
the road" from the National Securi­
ty Agency in Fort Meade, perhaps the 
world's premier intelligence-gathering 
organization. --].H. 

BIOLOGICAL SCIENCES 

Molecular Archaeology 
DNA from a 7,OOO-year-old brain 
opens new vistas in prehistory 

Human evolution is a molecu­
lar process, and it would seem 
natural for the study of that 

process to be focused largely on 
molecules. Yet until recently archaeol­
ogists have been frustrated by the fact 
that only present-day human DNA 
sequences were available for study; 
those from the past had to be inferred. 
A recent technique called the polymer­
ase chain reaction, or PCR, however, 
has made it possible to obtain nucleo­
tide sequences from ancient DNA and 
compare them directly with modern 
ones. Among the first fruits of this 
method are DNA sequences from a 
7,000-year-old brain that shed new 
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light on the peopling of the Americas. 
The power of PCR stems from the 

fact that it enables a biochemist to 
amplify, or copy, a particular stretch 
of DNA many times. Once the DNA has 
been amplified, the information it car­
ries in the form of a sequence of 
nucleotide bases can be determined 
by well-established methods. As a re­
sult, DNA sequences-such as those 
from rare or damaged DNA-that were 
previously unobtainable can now be 
retrieved. PCR has had a revolutionary 
effect on a variety of fields, of which 
archaeology is only the latest. 

The problem PCR overcomes in ar­
chaeology is that conventional meth­
ods of cloning (replicating) genes do 
not work well on ancient DNA . It has 
been known for some time that tis­
sues of humans and other species 
are preserved in museum specimens, 
mummies and animals frozen in ice. 
But in all these tissues degradative 
processes have broken the DNA into 
small pieces and damaged it in oth­
er ways that render conventional se­
quencing methods impotent. In con­
trast, PCR can operate on small frag­
ments of intact DNA within larger, 
damaged molecules. 

Now Svante Paabo of the Universi­
ty of California at Berkeley has exploit­
ed these properties to obtain DNA se­
quences from human remains found 
last year in Little Salt Spring, a bog 
in southwestern Florida. Radiocarbon 
dates show that the remains date from 
about 7,000 years ago, a time that falls 
in the so-called Middle Archaic peri­
od of Native American prehistory. Re­
markably, because of the anaerobic 
and neutral conditions in the bog, the 
entire brain was preserved, albeit in a 
somewhat shrunken form. 

The DNA Paabo worked with comes 
from the mitochondria : organelles 
that supply a cell with its fuel. All of an 
organism's mitochondria are derived 
from the egg (rather than the sperm); 
hence they carry only maternal genes. 
Because mitochondrial genes mutate 
rapidly, they are valuable for tracing 
events in human prehistory, which oc­
cupies a brief span in evolutionary 
terms. (Paabo's colleague Allan C. Wil­
son has analyzed modern mitochon­
drial DNA sequences and concluded 
that all modern human beings are de­
scended from one woman who lived in 
Africa some 200,000 years ago.) 

The DNA sequences from Little 
Salt Spring may ultimately help in­
crease anthropologists' estimates of 
how many people initially immi­
grated to the Americas. It is widely 
thought that the original migration 
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from Asia to Alaska was quite small, 
a conclusion buttressed by the fact 
that among modern Native Ameri­
cans only three mitochondrial DNA 
lineages were known. Paabo and his 
co-workers found that the brain from 
the bog contained a previously un­
known mitochondrial sequence, which 
implies the existence of a fourth lin­
eage that died out some time after the 
initial immigration. 

Even beyond the speCific findings 
from Little Salt Spring, PCR may open 
up new avenues of research in archae­
ology. Paabo and his colleagues have 
used the technique to get DNA se­
quences from the body of an Egyptian 
priest (4,000 years old) and from a 
mammoth frozen in the Siberian ice 
for 40,000 years; other projects are 
already under way. As Paabo notes in a 
recent paper in the Journal of Biolog­
ical Chemistry: "Advances in molecu­
lar biological techniques have enabled 
us to retrieve . . .  ancient DNA mole­
cules and thus to catch evolution red­
handed." -John Benditt 

Alien Influence 
Parasitic intruders 
manipulate host behavior 

The notion that evolution shapes 
animal behavior has become fa­
miliar, but the idea that evolu­

tion can lead to the direct manipula­
tion by a parasite of its host's behavior 
is something else again. Yet such con­
trol seems to have been demonstrated 
in an insect parasite by Jacques Bro­
deur and Jeremy N. McNeil of Laval 
University in Quebec. They have found 
that the larvae of a parasitic wasp 
change the behavior of their host spe­
cies, the potato aphid, in different 
ways depending on the parasite's par­
ticular interests. 

The female of the wasp Aphidus 
nigripes injects her eggs into the po­
tato aphid; when the larvae hatch, 
they slowly consume the unfortunate 
aphid from the inside and so kill it. 
When the larvae have completed their 
development, they emerge from the 
mummified remains of the aphid. If 
winter is coming on, however, the par­
asite (properly termed a parasitoid, 
because it kills its host) may stay with­
in the remains of the aphic;l, entering a 
prolonged period of suspended ani­
mation called diapause, until condi­
tions are more favorable in the spring. 

In Science, Brodeur and McNeil re­
port that unparasitized aphids gen­
erally stay under leaves, where they 

prefer to feed, but that parasitized 
ones move to the leaves' upper sur­
faces before dying. The workers be­
gan their study by adjusting the con­
ditions in laboratory colonies of para­
sitized aphids so that roughly half of 
the parasites would enter diapause. 

Brodeur and McNeil then investigat­
ed whether the effect of a diapaus­
ing wasp larva on a host differs from 
the effect of a nondiapausing larva. 
The answer was a clear "yes": aphids 
parasitized by diapausing wasp larvae 
tend to leave the plant and hide them­
selves in concealed sites before dy­
ing, whereas aphids carrying nondia­
pausing larvae stay on the plant. 

Many parasites are known to affect 
host behavior; the new twist is that A. 
nigripes is selective, making its host 
hide when hiding is adaptive for the 
parasite and not otherwise. Brodeur 
and McNeil suggest that diapausing 
larvae induce their hosts to lodge in 
sheltered places before dying so that 
the parasite will be protected against 
temperature changes and the atten­
tions of predators during the winter. 

They demonstrated the second 
point with a hyperparasitoid wasp 
species: one that places its larvae in­
side already parasitized, mummified 
aphids, where they eat the original 
parasite. Brodeur and McNeil showed 
that aphids that had been parasitized 
by diapausing wasp larvae-and were 
therefore concealed-were less fre­
quently attacked by hyperparasitoids. 
Potato aphids not only are killed by A. 
nigripes but also are made to protect 
their executioners. - T.M.B. 

Ripe for a Change 
A new treatment could mean the 
end of "pink bullet" tomatoes �yone who has tasted a tomato 

ripened on the vine knows that 
the flavor of most supermarket 

tomatoes does not even come close. 
The reason is that most tomatoes are 
picked while they are still completely 
green, in order to give shippers time to 
get them to market. Such tomatoes are 
ripened artificially with the gas ethyl­
ene, but they never develop the full 
flavor and texture of tomatoes picked 
after they have begun to ripen. Peter 
]. Davies of Cornell University calls 
these artificially ripened tomatoes 
"pink bullets." 

He and his colleagues think they 
have found a way to make pink bullets 
part of gastronomical history: a treat­
ment that, they say, doubles the time 
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Chicago Symph. Orch . !  
Solti. ( London DIGITAL) 
100459. Cocktail (Original 
Soundtrack) · (Elektra) 

200478. Metallica: And 
Justice For All · #1 Speed 
metal band ! (Elektra) 

223559. The Beach Boys: 
Endless Summer · 21 
timeless hitsl (Capitol) 

100532. Diane Schuur:  
Talkin' ' Bout You · Cry Me 
A River, etc. (GRP) 

1 00707 
100604. Heifetz: The 
Decca Masters, Vol. 1 
Golliwogs Cakewalk, Clair 
de lune, many more. (MCA) 

100035. Robert Palmer: 
Heavy Nova · Simply 
Irresistible, More Than 
Ever, etc. (EM I )  

123385. The Best Of Eric 
Clapton: Time Pieces 
(Polydor) 

100579. K. T. Oslin: This 
Woman · Hold Me, Money, 
title song, more. ( RCA) 

100470. Vangelis: Direct 
New Age Meditations, The 
Motion Of Stars, The Will Of 
The Wind, etc. (Arista) 

1 53983. Charlie Parker: 
Compact Jazz · Now's The 
Time, Night And Day. 
(Verve) 

173233 1 00714 154633 

1 541 35. The Best 01 
Steely Dan : Decade 
14 hits. (MCA) 

104871. Supertramp: 
Classics (14 Greatest 
Hits) · The Logical Song, 
Give A Little Bit, more. 
(A&M) 

144578. The Judds' : 
Greatest Hits · (RCA) 

115356. Pinnock : Vivaldi, 
The 4 Seasons · Simon 
Standage, viol in ;  etc. 
(Archiv DIGITAL) 
114780. Cinderella: Long 
Cold Winter · Gypsy Road, 
Don't Know What You Got, 
more. (Mercury) 

134347. Huey Lewis: 
Small World · (Chrysalis) 

173406. Jazz CD Sampler 
Over 67 minutes of jazz. 
(Polygram) 

100467. Beethoven, Sym­
phony No. 9 (Choral) 
London Classical Players/ 
Norrington. (Angel 
DIGITAL) 
123721. Jimmy Page: Out­
rider · Led Zeppelin 
guitariSt's solo flight! 
(Geffen) 

134321 . Led Zeppelin:  
Houses Of The Holy 
(AtlantiC) 

COM PACT 
DISCS, 
CASSETTES 
OR RECORDS 

for the 
price of 

. . .  with noth ing 
more to buy ever ! 

153606. INXS: Kick · Need 
You Tonight, Devil Inside, 
etc. (AtlantiC) 

100517. Phil Collins: 
Busler/Soundtrack · 
Groovy Kind of Love, Two 
Hearts, etc. (AtlantiC) 

134420. John Cougar 
Mellencamp: The Lone­
some Jubi lee · Paper In 
Fire, more. (Mercury) 

100008. Randy Travis: Old 
8xl0 · Honky Tonk Moon, 
more. (Warner Bros.) 

1 00927 1 1 5457 1 00713 
PAVAROTTI 

At 
Carnegie 

Hall 

153740. Genesis: 125360. By Request . . .  The 
Invisible Touch · (Atlantic) Best Of John Will iams & 

The Boston Pops · Olym· 

163579. Andres Segovia pic Fanfare, Liberty Fan· 

Plays Rodrigo, Ponce & fare, more. (Phil ips 
Torroba • Fantasia para un DIGITAL) 
Gentilhombre, Concierto 134627. Classic Old & 1 1 531 1 170348 del Sur, Castles Of Spain.  Gold, Vol. 1 · 20 hitsl 

270106. An Evening With 
Louis Armstrong · (GNP 
Crescendo) 
262889. Virgil Fox: The 
Digital Fox · Organ music 
by Bach, others. 
(Bainbridge DIGITAL) 

209468. Perlman: 
(MCA) ( Laurie) 

Brahms, Violin Sonatas 100679. Steve Earle: 
104857. Benny Goodman:  

(Angel DIGITAL) Copperhead Road . (UNI )  
Sing, Sing, Sing · ( RCA) 

11 5306. Pinnock: Handel, 
120768. 20 Great Love 134267. Marriner: Mozart, Water Music · The English 
Songs Of The 50s & 60s, Overtures · Academy of St. Concert. "A winner:-
Vol. 1 ·  ( Laurie) Martin. (Angel DIGITAL) Ovation (Archiv DIGITAL) 
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Start With 4 Compact Discs, Cassettes or Records For l¢ !  
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discs, $8.98-$9 .98 for cassettes and records) ... and take up to 
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... ever! Shipping and handling added to each shipment. 
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nothing. It will be sent to you automatically. If you'd prefer an 
alternate selection, or none at all, just return the card enclosed 
with each issue of your magazine by the date specified on the 
card. You will have at least 10 days to decide, or you may return 
your Main Selection at our expense for full credit. Cancel your 
membership at any time after completing your membership 
agreement, simply by writing to us. 

Free 10-Day Trial Listen to your 4 introductory selections 
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ripe tomatoes remain in top condi­
tion. Currently that time is four or five 
days. Davies says his technique ex­
tends the period to from 1 0  to 1 2  days. 
If the treatment proves economical, it 
should allow growers to pick the fruit 
after it begins to ripen and so elimi­
nate the need for ethylene. 

Davies and his colleague Martha A.  
Mutschler obtained their inspiration 
from a small Brazilian tomato called 
Alcoba�a, which has a shelf life of 
several weeks. They and their collab­
orators found that Alcoba�a contain 
nearly three times as much of a chem­
ical called l,4-butanediamine as most 
other types of tomatoes. The investi­
gators then showed that by adding a 
very small quantity of the chemical to 
U.S.-grown strains they could double 
the tomatoes' shelf life. 

The chemical is forced into the to­
matoes by placing them in a dilute 
solution, lowering the ambient pres­
sure and then suddenly releasing the 
vacuum. A small quantity of the solu­
tion enters the tomatoes through the 
stem scar. 

If commercial-scale trials now un­
der way prove successful, Davies 
points out, regulatory approval should 
be relatively straightforward because 
the amount of chemical added per 
fruit-a milligram-is similar to the 
amount present naturally. Moreover, 
other polyamines and even the ami­
no acid methionine have the same 
effect. Although l,4-butanediamine is 
a known plant hormone, its property 
of prolonging shelf life seems to be 
a separate effect, according to Da­
vies. How it works is not yet under­
stood, he admits; investigations are 
continuing. - T.M.B .  

Sweet Success 
A critical glucose 
transporter has been found �iSCOVery made virtually si­

multaneously by several groups 
has advanced understanding of 

a major question in metabolism re­
search: what constitutes the full cas­
cade of events leading from the bind­
ing of insulin by its receptor on fat 
and muscle cells to the cells' avid 
uptake of glucose from the blood? 
Such uptake is critical: it provides en­
ergy to a significant fraction of the 
body's cells, and it prevents glucose in 
the blood from accumulating to levels 
associated with diabetes. 

The workers have isolated the gene 
for-and thus demonstrated the exis-
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tence of-a protein, known as a glu­
cose transporter, that appears to be 
crucial in the final steps of the cas­
cade. In response to insulin's message, 
molecules of the transporter move en 
masse from the interior of the cell to 
the plasma membrane, where they 
usher glucose into the cell. 

The search for the gene began last 
year, precipitated by work done by 
David E. james and Paul F. Pilch of the 
Boston University School of Medicine. 
They had been studying the activity of 
what was thought to be the only glu­
cose transporter in fat and muscle 
cells : a protein initially identified in 
erythrocytes (red blood cells) and sub­
sequently found in a wide range of 
cells. This protein had been shown to 
respond to insulin by migrating from 
interior pools known as micro somes 
to the plasma membrane. james and 
Pilch hoped an analysis of other pro­
teins in the micro somes might pro-

. vide clues to the migration mecha­
nism and perhaps explain why too few 
of the transporter molecules appeared 
in the membrane to account readily 
for all the glucose taken up by insulin­
stimulated cells. 

To their surprise, one of the mono­
clonal antibodies they isolated to dis­
tinguish among microsomal proteins 
picked out a molecule that resembled 
the known transporter. It was about 
the same size, for example, and in 
fat cells exposed to insulin it traveled 
from micro somes to the plasma mem­
brane; in fact, significantly more of 
the novel protein than of the erythro­
cyte-type transporter appeared in the 
membrane. 

Definitive proof that james and 
Pilch had indeed identified a second, 
and potentially more important, glu­
cose transporter awaited the isolation 
and characterization of its gene. At 
least five research groups have now 
independently done just that. 

james, who is now at the Washing­
ton University Medical School, and his 
co-worker Mike Mueckler have cloned 
the rat gene and shown that its nucle­
otide sequence is related to, but clear­
ly distinct from, the sequence of the 
erythrocyte-type transporter ; so have 
Morris ]. Birnbaum of the Harvard 
Medical School and, separately, Harvey 
F. Lodish and his colleagues at the 
Whitehead Institute for Biomedical Re­
search. A similar sequence has also 
been identified in the mouse gene by 
M. Daniel Lane and his group at the 
johns Hopkins University School of 
Medicine and the East Carolina Univer­
sity School of Medicine and in the 
human variety by Graeme 1 .  Bell of the 

University of Chicago and his co-work­
ers at several institutions. Birnbaum 
has also shown conclUSively that the 
protein encoded by the cloned DNA 
does indeed transport glucose. 

Workers are now hoping to identi­
fy the molecules that interact with the 
transporter to regulate its response 
to insulin. They are also examining 
the role of the transporter in non­
insulin-dependent diabetes, the form 
that typically arises in adulthood. In 
particular, the possibility that an in­
born defect in the transporter pre­
disposes some people to diabetes is, 
as Birnbaum notes, too important to 
ignore. -Ricki Rusting 

PROFILE 

Ethnography as Art 
"Complexi(ier" Clifford Geertz 
ponders anthropology's future 

It once seemed so simple, not to say 
romantic: the intrepid ethnogra­
pher goes off to live with some 

exotic tribe (preferably isolated on a 
balmy South Sea island), records what 
he or she finds there and from those 
observations draws general conclu­
sions about human behavior and so­
cial structure. Then doubts-moral 
and scientific-began cropping up. 
Does viewing other societies as "ele­
mental" or "primitive" versions of so­
called modern (that is, white, industri­
alized) society smack of imperialism 
and racism? Does the structure of any 
particular culture spring more from 
unique environmental influences than 
from some universal human traits? 
Does the investigator's own cultural 
indoctrination warp his or her obser­
vations? And finally, does the very act 
of writing distort "the truth"-what­
ever that is-even further? 

Perhaps no anthropologist has 
posed these questions as pointedly 
and as persistently as Clifford Geertz. 
In Works and Lives: The Anthropologist 
as Author, the latest of more than a 
dozen books he has composed, Geertz 
sums up the sense of crisis that per­
vades his field: "Anthropologists have 
added to their 'Is it decent?' worry 
(Who are we to describe them ?) an 'Is 
it possible?' one (Can Ethiopian love 
be sung in France?), with which they 
are even less well prepared to deal." 
Then, as he has for the past three 
decades, both by example and explicit­
ly, Geertz points to a way out of the 
impasse. It is not to saddle anthropol-

© 1989 SCIENTIFIC AMERICAN, INC



© 1989 SCIENTIFIC AMERICAN, INC



THE SCHOOL 
THAT COMES TO 

YOUR CHILD. 
Kindergarten 

through 8th Grade. 

High-quality, effective home 
study courses developed by cer­
tified teachers at outstanding 
Baltimore private school. Home 
is your classroom, you are the 
teacher. Success is easy with 
explicit,  step-by-step instruc­
tions. Ideal for enrichment or 
for families on the move . All 
materials included. Start any 
time . Transfer to other schools. 
350, 000 student users in over 
80 years. Non-profit.  Equal 
opportunity. Fully accredited. 

Write or call for free catalog. 

Dept. SCl79, Tuscany Rd., Baltimore, MD 21210 

LOOKING 
FOR A 
PUBLISHER? 
Did you know you 
can have your book 
published for a fee? 
You are invited to send for a free i I Ius· 
trated, 4Q.page brochure which outlines 
the publishing services that have made 

Vantage Press 
America's lead­
i n g  s u b s i d y  
publisher. This 
highly informa­
t ive broc h u re 
wil l  show how 
you can arrange 
to finance the 
prompt publica­
t i o n  of you r  
book. 

Unpublished authors, especially, will find this 
booklet valuable. Foryour free copy, write to: 

VANTAOE PRESS, lnc. Dept . F-1 03 
516 W. 34th Street, New York, NY 1 0001 

30 SCIENTIFIC AMERICAN July 1 989 

ogy with a speCific ideological or polit­
ical purpose or to ape the rigorous 
methodology of the "hard" sciences. 
Rather, Geertz says, the solution lies in 
accepting cultural anthropology as, 
for better or worse, a literary enter­
prise-"imaginative writing about real 
people in real places at real times." 
"Geertz is not the only spokesman for 
these ideas," says George E. Marcus of 
Rice University, "only the most origi­
nal and brilliant." 

This spring I interviewed Geertz on 
a drizzly day at the Institute for Ad­
vanced Study in Princeton, N.J., his 
home base since 1 9 70. At 62,  he is a 
big bear of a man, with shaggy gray 
hair and beard. His speech echoes 
his writing: all starts and stops, head­
long assertions punctuated by mum­
bled asides. He is physically fidgety as 
well, pulling on his ear, pawing his 
cheek, slouching down in his chair and 
abruptly drawing himself up. Now and 
then, as he listens to me pose a ques­
tion, he pulls the top of his sweater 
halfway up his face, like a bandit try­
ing to conceal his identity. 

His life story, too, seems at points 
intended to mystify rather than clari­
fy. He grew up in Marin County, Calif., 
in "a sort of, kind of foster home," and 
his earliest ambition was "to get the 
hell out of there, we don't have to go 
into why." He succeeded by going to 
Antioch College in Ohio, where he ma­
jored in philosophy and fantasized 
about becoming a novelist. "I was the 
literary type," he recalls. "Of course 
my enemies would say I still am." 

He became an anthropologist "quite 
accidentally." He intended to pursue 
philosophy after college, but then a 
professor at Antioch convinced him to 
look into the anthropology program at 
Harvard University. "I knew nothing 
about the field," Geertz recalls, but 
while he was in Cambridge a friend 
introduced him to Margaret Mead. The 
famous anthropologist spent an en­
tire afternoon with Geertz, show­
ing him notes from her fieldwork 
and regaling him with stories. He 
decided then and there to become an 
anthropologist. 

His first fieldwork took him to Java 
in 1 9 5 2 ,  and since then he has spent 
dozens of months studying societies 
in Southeast Asia and in North Afri­
ca at firsthand. Indeed, Geertz points 
out with some fervor that although he 
is best known-especially outside the 
field of anthropology-for his theoret­
ical musings, they account for only 
about 10 percent of his oeuvre; the 
bulk of his publications consists of 
"empirical" observations. 

Geertz's most famous display of his 
brand of empiricism is "Deep Play : 
Notes on the Balinese Cockfight." The 
first sentence of the 1 972 essay es­
tablishes his anything-but-straightfor­
ward style: "Early in April of 1 9 58, my 
wife and I arrived, malarial and diffi­
dent, in a Balinese village we intended, 
as anthropologists, to study." ( Geertz 
says his writing has been likened to 
both Marcel Proust and Henry James; 
he is flattered by the former compar­
ison but thinks the latter is closer 
to the mark.) The opening section de­
scribes how the young couple gained 
the confidence of the normally aloof 
Balinese : the police raided a cock­
fight, and Geertz and his wife, who 
had been watching, fled along with the 
guilty villagers; impressed that the 
two Americans did not seek privileged 
treatment from the police, the villag­
ers accepted them. 

Having established his credentials 
as an insider, Geertz proceeds to de­
pict and then to analyze the Balinese 
obsession for pitting roosters armed 
with razor-sharp spurs against each 
other. He eventually concludes that 
the bloody sport mirrors the Balin­
eses' fear of the dark forces underly­
ing their superficially calm society. 
like King Lear or Crim e and Punish­
m en t, cockfighting "catches up these 
themes-death, masculinity, rage, 
pride, loss, beneficence, chance-and 
[orders] them into an encompassing 
structure." 

One year later Geertz sought to 
justify his highly literary method in 
an essay titled "Thick Description: 
Toward an Interpretive Theory of 
Culture." An anthropologist, he main­
tained, can no more portray a society 
by "recording the facts" than a literary 
critic can get at the essence of a Shake­
speare play by summarizing the plot. 
The anthropologist's calling, rather, is 
to "interpret" the culture, to extract 
meanings from it that are, ideally, as 
complex and richly imagined as the 
culture itself. This technique, which 
Geertz calls "think description" (a 
term borrowed from the philosopher 
Gilbert Ryle), can never lead to a grand 
unified theory of human nature, but it 
can lead to a kind of provisional un­
derstanding-or, as Geertz puts it, in 
his characteristic deprecating fash­
ion, to an increase in "the precision 
with which we [anthropologists] vex 
each other." 

Geertz's ideas have found favor 
among anthropologists and other so­
cial scientists, as well as historians, 
philosophers and literary critics. But 
he vexes at least two types of anthro-
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pologists. One includes those who 
think the field should be as quanti­
tative and even predictive as phys­
ics. Geertz, who calls anthropology a 
soft or "modest" science, has little 

. patience for this viewpoint. "Anthro­
pology is responsive to evidence, and 
it theorizes," he explains. "But it has 
nothing like the status of the harder 
parts of the hard sciences, and I don't 
think it ever will." 

Another, sometimes overlapping 
group of critics views anthropology as 
a tool to expose unjust social struc­
tures and identify superior (usually 
socialist) ones. These investigators ac­
cuse Geertz of treating societies as art 
objects and turning anthropology into 
a form of aesthetic appreciation, de­
void of moral purpose. He rejects that 
assessment. "I don't consider myself a 
mere entertainer," he says. His work 
serves society, he contends, by provid­
ing "a more realistic, less Platonic 
view " of other cultures. He notes that 
in writing about Islam, for example, he 
has tried to show that it is "not an 
undifferentiated bloc of wild fanatics" 
and thereby to increase the potential 
for discourse. 

Geertz recognizes as acutely as 
anyone the pitfalls inherent in a self­
consciously literary approach to eth­
nography. "I always felt it could 
end in total failure," he says. Some 
younger anthropologists, he ' notes, 
have become so determined to expose 
all their potential biases, ideological 
or rhetorical, that their writings re­
semble confessionals, revealing far 
more about the author than about the 
putative subject. This trend, which 
Geertz dubs "I-witnessing," has pro­
duced some interesting works as well 
as some abysmal ones. But he insists 
that anthropologists should not let 
"epistemological hypochondria" drive 
them into a formal academicism, in 
which "anthropology will become only 
for anthropologists." 

Noting that the "diffusion" of an­
thropology is one of its strengths, 
Geertz suggests that he would be hor­
rified if all his colleagues suddenly 
decided to imitate him. "I don't believe 
in schools or system-building," he 
says. His goal has never been to per­
petuate a specific methodology, he ex­
plains; it is rather to "set a tone or 
mood or agenda that people cQuld 
react toward or against." When I tell 
him that another anthropologist has 
called him a "complexifier," he seems 
pleased. "I once wrote-not to quote 
myself-but I once wrote that any sim­
plicity lies through complexity," he 
says, and smiles. -John Horgan 
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• Testing Weapons In Space 
Would,a more permissive weapon-testing regime than is set forth 

in the Antiballistic-Missile Treaty be in the u.s. interest? Reviewing 
the rationale of the treaty's provisions helps to answer the question 

When the u.s. and the U.S.S.R. 
were working out an agree­
ment to restrict antiballistic­

missile (ARM) systems in the late 
1960's and early 1970's, American 
negotiators recognized that a treaty 
merely banning the deployment of a 
nationwide ARM system would not be 
enough. In the absence of addition­
al restrictions-on developing, testing 
and manufacturing ARM-system com­
ponents-the Soviet Union could easi­
ly produce and stockpile the compo­
nents for later deployment. Indeed, if 
the Soviet leadership ever decided to 
break out of the treaty, the U.S.S.R. 
could have rapidly established an ex­
tensive ARM system. Hence, American 
negotiators wanted an agreement that 
prohibited the Soviet Union not only 
from deploying a nationwide ARM sys­
tem outright but also from position­
ing itself to deploy one quickly. 

At the same time the American ne­
gotiators did not want to restrict ARM 
research unduly. Many federal govern­
ment officials wanted the U.S. to con­
tinue seeking new and possibly better 
approaches for defending the nation 
against nuclear attack. ARM-related re­
search was also needed in order to 
help the U.S. assess Soviet technology 
and prepare military responses in the 
event the Soviet Union ended up de­
ploying a nationwide ARM system. In 
addition, some ARM technologies were 
useful for other military purposes. 
The negotiators therefore had to be 
careful about where they drew the line 
separating permitted and prohibited 
ARM-related activities. 

The question of where exactly to 
draw such a line is once again at the 

by Ashton B. Carter 

center of Soviet-American arms-con­
trol talks; this time it has to do with 
the development and testing of mil­
itary technologies that can find po­
tential application in space-based ARM 
systems. The Reagan Administration, 
having established the Strategic De­
fense Initiative (SOl) speCifically to in­
tensify the exploration of such tech­
nologies, naturally wanted to shift the 
line toward increased permissiveness. 
The matter was left unsettled, howev­
er. To understand the fundamental 
conflict that underlies the question, it 
helps to go back and review the pur­
pose of the original negotiations on 
limiting ARM systems. 

It was clear 20 years ago (as it is 
today) that no treaty could realis­
tically ban ARM research. For one 

thing, it is not possible to distinguish 
between ARM and non-ARM research. 
For another, it is not possible to verify 
what goes on inside Soviet laborato­
ries. And besides, the U.S. itself stood 
to benefit from an active ARM research 
program of its own. For these reasons 
American negotiators pressed for lim­
its on the engineering development 
and testing of ARM components-but 
not on scientific research-in addition 
to strict limits on the deployment of 
ARM systems. 

Actually, the development and test­
ing limits had to cover more than just 
ARM-system components; they had to 
apply as well to other military sys­
tems having a significant degree of 
technological kinship to ARM systems, 
such as anti satellite (ASAT) systems 
and weapon systems for defending 
against enemy aircraft and short-

range battlefield missiles. Modified 
versions of such systems can have 
potential application in an ARM de­
fense. Similar concerns held for radars 
and other key sensors in systems that 
provide warning of missile attacks, 
track objects in space, monitor weap­
on test ranges and collect intelligence. 
In the absence of limits that apply to 
the development and testing of such 
technologies, the Soviets could sur­
reptitiously acquire an ARM capabili­
ty in the guise of pursuing some oth­
er military mission and thereby "leak 
out," rather than break out, of the 
treaty regime. 

The final product of the negotia­
tions-the 1972 ARM Treaty-expliCit­
ly recognizes both the breakout and 
leakout problems. Article I of the trea­
ty obliges each side not only to refrain 
from deploying a nationwide ARM de­
fense but also "not to provide a base 
for such a defense." Article VI forbids 
giving non-ARM systems "capabilities 
to counter strategic ballistic missiles 
or their elements in flight trajectory" 
and forbids testing them "in an ARM 
mode." Such general legal prohibi-
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tions, however, can be implemented 
only after they have been translated 
into specific technical rules. 

The 1972 treaty (which is still in 
force) does supply some technical 
specifics, but most of them apply to 
the ABM technologies of that era, 
which consisted primarily of ground­
based radars for tracking reentry vehi­
cles and ground-based nuclear-tipped 
interceptor missiles for destroying 
them. The negotiators of the treaty 
were well aware that ground-based 
radars and interceptors were not the 
only technologies of potential rele­
vance to an ABM defense. Space-based 
lasers, particle-beam generators, in­
frared sensors and most of the ad­
vanced technologies currently under 
intensive study in the SDI program had 
already been proposed for ABM mis­
sions by 1972-and in most cases a 
good deal earlier. Yet the negotiators 
believed that detailed questions of in­
terpretation pertaining to such tech­
nologies could best be answered if 
and when they advanced to the point 
where either side grew concerned 
about the other's breakout or leakout 
from the treaty. 

The U.S. has not only sought to con-

strain Soviet breakout and leakout 
potential in the formulation of techni­
cal rules; it has also sought to give its 
own ABM program enough leeway to 
collect the data needed to determine 
whether the U.S. ought to continue 
abiding by the treaty or deploy an ABM 
defense. Because one set of rules­
applying equally to the U.S. and the 
U.S.S.R.-must balance the threat of a 
rapid deployment of an ABM system 
against the need to explore ABM-relat­
ed concepts, the two objectives can 
occasionally come into conflict. 

Indeed, such a conflict has arisen in 
connection with the development and 
testing of space-based weapon sys­
tems. Officials in the Reagan Adminis­
tration, fearing that the formulation of 
a new set of interpretative rules could 
effectively kill the SDI program, re­
fused to enter into technical discus­
sions with the Soviets. Instead they 
aggressively advocated a "broad inter­
pretation" of the treaty that allowed 
unrestricted testing of advanced ABM 
components in space. Soviet offiCials, 
for their part, argued that the research 
of space-based ABM systems should be 
limited along with their development 
and testing-a position that is also 

inconsistent with the original ABM 
Treaty. President Bush now has to 
grapple with the issue his predecessor 
left unresolved. 

Resolution of this issue is essential 
to the continued viability of the ABM 
Treaty. Designers of ASAT systems and 
space-based sensors, both in the U.S. 
and the U.S.S.R., need to know how the 
treaty's limits apply to their work An­
alysts monitoring compliance with the 
treaty need to know how to recognize 
a violation. And Congress and the U.S. 
public need to be reassured that the 
treaty is being heeded responsibly. 

Clarification of the ABM Treaty's lim­
its on advanced military technologies 
could be pursued during the coming 
years in formal arms-control negotia­
tions between the U.S. and the U.S.S.R. 
Yet formal agreements are not neces­
sary: the SDI Organization and its ex­
ecutive- and legislative-branch over­
seers could instead state informal­
ly which types of space experiments 
they view as permitted and which as 
prohibited-in effect setting an exam­
ple for the Soviets to emulate. As long 
as both sides are satisfied that the 
other is following a reasonable inter­
pretation of the ABM Treaty, the issue 

ZENITH STAR lASER TEST, planned for the mid· 1990's as part 
of the U. S. Strategic Defense Initiative (SOl) program, is meant 
to evaluate the weapon potential of space-based chemical lao 
sers. In the test an orbiting hydrogen fluoride laser will di· 
rect its beam at orbiting targets. Some observers maintain 

that the Zenith Star test contravenes the 1972 Antiballistic­
Missile (ABM) Treaty, which explicitly forbids tests of ABM-SYS­
tern components based in space. The SOl Organization, how­
ever, plans to test the laser as an antisatellite (ASAT) weapon, 
which does not fall directly under the purview of the treaty. 
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need not stand in the way of other 
arms-control agreements. 

However the clarification of the 
limits on testing space-based 
weapons is pursued, it will 

need to be based on the technical facts 
and on a sense of the range of alterna­
tives. In spite of its attempt to under­
mine the traditional interpretation of 
the ABM Treaty, the Reagan Adminis­
tration pledged that the u.s. would 
continue to abide by it. As traditional­
ly interpreted, the ABM Treaty forbids 
any test of a space-based weapon that 
entails intercepting a strategic ballis­
tic missile in flight. Such a "full-up" 
ABM test is illegal whether the weap­
on is a homing interceptor missile, a 
high-energy laser, a particle-beam gen­
erator or any other type of weapon. 
The treaty's ban on full-up ABM test­
ing of space-based weapons applies no 
matter what the technical character­
istics of the weapon are: there is no 
threshold of weapon "strength" below 
which such tests would be permitted. 
ABM weapons can be legally tested on 
the ground, but such testing has to be 
carried out at a designated ABM test 
range. In many cases ground-based 
testing is fully adequate to obtain the 
technical data necessary to determine 
a space-based weapon's feasibility. 

Nevertheless, the traditional inter­
pretation has loopholes that allow 
tests of space weapons to be conduct­
ed in such a way that many of the 
technical features of an illegal full-up 
ABM test can be replicated. In a "lofted 
mode" test, for example, the weapon 
that intercepts the ballistic-missile 
target is not placed in a stable orbit 
around the earth. Instead it is boost­
ed into a suborbital trajectory so that 
it can spend a few minutes in space 
while the test is conducted and then 
reenter the atmosphere. Although the 
weapon is in space only briefly, its 
position and velocity in relation to the 
target can be nearly the same as in a 
full-up test. 

In fact, the U.S. has announced plans 
to test ABM interceptor missiles in a 
lofted mode. Officials of the SDI Or­
ganization argue that if the weapon 
is carried into space by a booster 
launched from a designated ABM test 
range it should be considered ground­
based and not space-based-even 
though it is being designed as part of a 
system to be deployed in space. Be­
cause tests of ground-based ABM sys­
tems are allowed (even under the tra­
ditional interpretation of the treaty), 
the U.S. can maintain that its planned 
interceptor test will not contravene 
the testing limits of the treaty. Yet 

if this loophole in the treaty re­
mains open, a space-based interceptor 
can be legally tested in the lofted 
mode until it has achieved full ABM 
capability. 

Interceptor missiles can readily be 
tested in the lofted mode, but power­
ful chemically pumped lasers (which 
have been proposed as space-based 
weapons) are too unwieldy and expen­
sive to be boosted into short-lived 
suborbital trajectories. Still, another 
loophole in the traditional interpreta­
tion of the ABM Treaty can be exploited 
to test such a laser in space without 
violating the letter of the treaty. Al­
though the traditional interpretation 
bans the testing of ABM systems in 
space, it does not ban the testing of 
ASAT systems in space. 

It is therefore perfectly legal to per­
form weapon tests in an "ASAT mode," 
in which an orbiting weapon inter­
cepts an orbiting target. The Soviet 
Union has tested interceptor space­
craft in that mode for well over a 
decade, and the U.S. intends to con­
duct an ASAT-mode test of a large 
hydrogen fluoride laser weapon in the 
mid-1990's under the code name Ze­
nith Star. An ASAT-mode test can easily 
be made to simulate an ABM-mode test 
by having the target "satellite" fire a 
rocket thruster during the test so that 
it mimics a strategic ballistic missile 
in the boost or post-boost phase. 

Weapon tests in the ASAT mode, un­
like those in the lofted mode, are limit­
ed to a certain extent by the ABM Trea­
ty. The provision against leakout con­
tained in Article VI of the treaty sets an 
implicit threshold above which ASAT­
mode testing would be illegal, because 
it prohibits endowing nOn-ABM weap­
ons such as ASAT systems with an ABM 
capability. The Zenith Star space laser 
may or may not exceed that threshold: 
it all depends on what constitutes "an 
ABM capability." 

It is not difficult to imagine how 
thresholds might in principle be 
defined for lasers, rocket inter­

ceptors and particle-beam generators 
that are tested in space for nominal 
ASAT or air-defense systems but that 
are potentially applicable in ABM sys­
tems as well. For example, the rate at 
which a space-based laser weapon can 
destroy targets at a given range-and 
hence its inherent ABM capability-is 
determined in large part by its bright­
ness: the power of the light emitted by 
the laser divided by the angular size 
of the diverging cone into which the 
laser's pointing mirror can focus the 
beam. An upper limit on the bright­
ness of lasers in space might therefore· 

serve as a viable constraint on the ABM 
capability of such weapons. 

The American Physical Society's 
Study Group on the Science and Tech­
nology of Directed Energy Weapons 
suggested that even a missile boost­
er "hardened" to withstand laser illu­
mination would suffer relatively rapid 
structural damage if it were exposed 
to an incident energy flux in excess of 
300 kilowatts per square centimeter. 
At a typical ABM interception range of 
2,000 kilometers, delivery of such a 
flux requires a laser having a bright­
ness greater than about 1022 watts per 
steradian. Brightnesses of such mag­
nitude are unlikely to be achieved 
soon; to date the most powerful chem­
ical lasers (which are ground-based) 
are reported to have a brightness of 
some 1017 watts per steradian. 

Certainly if the U.S.S.R. were some­
day to test lasers of 1022 watts per 
steradian brightness in space, the 
U.S. would have to worry about the 
Soviets attaining an ABM capability 
through breakout or leakout-even if 
they maintained that the lasers were 
designed for ASAT systems. Actual­
ly, American defense analysts would 
be concerned if the Soviet Union 
put lasers having a good deal less 
brightness in space: the current U.S. 
strategic nuclear forces, conSisting 
of Minuteman and MX/Peacekeep­
er intercontinental ballistic missiles 
(ICBM'S ) as well as Poseidon and 
Trident submarine-launched ballistic 
missiles (SLBM'S), are not hardened 
against laser damage. In addition, a 
Soviet space-based laser might come 
within less than 2,000 kilometers of a 
U.S. missile in some scenarios of poten­
tial military concern. Hence, the bright­
ness threshold for concern is closer to 
1017 than to 1022 watts per steradian. 
Presumably Soviet calculations would 
lead tht!m to the same conclusion 
about U.S. lasers in space. Thresholds 
of ABM capability for other types of 
weapons can be similarly defined. 

Although single-parameter thresh­
olds may be technically elegant and 
intuitively appealing, in practice they 
are problematic. The ABM potential of 
a space-based laser depends not only 
on its brightness but also on its wave­
length, on the supply of laser-pump­
ing energy on board its space platform 
and on other factors. Moreover, the 
acquisition, pointing and tracking sys­
tems that direct the laser beam to 
targets are themselves characterized 
by an array of physical parameters 
that directly affect a space-based la­
ser's ABM capability. 

Another major difficulty in negotiat­
ing weapon thresholds is their verifi-

SCIENTIFIC AMERICAN July 1989 35 
© 1989 SCIENTIFIC AMERICAN, INC



b 

WEAPON 
LAUNCHED t' 
FROM ABM ......... ,I 

TEST RANGE 4'" 

FOUR MODES of testing a space weapon are treated differently 
by the ABM Treaty, in spite of the fact that they can-to a cer­
tain extent-be made to replicate the same test conditions. In 
a "full-up mode" ABM test (a) a weapon in stable orbit inter-

cepts a strategic ballistic missile in flight. In a "lofted mode" 
test (b) the intercepting weapon is launched on a suborbital 
flight; it is technically not "based" in space. In an ASAT-mode 
test (c) both weapon and target are placed in orbit. In an air-

cation. Each party to the ABM Treaty 
should be able to assure itself that 
the other party is complying with the 
agreement. If brightness thresholds 
are to be the basis for judging trea­
ty compliance for space-based lasers, 
each side must have some method of 
measuring the brightness of the oth­
er's test lasers in space. 

The U.S. and the U.S.S.R. could de­
ploy a constellation of satellites capa­
ble of detecting laser beams, but it 
would be unlikely for one side's sat­
ellites to be in line with the beam 
of the other side's space laser at the 
time it was tested. Intelligence sensors 
would instead have to collect laser 
energy scattered by the focusing mir­
ror, space junk, the test target or the 
earth's atmosphere. Further informa­
tion might come from other types of 
sensors capable of detecting the com­
bustion products of the chemically 
pumped lasers (which are released 
into space) or the electromagnetic em­
anations of electrically pumped lasers. 
The physical size of a space-based 
laser's optics (which determines the 
solid angle of its beam) could be meas­
ured from the ground or from space 
by making images of the laser assem­
bly while it is illuminated by sunlight, 
another laser's light or radar. 

Although all of these verification 
methods are technically feasible, none 
is foolproof and all are expensive. It 
has taken the U.S. several decades and 
many billions of dollars to acquire 
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all the sensors it currently employs 
to monitor Soviet ABM systems and 
offensive-missile forces. Comparable 
amounts of time and money might 
be necessary for verifying the Soviet 
Union's adherence to new threshold­
based rules for the ABM Treaty. 

Yet another weakness of thresholds 
in setting treaty-compliance rules is 
that a space weapon might be tested 
below the threshold and yet be modi­
fied to achieve a greater capability. If 
such upgrading turns out to be rela­
tively easy, then threshold-based limi­
tations provide an insufficient "buff­
er" period in which to respond to a 
rapid breakout or leakout: the only 
buffer left is the time-consuming proc­
ess of deployment itself. � traditionally interpreted by 

the U.S., then, the ABM Treaty 
prohibits full-up ABM tests of 

space weapons entirely, does not re­
strict lofted-mode testing and permits 
ASAT and air-defense testing up to a 
currently undefined threshold. Clear­
ly, one key task for the U.S. and Sovi­
et technical specialists discussing the 
treaty's testing rules should be to de­
fine some threshold for ASAT and air­
defense testing. 

A more important task would be to 
determine whether ASAT-mode test in­
terceptions of targets equipped with 
rocket thrusters should be permitted 
at all. Ordinary satellites, which would 
be the intended targets of a true ASAT 

weapon system, fire their thrusters 
only intermittently and at low thrust 
levels. Banning ASAT-mode test inter­
ceptions of thrusting targets would 
therefore constrain the development 
only of ABM systems, not ASAT sys­
tems. (Of course the two superpowers 
might want to limit the development 
of ASAT weapons, but that would re­
quire a new treaty.) 

Also, consideration should be given 
to closing the lofted-mode loophole 
entirely. The testing of ABM systems at 
designated test ranges, as allowed by 
the ABM Treaty, was intended to per­
mit testing of ground-based compo­
nents only. Yet ABM-capable weapons 
that are tested in the lofted mode are 
generally intended for deployment in 
a space-based, not a ground-based, 
configuration. 

Finally, any agreement clarifying the 
ABM Treaty's strictures should also 
include measures that make it easier 
to verify that both sides are in fact 
adhering to the agreed limits. In gener­
al it is preferable to frame the limits 
embodied in an arms-control treaty in 
terms of testing practices rather than 
numerical thresholds of a weapon's 
capability, because testing practices 
are more easily verified. 

Rather than Simply clarifying and 
updating the traditional inter­
pretation of the ABM Treaty, U.S. 

and Soviet negotiators could decide to 
replace it with new agreements. Such 
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defense-mode test (d) the weapon is aimed at an aircraft in 
flight or an instrumented target on the ground. The traditional 
reading of the ABM Treaty forbids the testing of any type of 
weapon in a full·up mode but does not restrict lofted·mode 

tests if the weapon is launched from an agreed ABM test range. 
Weapon testing in space in the ASAT and air-defense modes are 
also allowed, as long as they do not exceed an unspecified 
threshold beyond which they are regarded as "ABM capable." 

agreements could be either more re­
strictive or more permissive than the 
1972 treaty. In either case, the negotia­
tors would still have to balance the 
two fundamental goals of the original 
treaty: to preserve a buffer against the 
rapid breakout or leakout of an exten­
sive ABM system while allowing the 
exploration of new technology for ABM 
defense and other related military 
missions. 

A more restrictive approach might 
begin with the banning of ASAT-mode 
weapon tests in space entirely-even 
against nonthrusting targets. Such an 
agreement would curtail the develop­
ment and deployment of space-based 
ASAT systems as well as space-based 
ABM systems. (Ground-based ASAT sys­
tems and space mines would presum­
ably be still allowed.) It would also 
obviate the need to define thresholds 
and thereby ease verification. 

Even if the superpowers are unwill­
ing to ban all tests of space weapons, 
they might at least agree to new and 
intrusive means of verifying compli­
ance with existing restrictions as con­
tained in the ABM Treaty. In the case of 
space weapons, an agreement to facili­
tate verification might require the an­
nouncement and description of space 
tests before they actually take place 
and even the prelaunch inspection of 
one another's test payloads. 

Another alternative would be to ban 
nuclear reactors in space. Such a ban 
would greatly impede the develop-

ment of many types of space-based 
beam weapons, because there are no 
ready alternative sources of energy 
for the large amounts of power such 
weapons require. Civilian planetary 
space probes and low-power nonreac­
tor nuclear-energy sources would be 
exempt, although they might be sub­
jected to inspection before launch to 
ensure that they could not serve as 
part of a weapon system. 

At the other extreme, a much more 
permissive approach to development 
and testing of weapons in space might 
be entirely consistent with the ABM 
Treaty's original purpose. This would 
be the case if it could be shown that 
the time required for final deployment 
provides an adequate buffer against 
rapid attainment of a space-based ABM 
capability. In other words, deploying 
an effective ABM system in space may 
ultimately require so much time as 
to make breakout impossible, even if 
the system's components have already 
been developed and tested. 

In fact, the ABM Treaty embodies 
such a view with regard to the devel­
opment and testing of fixed ground­
based ABM systems. Tests of such sys­
tems are not heavily restricted (as long 
as they are carried out at agreed test 
ranges), apparently because treaty ne­
gotiators believed the deployment of 
an effective ground-based ABM system 
would be so conspicuous and time­
consuming that if one side broke out 
of the treaty and began to deploy such 

a system the other side would have 
ample time to respond. 

C an a case be made that com­
parable freedom to develop and 
test space-based ABM systems 

would also preserve an adequate buff­
er against breakout and thereby re­
main consistent with the ABM Treaty's 
main purpose? If so, then an agree­
ment that permits extensive space 
testing while maintaining an absolute 
ban on deployment could be justified 
without recourse to the dubious legal­
istic reasoning of the Reagan Adminis­
tration's broad interpretation of the 
ABM Treaty. 

Under such an agreement, each 
side could be allowed to establish 
an agreed orbital test range where it 
could perform tests of space weapons 
in the full-up ABM mode. There are 
many ways such a test range could be 
defined, but the simplest would be for 
each side to specify the parameters 
defining a particular orbit: altitude, 
inclination, longitude and time of as­
cending node. The orbital test range 
could consist of a single space struc­
ture placed in the specified orbit. All 
test weapons would then have to be 
docked with the structure. A more 
practical scheme would merely re­
quire that all weapons involved in ABM 
tests be clustered together, say, within 
a spherical volume having a 50-kilo­
meter radius in the specified orbit. 

Because the open purpose of such 
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an orbital test range would be to serve 
as a setting for realistic testing of 
ABM-system components, the range 
should be situated at the altitude 
where the components would prob­
ably be deployed, some 500 to 700 
kilometers above the earth. Its orbit 
would be inclined so that it passed 
over each side's ICBM and SLBM test 
ranges and ground-based ABM test 
ranges. The number of weapons al­
lowed at the orbital test range would 

be limited, however, so that the range 
did not itself pose an ABM threat to the 
other side. All test interceptions in the 
full-up ABM mode would have to be 
performed from the range, and no 
weapon tested at the range could ever 
be deployed anywhere else. Each side 
could then station intelligence satel­
lites near the other side's orbital test 
range to reassure itself that the range 
posed no breakout threat. 

There is little in such an arms-con-

trol agreement to hinder the full de­
velopment and testing of components 
of a space-based ABM system-by ei­
ther side. Viewed from the perspec­
tive of U.S. negotiators, then, such an 
agreement would be in the country's 
national security interest only if it 
would take a long time for the Soviets 
to deploy an ABM defense after break­
ing out of the agreement. During that 
time the U.S. could beef up its own 
deterrent forces, deploy ASAT weap-

RADAR AT KRASNOYARSK, rising from its site in the U. S. S. R.'s 
interior, stands in violation of the ABM Treaty, which requires 
that all such radars be situated on the country's periphery and 
face outward. That requirement was intended to make it dif­
ficult for either the u.s. or the U. S. S. R. to "break out" or "leak 
out" of the treaty. In this context, breakout is the rapid deploy· 

ment of a nationwide ABM system by one side after it has de­
cided to abrogate the treaty; leakout is the surreptitious up­
grading of legal ASAT, air·defense or missile-warning systems 
so that they acquire an illegal ABM capability. Similar break­
out and leakout constraints will need to be imposed on future 
ABM technology in order to maintain the integrity of the treaty. 
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ons to shoot down the defense sys­
tem's satellites, build its own ABM de­
fense or enact other countermeasures 
to nullify the Soviet defense. 

Just how quickly could the Soviet 
Union deploy a space-based ABM sys­
tem once it had decided to break out 
of the agreement? The Soviet Union's 
capacity to launch payloads into or­
bit establishes a lower limit on the 
time required for deployment. Unfor­
tunately, this minimum time could be 
quite short, at least for a first-genera­
tion defense of limited capability. 

A study by the congressional Office 
of Technology Assessment supplies 
a reasonable, if indirectly applicable, 
standard by which to measure the So­
viet Union's breakout potential. The 
study estimates that the deployment 
of the first-generation "Phase I" sys­
tem favored by the U.S. SOl Organiza­
tion would entail launching payloads 
with a total mass of between one and 
two million kilograms into an inclined, 
low earth orbit. Yet the U.S. Depart­
ment of Defense predicts that the So­
viet Union will be capable of placing 
one million kilograms per year into 
low earth orbit by the early 1990's and 
almost two million kilograms per year 
by the turn of the century. Almost all 
of this lift capacity is accounted for by 
the new Energia launcher, which has 
an estimated payload of as much as 
100,000 kilograms. 

If the Soviets were able to launch 
Energia boosters at the rate foreseen 
by the Defense Department and if they 
freely developed and tested compo­
nents of a space-based ABM defense, 
then clearly the U.S. would be guar­
anteed no more than a few years of 
buffer time against a Soviet break­
out deployment of a first-generation 
space-based ABM system similar to the 
U.S. SOl'S Phase I .  For the Soviets the 
buffer against a U.S. breakout would 
be much longer, since the U.S. does 
not have a heavy-lift launcher compa­
rable to the Energia. 

Unless U.S. government officials 
have strong reason to believe that the 
Soviet Union could not in fact deploy a 
fully developed ABM defense in a short 
time, there are only three alternatives 
that could ensure the U.S. a reason­
able buffer period against a Soviet ABM 
breakout. The first is simply to stick 
to the traditional interpretation of the 
ABM Treaty, which effectively hinders 
the Soviet Union from completing de­
velopment of space-based ABM weap­
ons by banning tests of space-based 
ABM-system components. 

The second possibility is to nego­
tiate limits on launch capacity along 
with the establishment of agreed or-

CLARIFY THE TRADITIONAL INTERPRETATION OF THE ABM TREATY 

Confirm that the testing of any type of space-based weapon system in a 
full-up ABM mode is forbidden. 

Confirm that simulated or attempted interceptions in space are also banned. 

Confirm that the same rules apply to the boost-phase interception of both 
strategic and nonstrategic missiles. 

Determine whether lofted-mode weapon tests are permitted or prohibited. 

Determine whether ASAT-mode weapon tests against thrusting targets are 
permitted or prohibited. 

Determine the threshold at which weapons tested in the ASAT and air-defense 
modes are "ABM capable." Confirm that weapons exceeding the threshold are 
not allowed to be tested in space. 

Determine the threshold at which space-based ASAT and air-defense systems 
attain an ABM capability or create a base for rapidly establishing an ABM 
defense. Confirm that the deployment of systems exceeding the threshold is 
banned. 

Agree to forbid specified types of interference with verification (telemetry 
encryption, for example) during tests of space weapons in all allowed modes. 

Agree to require that tests of space weapons in all allowed modes be carried 
out from or along customary ICBM and SLBM test ranges and agreed ABM test 
ranges or from space weapons passing over those ranges. 

NEGOTIATE A MORE RESTRICTIVE REGIME 

Agree to most or all of the points listed above. 

Agree to forbid all lofted-mode weapon tests. 

Agree to forbid all ASAT-mode weapon tests against thrusting (and per­
haps even nonthrusting) targets. 

Agree to forbid all air-defense-mode tests. 

Agree to announce and describe tests of space weapons before they actually 
take place. 

Agree to allow prelaunch inspection of specified payloads connected with 
tests of space weapons. 

Agree to ban nuclear reactors in space except those on civilian spacecraft, 
which would be subject to prelaunch inspection. 

NEGOTIATE A MORE PERMISSIVE REGIME 

Define orbital test ranges at which each country can carry out its tests of 
space weapons. 

Agree on the number and types of space weapons that can be tested at an 
orbital test range. 

Determine which types of tests are prohibited in space except at an orbital 
test range. 

Agree to certain measures that facilitate monitoring of activities at an orbital 
test range. 

Agree that all test targets are to be launched along customary ICBM and SLBM 
test ranges or agreed ABM test ranges. 

Agree to forbid tests of components of deployed space-based ASAT or air­
defense systems in a full-up ABM mode. 

Determine the threshold at which space-based ASAT and air-defense systems 
attain an ABM capability or create a base for rapidly establishing an ABM 
defense. Agree to ban deployment of systems exceeding the threshold. 

Agree to limit heavy-lift launch capability in order to preclude the rapid de­
ployment of a space-based ABM system. 

Prepare unilateral countermeasures as needed to ensure effectiveness of of­
fensive-missile force, given the increased risk of breakout and leakout associ­
ated with a permissive weapon-testing regime. 

THREE APPROACHES to negotiating an agreement to limit the testing of ABM-related 
weapons in space differ in the strictness of the limits. The goal is to craft mutually 
acceptable restrictions that allow a reasonable amount of research and testing of 
ABM concepts while ensuring to each side a "buffer" period long enough to enact ef­
fective countermeasures if the other side breaks out or leaks out of the agreement. 
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ENERGIA lAUNCHER affects the ABM Treaty's capacity to hinder a Soviet break­
out_ It is thought that a single Energia launcher can place 100,000 kilograms into 
low earth orbit_ (The V_So's most capable launcher-the space shuttle-has a maxi­
mum payload of about 25,000 kilograms_) Given that capability, a first-generation 
space-based ABM system could in theory be deployed by the U. S_S_R_ fairly rapidly_ 

bital test ranges_ These limits might 
focus on the number of launch pads 
for heavy-lift boosters; the size of 
launcher-assembly buildings connect­
ed to the pads by rail or heavy-duty 
road; the capability for manufacturing 
and transporting the enormous rocket 
stages of a heavy-lift launcher; and the 
number and size of facilities for pro­
ducing, transporting and storing liq­
uid-hydrogen fueL 

The third alternative is to com­
pensate for the eroding buffer by de­
ploying (or making preparations to 
deploy) countermeasures to possible 
Soviet ARM systems_ The U.S., for ex­
ample, could build more offensive 
missiles or abandon certain targeting 
plans that critically rely on the unim­
peded passage of nuclear missiles. 

In spite of the open loopholes, the 
undefined thresholds and the du­
bious interpretations, the U.S. and 

the U.S.S.R. will probably continue to 
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find it in their national security inter­
est to keep the ARM Treaty regime 
intact. The reason is simply that nei­
ther side currently knows how to build 
missile defenses that are technically 
and militarily attractive. Nevertheless, 
the ARM Treaty's rules on the develop­
ment and testing of military technolo­
gy do require periodic revision as the 
technology changes. It seems likely 
that such updating, in particular with 
regard to space weapons, will figure 
prominently in superpower arms-con­
trol negotiations in the coming years. 

In discussions of such technical rules 
and definitions it is important to rec­
ognize that there is considerable lati­
tude for drawing the line between per­
mitted and prohibited ARM-related ac­
tivities. On the one hand, development 
and deployment of a space-based ARM 
system relying on current technology 
would be an inherently conspicuous 
and time-consuming process. Neither 
side need worry that the other could 

break out of the treaty regime and 
quickly deploy a system that is more 
than a nuisance. It can be reasona­
bly argued on those grounds that the 
rules governing the development and 
testing of space weapons can safely be 
made fairly permissive. 

On the other hand, all of the crucial 
technical work bearing on the feasibil­
ity of advanced ARM concepts can be 
accomplished for the time being with­
out extensive space testing, within the 
traditional interpretation of the 1972 
ARM Treaty. ( Indeed, elaborate space 
tests of exploratory technology can 
be a waste of money.) For that reason 
it can also be reasonably argued that 
the rules might as well be made fair­
ly restrictive. 

There is also no particular urgen­
cy to the diSCUSSions, since few ad­
vanced ARM technologies are truly ap­
proaching significant military capabil­
ity today. Although many technologies 
will be explored by the U.S. as part of 
the SOl program, feW-if any-of the. 
concepts on today's SOl briefing charts 
will survive to the stage of serious 
preprototype development. Compre­
hensive and precise technical rules 
covering all types of lasers, particle­
beam generators, interceptors and 
sensors will not be necessary soon_ . 

Nevertheless, a consensus between 
the U.S. and the U.S.S.R. to pursue se­
riously the updating of the ARM Trea­
ty would demonstrate that the super­
powers understand the technical and 
military basis of this important arms­
control agreement, and it might even 
help in their negotiations to reduce 
offensive nuclear weapons. It is prob­
ably more important to clarify the 
line between permitted and prohibit­
ed ARM-related activities than to draw 
it at a certain place. 
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It's a basic science lesson that's largely overlooked: if 
you want to make an impact with your inventions, don't bury 
your nose in the laboratory until you've put your finger on 
the pulse of the consumer. 

At Monsanto, anticipating demand and combining it with 
patentable discovery is not only encouraged, it's rewarded. 
Monsanto's Edgar M. Queeny Award honors the develop­
ment of proprietary technology that leads to commercial 
success and, this year, carries a $160,000 prize plus 
individual gold medallions. 

We're proud to present the 1989 Queeny Award to 
Randolph C. Blyth, David P. Floyd, Paul E. Sikorski and Pompelio 
A. Ucci for the discovery and development of Wear-Dated® 
Carpet's patented, fiber-applied locked-in stain resistance­
a quantum leap towards the ultimate goal of a stain-proof 
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carpet. And a breakthrough that Monsanto offers millions 
of carpet customers. From a net revenue of essentially zero 
in 1986 to projected sales in the hundreds of millions for 

Sikorski Ucci Floyd Blyth 

1988, their discovery resulted in the most successful 
product launch in Fibers Division history. 

All due to the ongoing work of four dedicated scientists 

�ith enough vision not to overlook our 
Monsanto simple, everyday needs. 
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Memory Storage 
and Neural Systems 

Changes in the electrical and molecular properties of nerve cells 
accompany the learning that takes place in Pavlovian conditioning. 

The changes offer lessons for the design of artificial networks 

�artoonist portrays the face of a 
famous personality with a mini­

mum number of lines artfully 
arranged in a sketch. The sketch pro­
vides just enough visual cues to evoke 
in the person viewing it a remembered 
pattern that fills in the gaps. In this 
sense a human being is a pattern-rec­
ognition device created in the course 
of evolution, and memories are the 
patterns that are stored. 

Pattern storage-which is to say 
memory formation-is governed by a 
rather simple rule: pieces of a pattern 
will become linked together in a mem­
ory if the pieces are perceived more 
or less simultaneously. A pattern is 
formed and stored when a group of 
pieces or elements is associated in 
time. The features of a friend's face, 
for example, are stored in combina­
tion and not individually. A pattern of 
notes is stored in a melody. 

Ukewise, it is characteristic of mem­
ory patterns that awareness of a small 
portion can trigger awareness of the 
whole. A familiar feature of a strang­
er's face may remind one of the face of 
a friend; a few notes in a refrain may 
recall an entire symphonic movement. 

DANIEL L. ALKON is chief of the labo­
ratory of molecular and cellular neuro­
biology at the National Institute of Neu­
rological and Communicative Disorders 
and Stroke. He was trained as a physi­
cian, receiving an M.D. from the Cornell 
University Medical College in 1969, but 
his curiosity about human behavior and 
his interest in the molecular aspects 
of natural phenomena prompted him 
to tum his investigations to memory. 
He has pursued those investigations at 
the National Institutes of Health since 
1970; he spent much of that time at the 
Marine Biological Laboratory in Woods 
Hole, Mass. When he is not with his 
family, A1kon relaxes by playing tennis 
or visiting the Potomac River. 
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by Daniel L. Alkon 

And it is not only elements within a 
pattern that are linked together-pat­
terns evoke other patterns. The visual 
pattern of a friend's face can be linked 
to the sound pattern of the friend's 
name and to the scent pattern of the 
friend's after-shave. 

Studies of brain function are begin­
ning to reveal how such links are es­
tablished. The formation of associa­
tive memories appears to involve a 
sequence of molecular changes at spe­
cific locations in systems of neurons. 
The receptivity of some of the neuro­
nal sites, for example, may be greatly 
enhanced by the migration of a pro­
tein called protein kinase C (PKC). The 
protein moves from the cytoplasm of a 
cell to the membrane, altering a neu­
ron's properties so that particular in­
put signals trigger impulses more read­
ily. The firing of neurons thus activat­
ed reflects the distribution within each 
neuron as well as within each neu­
ronal system of those sites that have 
had their excitability permanently en­
hanced through memory formation. 

Many of the molecular transforma­
tions involved in memory formation 
appear to take place in the neuronal 
branches called dendritic trees, which 
receive incoming signals. The trees are 
amazing for their complexity as well 
as for their enormous surface area. A 
single neuron can receive from 100, -
000 to 200,000 signals from the sep­
arate input fibers ending on its den­
dritic tree. Any given sensory pattern 
probably stimulates a relatively small 
percentage of sites on a tree, and so 
an almost endless number of patterns 
can be stored without saturating the 
system's capacity. 

The studies my co-workers and I 
have done at the National Institute of 
Neurological and Communicative Dis­
orders and Stroke, along with the con­
tributions of other investigators, have 

also hinted at rules that could be used 
to design computer-based memory 
systems: neural networks. In fact, the 
artificial network we have constructed 
according to biological rules has been 
quite successful at recognizing pat­
terns, and the mathematical formulas 
that govern its operation are in turn 
providing some clues to the biological 
workings of memory. 

In my laboratory we have investi­
gated memory storage and the mo­
lecular nature of associative-mem­

ory formation by analYZing, in the ma­
rine snail Hermissenda crassicornis 
and in the rabbit, a comparatively sim­
ple type of associative learning: Pav­
lovian conditioning. In Pavlovian con­
ditioning an organism learns to link 
two discrete stimulus elements, just 
as Pavlov's dog learned to link the 
smel) of meat with the ringing of a 
bell. The fact that the dog associated 
the two phenomena was demonstrat­
ed by a learned behavioral response to 
the bell: salivation. 

Pavlovian conditioning is evident in 
the learning behavior of an enormous 
range of species. In spite of the diver­
sity of organisms, of behaviors and of 
the Stimuli that can become associat­
ed, the quantitative rules obeyed are 
surprisingly similar. The similarity of 
the rules implies that the functions of 
the neural systems underlying asso­
ciative memory in different species 
are also quite similar. Indeed, an accu­
mulating body of evidence suggests 
that mechanisms of associative mem­
ory have been conserved over the 
course of evolution. 

Hermissenda, for example, can be 
taught to associate the flash of a light 
with rotation that mimics ocean tur­
bulence; in nature, the snail responds 
to turbulence by flexing its muscular 
foot in order to anchor itself to a hard 
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surface, and through conditioning it 
learns to do so in response to light 
[see "Learning in a Marine Snail," by 
Daniel L. Alkon; SCIENTIFIC AMERlCAN, 
July, 1983). Rabbits learn to associate 
an auditory tone with a puff of air to 
the surface of the eye; the air causes 
the nictitating membrane to extend, 
and in time the rabbit extends the 
membrane when it hears the tone [see 
illustration on next page). 

Both of these learned behaviors are 

examples of response transfer: the 
transfer of a response ordinarily elic­
ited by an "unconditioned" stimulus 
(the smell of meat, ocean turbulence 
or a gust of air) to a "conditioned" 
stimulus (a ringing bell, a flash of light 
or a tone). In order to learn the associ­
ation between conditioned and uncon­
ditioned stimuli, an animal must in 
effect remember the temporal relation 
of the events. The snail must remem­
ber that rotation always accompanies 

a flash of light, and the rabbit must 
remember that a puff of air always 
accompanies the sound of a tone. 

Learning and memory in these or­
ganisms can be traced to neural sys­
tems and to the cellular changes that 
are responsible for the behavioral 
changes. In rabbits my colleagues and 
I have looked at neurons called CAl 
pyramidal cells in the hippocampus of 
the brain; in snails we have looked at 
neurons known as the Type B photore-

CORTICAL SECTION of the rabbit brain was labeled with a ra­
dioactive isotope to indicate the amount of an enzyme, pro­
tein kinase C (PKC), in or near the membranes of neurons in 
the section. Red and yellow hues indicate high concentratiops 
of PKC, and blue and violet indicate low concentrations. By 

comparing labeled sections from trained and untrained ani· 
mals, the author has been able to identify potential mecha­
nisms for learning and memory. This image was provided by 
James L. Olds of the author's laboratory at the Nationallnsti­
tute of Neurological and Communicative Disorders and Stroke. 
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TRANSFER OF BEHAVIORAL RESPONSE in the rabbit occurs as a result of associative, 
or Pavlovian, conditioning. In this case the animal is taught to associate an audi­
tory tone with a puff of air to its eye. The behavioral response-extension of the 
nictitating membrane (left panel)-is transferred from the unconditioned stimulus 
(the puff of air) to the conditioned stimulus (the tone). The graphs show that be­
fore conditioning the membrane extends after the puff of air (top right); about 70 
trials later, the animal learns to extend the membrane when it hears the tone (bottom 
right). Bernard G. Schreurs of the author's laboratory supplied the data in this figure. 

ceptors, which detect light. In both the 
rabbit and the snail the repeated tem­
poral association of stimuli over the 
course of Pavlovian conditioning caus­
es a persistent change in these target 
neurons: the flow of potassium ions 
through channels in the membranes is 
reduced. 

It is potassium-ion flow and the con­
comitant flow of other ions that en­
able nerve cells to conduct electrical 
impulses_ Ordinarily, potassium-ion 
flow is responsible for keeping the 
charge on a cell membrane well below 
the threshold potential at which prop­
agating signals are triggered_ When 
the flow of potassium ions is reduced, 
impulses can be triggered more readi­
ly_ Indeed, the excitability of CAl cells 
and Type B photoreceptors is signifi­
cantly enhanced by conditioning. 

The potassium-ion flow is not re­
duced in control animals that are not 
exposed to the stimuli, but neither is it 
reduced if the same pairs of stimuli 
are alternated or presented at random. 
It is not the stimuli themselves, then, 
that reduce the ion flow, but the tem­
poral relation of the stimuli [see illus­
tration on page 46]. 

The reduction of potassium-ion 
flow, which is said to change the 
"weight" of electrical signals within 
the snail and rabbit neural systems, 
lasts not just for seconds, minutes or 
hours but for at least many days and 
probably much longer. This phenome-
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non represents a new time domain for 
membrane-channel function, a time 
domain never before encountered in 
fully differentiated (mature) cells. It is 
a domain uniquely suited for storing 
associations between stimuli. 

In the snail, where neurons are few 
and their connections are well charac­
terized, it has been possible to estab­
lish that the potassium-ion current 
changes wrought by conditioning are 
a major cause of the storage and of 
the potential for recall of the learned 
association. Such causal implication 
has not been attempted in the rabbit, 
although John F. Disterhoft and Doug­
las A. Coulter then in my laboratory 
showed that the current changes are 
specific to learning and are localized 
within the CAl cells. 

In both the CAl pyramidal cells of 
the rabbit and the Type B photore­
ceptor cells of the snail, the ion­

flow changes seem to result from the 
movement of the calcium-sensitive en­
zyme PKC. In response to the chang­
es in calcium-ion concentration and 
in another second messenger, diacyl­
glycerol, that accompany the associ­
ation of temporally related sensory 
stimuli, PKC moves from the cell cyto­
plasm to the cell membrane, where it 
reduces potassium-ion flow. 

The translocation and activation of 
PKC can be induced artificially by the 
application of a drug called phorbol 

ester. Other investigators had shown 
that exposure of CAl pyramidal cells 
to phorbol ester causes the enzyme to 
move to the cell membrane and causes 
the same potassium-ion flow reduc­
tion that takes place in conditioning. 
Pavlovian conditio�ng also produces 
a clear increase in membrane-local­
ized PKC activity and a complemen­
tary decrease of activity in the cyto­
plasm. Barry Bank in our laboratory 
noted the translocation on the days 
after the rabbits had been trained [see 
top illustration on page 48]. 

Similar observations implicate the 
prolonged translocation of PKC in as­
sociative memory in the snail. Expo­
sure of Hermissenda Type B cells to 
phorbol ester, together with intracel­
lular elevation of calcium ions, spe­
Cifically mimics the biophysical con­
sequences of conditioning, that is, it 
produces the same reduction of po­
tassium-ion flow. The location of PKC 
in the Type B cells strictly determines 
its effect on potassium-ion flow. In 
the cytoplasm, PKC increases po­
tassium-ion flow, thereby reducing 
the excitability of the Type B cells; in 
the membrane, PKC reduces potassi­
um-ion flow, thereby increasing the 
cells' excitability. Agents that block 
the translocation of PKC also block 
the reduction of potassium-ion flow 
that is ordinarily produced by associa­
tive conditioning. 

Biochemical evidence that this mo­
lecular control is activated by con­
ditioning was provided by measure­
ments in Hermissenda of the protein 
targets for PKC. The enzyme acts by 
adding phosphate groups to protein 
substrates. One such target, a protein 
having a molecular weight of approxi­
mately 20 kilodaltons, shows a change 
in the number of its phosphate groups 
as a consequence of conditioning. Ex­
posure of the Type B cells to phorbol 
ester also results in the addition of 
phosphate groups to this protein. 

Recently my colleague Thomas J, 
Nelson and I obtained evidence that 
the protein is a so-called GTP-binding 
protein that may be involved in reg­
ulating ion channels; when we inject 
it into Type B cells we see a reduction 
of potassium-ion flow similar to that 
found after conditioning. This 20-kilo­
dalton protein may serve functions in 
the context of learning that are analo­
gous to the functions so-called G pro­
teins assume in developmental and 
oncogenic contexts. 

Other observations in both the snail 
and the rabbit suggest that a second 
enzyme may contribute to the reduc­
tion of potassium-ion flow in Pavlovi­
an conditioning. The enzyme, anoth-
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er calcium-activated kinase known as 
CAM kinase n, also phosphorylates the 
20-kilodalton protein target in Her­
missenda and reduces potassium-ion 
flow in the presence of elevated intra­
cellular calcium-ion levels. Bank in our 
laboratory and Robert ]. DeLorenzo 
and his colleagues at the Medical Col­
lege of Virginia found that the activi­
ty of this enzyme increases in the re­
gions of the CAl cells on days after 
rabbits have been conditioned but not 
after the animals have experienced 
control procedures. The enzyme is con­
centrated at the so-called postsynaptic 
(signal-receiving) sites throughout the 
dendritic trees of the CAl neurons. 

Activation of both the kinases may 
achieve a more lasting reduction in 
potassium-ion flow than would activa­
tion of either one alone. Cooperation 
between these enzymes has already 
been implicated in important physio­
logical effects such as platelet aggre­
gation, insulin secretion and muscle 
contraction, and PKC translocation is 
known to account for the prolonga­
tion and enhancement of responsive­
ness to electrical, chemical and hor­
monal signals in a variety of physi­
ological contexts. Such a ubiquitous 
role for PKC underscores the notion 
that a fundamental mechanism for 
extending the time domain of nerve­
cell function has been evolutionarily 
conserved. 

NERVE 

The PKC pathway may be particular­
ly well suited for memory storage be­
cause it seems to have the potential 
to trigger cellular change in even long­
er and ultimately permanent time do­
mains. It may do so by altering pro­
tein synthesis. Phorbol ester-induced 
translocation of PKC substantially al­
ters the synthesis of a number of neu­
ronal proteins in Hermissenda, and 
the alteration profoundly affects the 
calcium-stimulated reduction of po­
tassium-ion flow that occurs as a con­
sequence of PKC translocation. 

We have also been able to re­
late the learning behavior of 
Hermissenda to the protein 

metabolism of the neurons that have 
been functionally implicated in mem­
ory storage. There is a close correla­
tion of memory storage with the cel­
lular quantity of several proteins, one 
of which is the 20-kilodalton PKC sub­
strate. Nelson in my laboratory found 
that effiCiency of memory storage is 
also closely correlated in the snail's 
eye with increases in the synthesis of 
a number of species of mRNA, a mo­
lecular precursor of protein. Again, it 
appears that one of the mRNA species 
corresponds to the 20-kilodalton Her­
missenda protein. 

Alterations in the structure of the 
Type B cell branches accompany the 
changes in protein synthesis wrought 
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by associative-memory storage in Her­
missenda. The changes can be defined 
by passing a dye through a microelec­
trode inserted into the cell body. Five 
days after snails have been exposed to 
a training or control experience, the 
branches of the Type B cells in trained 
snails appear to encompass a much 
more condensed volume than do the 
branches of the Type B cells in control 
animals [see illustration on page 49). 
The magnitude of branching volume 
is unequivocally related to the magni­
tude of potassium-ion flow reduction. 

The nature of this structural change 
suggests a hypothesis. It is possible 
that those branches providing for the 
synaptic interactions that mediate the 
newly learned light-rotation associa­
tion are retained or increase in num­
ber, whereas those mediating alter­
nate responses to the light stimulus 
are eliminated or reduced in number. 
We are currently testing this hypothe­
sis by injecting cells that have known 
synaptic interactions with dyes of dif­
ferent colors and then counting the 
number of synaptic contacts made by 
Type B cells with cells known to medi­
ate different responses. 

It is true that animals maintained or 
reared in stimulating environments 
tend to have more branches on corti­
cal neurons than do animals exposed 
to minimum sensory input. But the 
focusing observed in Hermissenda as 
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NEURAL PATIlWAYS involved in conditioning converge on the 
CAl pyramidal cells in the rabbit hippocampus. Impulses from 
the eye and the ear interact with the CAl cell by way of the 
neurotransmitter glutamate; the general arousal of the animal, 

which has some bearing on how well it learns, is communicated 
to the CAl cell by way of the neurotransmitter acetylcholine. 
The CAl cell in turn sends impulses to other parts of the cor­
tex. James L. Olds helped the author to design this illustration. 
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a result of associative-memory stor­
age is quite different from the struc­
tural changes measured in training 
paradigms that are not associative. 
The Type B changes cannot, therefore, 
be due to the sensory stimulation it­
self but must be due instead to the 
timing of the stimuli-the pattern of 
stimulation. 

These findings suggest that a pat­
tern of stimulation is represented and 

stored by a physical pattern of branch­
ing and of synaptic contacts, just as it 
is represented and stored by a pattern 
of electrical signals and a pattern of 
molecular activation. Elimination or 
reduction of synaptic contacts is also 
found in the context of development, 
when multiple neurons compete to es­
tablish synaptic contacts with a com­
mon target neuron. Jean-Pierre Chan­
geux of the Pasteur Institute in Paris 
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POTASSIUM-ION CURRENTS are reduced in the Type B photoreceptor cells of marine 
snails that have been taught to associate a flash of light with rotation; the animals 
flex their "feet" in response. There is a marked decrease in the potassium-ion cur­
rents in animals that have been conditioned by the paired presentation of light and 
rotation (top); potassium·ion currents are higher whe� the stimuli are presented at 
random or when no stimuli are presented at all ("naive"). Activation of PKC in the 
Type B cells with phorbol ester duplicates the effect of conditioning (bottom). Phor· 
bol ester causes PKC to migrate to the membrane of nerve cells, and so it is the 
presence of PKC in or near the membrane that is thought to bring about the reduc­
tion of potassium-ion currents. Similar effects are seen in the CAl cells of rabbits. 

46 SCIENTIFIC AMERICAN July 1989 

and Gerald M. Edelman of Rockefeller 
University have extrapolated from the 
concept of development by postulating 
that such "neural Darwinism" could 
take place in the setting of learning 
and memory. The focusing of Type B 
photoreceptor cells in Hermissenda 
provides a biological justification for 
the investigators' extrapolation. 

In tracing the formation of an asso­
ciative memory, I have proceeded 
from stimuli in the environment, 

to electrical signals in neural systems, 
to the flow of ions across cell mem­
branes, to molecular controls regulat­
ing that flow, to alterations in the 
synthesis of proteins and finally to 
changes in the structure of neuronal 
architecture. It is clear from this pro­
gression that the neurons involved in 
memory storage are dynamic. As ma­
ture, differentiated cells they are no 
longer capable of dividing, yet they are 
capable of dramatic transformations. 
In Hermissenda, we have shown that 
these transformations occur in differ­
ent time domains lasting from sec­
onds to days and longer, and they af­
fect different spatial domains within 
the cells. 

It seems that the neurons in the 
rabbit hippocampus can also exhibit 
changes in different cellular spatial 
domains. We were able to track those 
changes with a molecular probe first 
employed by Solomon H. Snyder, Paul 
F. Worley and their colleagues at Johns 
Hopkins University. These investiga­
tors found that the distribution of PKC 
within brain structures can be meas­
ured by labeling the enzyme with ra­
dioactive phorbol ester. If the concen­
tration of the phorbol ester is kept 
low enough, the label does not cause 
translocation of PKC and tags only 
those regions of neurons and neuro­
nal populations that have increased 
amounts of PKC in the region of the 
cell membrane. 

James L. Olds in our laboratory re­
cently obtained evidence that one day 
after a training experience membrane­
associated PKC increased maximally 
near the region of the CAl cell bodies 
and to a lesser extent in the region of 
the dendrites (the branches that re­
ceive incoming sensory inputs). His 
findings further suggest that, three 
days after conditioning, distribution 
of the PKC label was entirely trans­
formed: labeling is enhanced in the 
dendritic regions to a much greater 
degree than it is in the cell bodies. In 
other words, as the temporal domain 
of memory storage extended from one 
to three days, the spatial domain of 
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MEMBRANE INTERACTIONS during associative conditioning en­
courage the translocation of PKC. In this schematic diagram of 
the membrane of a snail Type B cell, stimulation by light and 
rotation initiates a chain of events culminating in the move-

ment of PKC from the cell's cytoplasm to the cell membrane, 
with a subsequent reduction in the flow of potassium ions 
through membrane channels. The author suspects that a so­
called G protein mediates the reduction of potassium-ion flow. 

PKC localized in the region of the 
membranes may move from the cell 
body to the dendrites. 

The changing spatial domain of PKC 
distribution may provide some clues 
to a more general question regarding 
memory storage. Our own findings as 
well as those of Richard F. Thompson 
of the University of Southern Califor­
nia and of Theodore W. Berger of the 
University of Pittsburgh indicate that 
the storage of discrete associations in 
the rabbit seems to involve many cells, 
a notion that runs counter to our in­
tuition that only a small number of 
cells would take part. How is it that so 
many CAl cells can be changed by a 
single conditioning event and yet re­
tain the potential for storing many 
more associations? 

It might be that input signals re­
stricted to only small compartments 
of the CAl dendritic trees are capa­
ble of altering the potassium-ion cur­
rents, PKC distribution, protein syn­
thesis and so on in the CAl cell bod­
ies. The activated cell bodies could 
then increase the transport of crucial 
molecules into all the main branch­
es of the dendritic trees, but the mol­
ecules would either become local­
ized or exert an effect only in those 
small compartments that had initial­
ly received the appropriately timed in-

put signals [see bottom illustration on 
next page]. 

This sequence of events would ex­
plain why so many (from 50 to

' 
60 

percent) of the CAl cell bodies in con­
ditioned animals initially show condi­
tioning-induced biophysical and bio­
chemical changes. If an association is 
eventually stored in particular den­
dritic compartments (a scenario that 
is suggested by the distribution of PKC 
in rabbit neurons three days after con­
ditioning), then specificity of memory 
storage could be preserved without 
saturating the capacity of CAl cells to 
store additional information. 

The working conceptual model I 
have arrived at through investi­
gations in my laboratory runs 

somewhat counter to assumptions 
that have been made about the nature 
of memory storage. Four decades ago 
a pioneering student of memory, Don­
ald O. Hebb of McGill University, pro­
posed that memory storage requires 
that input signals from a single pre­
synaptic source occur together with 
activity or firing in the postsynaptic 
element. Because it stipulates activ­
ity or firing in the postsynaptic site, 
Hebb's model suggests that the entire 
neuron participates in each storage 
event. Firing of the postsynaptic cell 

(coincident, in Hebb's model, with pre­
synaptic firing) should affect most or 
all of the dendritic compartments. 

In contrast, what we observe in Her­
missenda and what we infer from 
studies of the rabbit hippocampus 
lead us to believe that there is exten­
sive local interaction between post­
synaptic sites. The spread of electrical 
and possibly chemical signals from 
one postsynaptic site to another­
without activity or firing in the sites­
seems to be critical for initiating 
memory storage. Local storage mecha­
nisms make more sense from a phYSi­
ological standpoint, since each neuron 
can store many thousands of mem­
ories if the critical interactions are 
compartmentalized on the dendritic 
tree. Charles D. Woody of the Univer­
sity of California at Los Angeles has 
also found evidence for postsynaptic 
changes in the cat. 

A parallel role for local interaction 
has more recently been implicated in 
long-term potentiation (LTP), an elec­
trically induced neuronal modification 
that has served as a model for the 
alterations induced by natural stimuli 
during learning. A number of workers, 
including Holger Wigstrom and Bengt 
Gustafsson of the University of Gote­
borg in Sweden, Per O. Andersen of the 
University of Oslo in Norway, Thomas 
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ELECTRICAL AND MOLECUlAR PROFILES of the CAl neurons 
from conditioned and control rabbits show distinct differenc­
es. There is a significant correlation between conditioning and 
the summated amplitude of the postsynaptic signals gener­
ated in the neurons (left); summation of the signals with time 
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is greater in conditioned animals. The percentage of PKC in 
the region of the membrane and cytoplasm of the CAl cells 
(measured by activity of the enzyme) also differs in condi­
tioned and control animals (right); much more of the enzyme 
is associated with the membrane in the conditioned animals. 

H. Brown of Yale University, Roger Ni­
coll of the University of California 
at San Francisco and Gary Lynch of 
the University of California at Irvine 
and their colleagues, have studied 
these local interactions during tran­
sient changes in the nerve cells lasting 

from one to two hours that have be­
come known as associative L TP. 

al Institute for Medical Research in 
London and of Aryeh Routtenberg 
of Northwestern University, and post­
synaptic, as demonstrated by Wig­
strom, Gustafsson, Lynch, Andersen 
and others. Other investigators, nota­
bly Eric R. Kandel and his colleagues 

The neuronal loci for changes in­
duced during nonassociative L TP are 
apparently both presynaptic, as sug­
gested by the work of Timothy V. P. 
Bliss and his colleagues at the Nation-

:,jD----'l:\-�.---FIRING ZONE 

MODELS OF LEARNING-INDUCED CHANGES vary with respect 
to the interactions necessary to bring about the changes. The 
local-interaction model, which the author's research supports, 
postulates that the changes (color) originate at a neuron's re­
ceiving site when an input there from a conditioned stimu­
lus (CS) is temporally associated with the input from an un-
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conditioned stimulus (UCS) on an adjacent receiving site (1). 
The interaction is communicated to the cell body (2), gener­
ating factors that return to the site of the interaction and 
"hard-wire" it (3).ln contrast, the Hebb model assumes that the 
changes occur when input from a CS arrives at a receiving site 
at the same time the neuron is firing in response to a UCS. 
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at Columbia University College of Phy­
sicians and Surgeons, emphasize a 
presynaptic locus for the nonassocia­
tive-memory storage that might occur 
during, for example, habituation or 
.sensitization. 

Many of the questions such re­
search has raised should be solved 
as molecular PKC probes achieve in­
creased cellular and subcellular res­
olution. At that time subtle learn­
ing-induced differences in PKC distri­
bution should also become evident, 
whether they take place within intra­
cellular compartments of the neuron, 
within branches of the dendritic tree 
or within entire neuronal systems. 

Precise mathematical descrip­
tions of the specific images gen­
erated during memory storage 

might help in the assessment of theo­
retical models of how neural systems 
within the brain acquire and store in­
formation. Such models are also be­
ing incorporated in computer-based 
"neural networks." Already the phe­
nomena we and other workers have 
observed are constraining and moti­
vating the construction of these artifi­
cial models of memory storage by 
neural systems. 

My colleagues Thomas P. Vogi and 
Kim L. Blackwell of the Environmental 
Research Institute of Michigan and I 
thought the conserved-memory mech­
anisms in the snail and the rabbit 
might be usefully imbedded in such 
an artificial system. For example, our 
observations had indicated that mem­
ory storage begins when training stim­
uli elicit electrical signals that are pre­
cisely timed to converge and interact 
locally at critical neuronal sites such 
as the Type B photoreceptor cell. 

This observation suggested the first 
principle of design for a theoretical as­
sociative-learning network: the weight 
of synaptic interaction, that is, the 
transfer of signals between elements 
of the artificial system, is modified 
locally, between nearby inputs, as a 
function of the temporal relation of 
incoming signals and as a function of 
the repetition of those temporally re­
lated signals. In our computer-based 
neural network, the synaptic weights 
would not be modified as a function of 
the output signals from a common 
target cell. The input to an element in 
our network would have to be en­
hanced only as a function of the tim­
ing of that input in relation to other 
inputs to that element and not as a 
function of the element's own firing. 

Another design principle was sug­
gested by reflection on what the mem­
ories of human beings achieve. When 

VOLUME LOST OR REDUCED 
AFTER TRAINING 

TYPE A 
PHOTORECEPTOR 

"FOCUSING" of the neuronal branches involved in conditioning may eliminate or 
reduce the volume of the neural pathways that do not link the conditioned stimulus 
and the behavioral response. This schematic model shows an area of the snaill)'pe 
B photoreceptor cell where reductions of neuronal-branching volume may occur. 

a person stores a pattern (a face, a 
name, a melody and so on), he or she 
matches a representation of that pat­
tern with the patterns perceived in the 
environment. A theoretical memory 
system should have the same capabil­
ity, that is, it should have not only 
some means of storing a pattern for 
later recall but also a way to represent 
an image or pattern in real time, just 
as areas of the brain represent events 
in human experience as they occur in 
real time. 

An analogy with Pavlovian condi­
tioning may help define the real-time 
and recall representation functions. 
An unconditioned stimulus such as 
the smell of meat, rotation or a puff of 
air will elicit real-time electrical re­
sponses within neural systems and a 
stereotypical behavioral response. The 
unconditioned input signal elicits re­
producible electrical and ultimately 
behavioral outputs. Nothing is remem­
bered; the input information simply 
"flows through" the neural system by 
means of pathways that are genetical­
ly determined or "hard-wired." 

A conditioned stimulus such as the 
ringing of a bell, a flash of light or 
a tone also elicits real-time electrical 
responses, but they are not the ster­
eotypical electrical and behavioral re-

sponses elicited by the unconditioned 
stimuli. As a result of the temporal 
association of the conditioned stimu­
lus with the unconditioned stimulus, 
the conditioned stimulus elicits new 
electrical and behavioral responses. 
The input information from the con­
ditioned stimulus flows along a new 
pathway, one that is not hard-wired, 
not genetically dictated but formed in 
the course of the learning experience. I 
describe this new pathway as a "collat­
eral" pathway: a pathway whose func­
tional efficacy is determined by the 
learning experience. 

The distinction made between flow­
through and collateral pathways sug­
gests another principle of design for a 
theoretical system of memory. Flow­
through pathways should be provid­
ed for real-time representation of pat­
terns, and collateral pathways should 
likewise be provided for remembered 
or recalled representations. The de­
sign should specify that the weight of 
interaction between elements in the 
flow-through pathways be constant 
and high (so as to allow for efficient 
information transfer) and that the 
weight of interaction between ele­
ments in the collateral pathways be 
initially minimal (so as to allow no 
effective information transfer) and 
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INPUT LAYER 

FIRST (HIDDEN) LAYER 

SECOND (HIDDEN) LAYER 

THIRD (OUTPUT) LAYER 

PATIERN RECOGNITION by the author's 
artificial network operates according to 
many of the same rules demonstrated by 
biological systems. When a network is 
trained to recognize a pattern, such as 
the lowercase "a" above, the receiving 
sites participating in the recognition are 
given more "weight" than those that are 
not participating-that is, their excitabil­
ity is enhanced. Here synaptic weight is 
represented by the elevation of the ele­
ments in the layers. Enhancement helps 
to link together the neurons involved 
in a recollection when only a piece of a 
pattern is presented. Thomas P. Vogi of 
the Environmental Research Institute of 
Michigan helped to design this drawing. 

50 SCIENTIFIC AMERICAN July 1989 

modifiable as a function of temporally 
related inputs. 

Other features of our theoretical de­
sign arise from past observations of 
biological neural systems. For exam­
ple, successive aggregates of neurons 
contain neurons that receive input 
from large numbers of neurons in pre­
ceding aggregates. A theoretical net­
work should also have layers and 
should also show convergence of sig­
nal transfer from the elements of one 
layer to the elements of the next. Fi­
nally, many studies, including those 
in the horseshoe crab Limulus and in 
Hermissenda, demonstrate that syn­
aptic inhibition enhances the contrast 
between received signals. Borders or 
edges between fields of visual stimuli, 
for example, are made sharper by inhi­
bition between neighboring neurons. 
Such inhibition between elements at a 
certain spatial distance from one an­
other should be incorporated in a the­
oretical network as well. 

Using these features and oth­
ers derived from biological sys­
tems, my colleagues and I devel­

oped a computer implementation that 
we called DYSTAL (for DYnamically 
STable Associative Learning). We then 
tested its ability to "learn" patterns: 
to store patterns and recognize them 
later on. Our system successfully ac­
quired patterns such as alphabetic let­
ters and letter sequences and recog­
nized them even when only parts of 
the patterns were subsequently pre­
sented, very much the way a person 
recognizes a famous face suggested 
by the sparse strokes of a cartoonist. 

The network was truly learning the 
pattern, since the relation of input to 
output was in no way preprogrammed 
within the network. In contrast, many 
artificial networks that are not based 
on biological architecture acquire a 
pattern by reducing errors in compar­
ison to a preprogrammed standard 
sometimes called a "teacher"; no new 
information is acquired by the system 
as a whole. The number of presenta­
tions DYSTAL needs to acquire a pat­
tern is quite similar to the number of 
presentations necessary to train Her­
missenda or the rabbit; networks that 
are not based on biological systems 
usually require thousands or even 
tens of thousands of presentations to 
acquire a pattern. 

Perhaps the most important charac­
teristic unique to DYSTAL is its ability 
to accommodate increasing numbers 
of elements without demanding pro­
hibitive amounts of computer power. 
In many artificial networks every ele­
ment is connected to every other el-

ement, so that when the number of 
elements is increased, the number of 
interactions between the elements ris­
es exponentially. That makes it almost 
impossible for existing computers to 
perform the required processing in 
models having more than 100 ele­
ments. Even if the connections be­
tween elements in such networks were 
to remain constant as the number of 
elements increased, the computation 
time for the network would not in­
crease linearly because of the way 
such networks arrive at equilibrium. 

Nonbiological artificial networks at­
tain equilibrium by an iterative adjust­
ment of the weight of all the connec­
tions so that each weight conforms to 
a fixed internal standard. It is inherent 
in such processes that they require 
more iterations per element as the 
number of connections increases. In 
DYSTAL, however, the weights of the 
connections are not compared with a 
fixed value; rather, they arrive at a 
dynamic equilibrium in which the in­
creases and decreases of weight over a 
set of pattern presentations are equal 
and no net weight change takes place. 
As with permanent memory storage, 
the weight changes can become ir­
reversible when a certain threshold 
weight level is exceeded. Thus, DYS­
TAL'S computations require less com­
puter power than iterative, nonbiolog­
ical networks do. 

Equations have been derived for the 
cumulative effect of weight increases 
and decreases associated with well­
defined input patterns. The impli­
cations of this derivation go beyond 
the potential to precompute network 
weights: they make it pOSSible, for the 
first time, to compute the internal rep­
resentations by means of which arti­
ficial networks store memories. The 
equations may one day help neurolo­
gists to compare the internal repre­
sentations of artificial and biological 
networks. Such comparison would sig­
nificantly advance the understanding 
of biological systems and the design 
of artificial ones. 

FURTHER READING 

CALCIUM-MEDIATED REDUCTION OF ION­

IC CURRENTS: A BIOPHYSICAL MEMORY 

TRACE. Daniel L. Alkon in Science, Vol. 
226, No. 4678, pages 1037-1045; No­
vember 30, 1984. 

A SPATIAL TEMPORAL MODEL OF CELL 

ACTIVATION. Daniel L. Alkon and How­
ard Rasmussen in SCience, Vol. 239, 
No. 4843, pages 998-1005; February 26, 
1988. 

MEMORY TRACES IN THE BRAIN. Daniel 
L. Alkon. Cambridge University Press, 
1988. 
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Spin Glasses 
Their traits arise from disorderly, discordant magnetic interactions 
among atoms. Mathematical models of spin glasses are prototypes 

for complex problems in computer science, neurology and evolution 

D irt can be brushed aside or 
swept under the rug, but soon­
er or later it demands atten­

tion. In the physical sciences "dirt" can 
be disorder in structures, impurities 
in materials or conflicts among in­
teractions. Dirt spoils order. Sufficient 
amounts of randomness, imperfection 
and discord may destroy the intrin­
sic symmetries that simplify physical 
description tremendously. For most 
of the history of physics, dirt was 
brushed aside, and instead physicists 
investigated orderly systems, such as 
perfect crystals. By the early 1970's, 
however, they felt compelled to con­
front disorder; the dirt that had accu­
mulated in the corridors of science 
began to loosen. Initially, a little disor­
der was added to a perfect crystal, for 
example, to gain an understanding of 
glasses, where atoms are frozen in 
random pOSitions in space. Such ef­
forts failed. Excluding too much dis­
order from inherently dirty systems 
is like attempting to study a clean 
mud puddle. 

One of the most successful at­
tempts to understand disorderly sys­
tems has been the study of spin glass­
es. The composition of a spin glass is 
unremarkable-perhaps a few iron at­
oms scattered in a lattice of copper 
atoms-but its magnetic properties 
are confoundedly complicated and 
sometimes tantalizingly unpredicta­
ble. "Spin" is the quantum-mechanical 
spin from which magnetic effects 
arise; "glass" refers to the disorder in 
the orientations and interactions of 
the spins. The spin glass is the proto-
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of physics at the University of Arizona. 
He was educated at Brown University 
and Princeton University, where he re­
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plexity, spin glasses, structural glasses 
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typical dirty system. The techniques de­
veloped for investigating spin glass­
es have been applied to the study of 
complex problems in fields as diverse 
as computer science, neurology, bio­
chemistry and evolution. 

The intriguing traits of spin glass­
es, their dynamiCS, their com­
plexity-all stem from magnetic 

interactions among their atoms. Cer­
tain atoms can behave as if they were 
tiny bar magnets. They generate and 
are subject to magnetic fields. The 
direction and magnitude of magnetic 
effects can be described in terms of a 
vector quantity known as the magnet­
ic moment. If a bulk material whose 
atoms behave magnetically is exposed 
to an external field, the magnetic mo­
ments will try to align in a particu­
lar direction. In some materials this 
alignment of magnetic moments can 
also occur as a result of strong, in­
ternal effects associated with atomic 
structure. 

One effect aligns the magnetic mo­
ments in the same direction. This 
alignment accounts for iron's strong 
magnetic properties and hence is 
called ferromagnetism, although it is 
found in cobalt, nickel and many other 
materials as well. Ferromagnetism re­
sults from the quantum-mechanical 
nature of the inner electrons of these 
metals, which makes it energetically 
favorable for the magnetic moments 
of adjacent atoms to be parallel. 

In other words, if the magnetic mo­
ments of two adjacent ferromagnetic 
atoms point in the same direction, 
energy must be added in order to flip 
one of the magnetic moments to the 
opposite direction. Conversely, if the 
moments point in opposite directions, 
energy is released when the moments 
are aligned. Hence, the total magqetic 
energy is minimum if the magnetic 
moments of all the atoms point in the 
same direction. 

Adding thermal energy to a ferro­
magnetic material can affect the align-

ment of spins. If pure iron is heated to 
high temperatures, the thermal energy 
overwhelms the ferromagnetic inter­
actions, so that the direction of each 
magnetic moment changes randomly 
from instant to instant. A snapshot of 
the iron atoms would reveal that on 
average as many magnetic moments 
point up as down, left as right, forward 
as back. The vector sum of all the 
magnetic moments, or the net mag­
netization, is zero. (To be preCise, the 
probability is overwhelming that the 
net magnetization is exceedingly tiny.) 
In this phase the iron is known as a 
paramagnet. 

As the temperature of iron is low­
ered, interactions between magnetic 
moments become dOminant, and the 
moments seek to align themselves in a 
lower-energy state. At a critical tem­
perature of 771 degrees Celsius, the 
arrangement of atoms changes sud­
denly and radically, so that most of 
the moments become aligned in the 
same direction. (The magnetization 
appears to be absent in an ordinary 
iron sample because the iron under­
goes another complicated process 
that breaks the ordered state into 
domains. In each domain, however, 
the magnetic moments all point in 
the same direction.) At the critical tem­
perature, the iron has undergone a 
phase transition from paramagnet to 
ferromagnet. 

In other types of materials, in con­
trast, a different kind of order prevails 
in their low-energy states. Neighbor­
ing atoms of chromium, for example, 
seek to align their magnetic moments 
in opposite directions; if the moment 
of one atom points up, the moment of 
an adjacent atom points down. Be­
cause this is the opposite of iron's 
behavior, the property is known as 
antiferromagnetism. llke a ferromag­
netic material, chromium has a criti­
cal temperature at which it changes 
from being a paramagnet (random ar­
rangements of magnetic moments) to 
being an antiferromagnet (opposite 
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CRYSTAL AND GlASS are quite similar in appearance but are 
distinct structural phases of matter. A crystal is a solid, but 
a glass is actually a slow-flowing liquid. Similarly, spin glass-

es may embody a permanent orientation of the poles of mag­
netic atoms and constitute a unique phase. Alternatively, they 
may represent a very slow-changing orientation of atoms. 
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arrangement of magnetic moments). 

Spin glasses, remarkably, display 
both ferromagnetic and antifer­
romagnetic properties. In one 

kind of spin glass, a nonmagnetic host 
metal is diluted with a small number 
of atoms that have a nonzero magnet­
ic moment, or spin. Two adjacent mag­
netic atoms in such a dilute magnetic 
alloy can interact either ferromagneti­
cally or antiferromagnetically. For ex­
ample, if a few parts of iron are mixed 
with, say, 100 parts of copper, the iron 
atoms, which usually interact ferro­
magnetically, can now also interact an­
tiferromagnetically. Although the rea­
son is rooted in the subtleties of quan­
tum theory, the phenomenon can be 
described qualitatively. 

Each of the conduction electrons 
that travel freely through copper has a 
spin, which is influenced by an iron 
atom in a rather strange way. At a 
given distance, the atom aligns the 
spin of the conduction electrons par­
allel to its own spin; a little farther 
away the spin of the conduction elec­
trons is antiparallel to the iron's spin. 
Still farther away the spin is parallel, 
and so on. Thus, the iron atom is at 
the center of a succession of concen­
tric spheres of decreasing influence in 
which its effect is alternately ferro­
magnetic and antiferromagnetic. 

Because the conduction electrons of 
the host metal mediate the interaction 
between two neighboring magnetic 
atoms, the interaction may be either 
ferromagnetic or antiferromagnetic, 
depending on the distance between 
the atoms. Therefore, in a spin glass 
composed of many atoms of one met­
al dispersed in a matrix of another 

metal, roughly half of all pairs of at­
oms will interact ferromagnetically; 
the other half will interact antifer­
romagnetically. In half of the cases, 
therefore, the magnetic energy of a 
pair of iron atoms is lowered if their 
spins are parallel; in the other cases 
the energy is lowered if their spins are 
antiparallel. 

The result of this dual behavior is 
that an atom of a given spin may not 
be able to orient itself to satisfy its 
interaction with all the other atoms in 
the spin glass. Imagine three iron at­
oms distributed randomly through a 
copper lattice. The first atom interacts 
antiferromagnetically with the sec­
ond, whereas the interactions between 
the first and third and between the 
second and third are ferromagnetic. 
There is no way to satisfy all the inter­
actions at once. If the spin of the first 
atom points up, for example, then the 
spin of the second must point down. 
Yet the third is supposed to align its 
spin in the same direction as both the 
first (spin up) and the second (spin 
down). Any arrangement will violate at 
least one of the interactions. A system 
whose interactions cannot all be satis­
fied simultaneously is "frustrated." 

One direct result of frustration is 
that a spin glass can have many low­
energy states. For instance, if the first, 
second and third iron atoms are re­
spectively either up, down, up or up, 
down, down, they are in their lowest­
energy state because the number of 
violations is as low as it can be. 

The implications of frustration 
stretch far beyond spin-glass 
physics to complex problems in 

many other fields. In the case of spin 

glasses, the lack of a single low-energy 
state is related to the question: is the 
spin glass a new phase of matter, or is 
it just an extremely sluggish paramag­
net? A change from liquid to crystal 
or paramagnet to ferromagnet as the 
temperature falls is a true phase tran­
sition: the resulting states retain a 
distinct order for as long as the tem­
perature is maintained. On the oth­
er hand, even though common glass 
seems to represent a new phase, it is 
fundamentally a liquid: it flows, albeit 
at such a staggeringly slow rate that it 
seems to be a solid. 

The spin glass could be a distinct 
phase of matter, whose magnetic or­
der, or alignment of spins, will persist 
for as long as low temperatures are 
maintained. On the other hand, they 
could be paramagnets whose dynamic 
properties have slowed down so much 
that they only appear to constitute a 
static phase. If the spins of a spin 
glass held at a low temperature were 
observed to change orientation, one 

. could conclude that it was merely a 
paramagnet. For such a definitive test, 
however, the spin glass would proba­
bly have to be watched for a period 
greater than the age of the universe. 

One thing that can be done in the 
laboratory is to look for evidence of 
a phase transition, a sudden change 
in the magnetic and thermodynamic 
properties of the spin glass at some 
critical temperature. Unfortunately, 
measurements of different properties 
have provided conflicting answers. 

In 1970 Vincent D. Cannella, John A. 
Mydosh and Joseph I .  Budnick of Ford­
ham University studied the magnetic 
properties of iron-gold alloys. They 
measured among other things the 

PARAMAGNET, FERROMAGNET AND ANllFERROMAGNET are 
diagramed. Atoms behave as if they were tiny bar magnets. 

Each arrow indicates an atom's "north" pole. The atoms of a 
paramagnet (left) move, casting their poles randomly. In a fer-

romagnet (middle) all the poles are aligned in the same direc­
tion. In an antiferromagnet (right) adjacent atoms align their 
poles in opposite directions. A spin glass can resemble a fro­
zen paramagnet: a permanent, random orientation of poles. 
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alloy's magnetic susceptibility, the 
change in the magnetization of a ma­
terial as an ex.ternal magnetic field is 
changed in small increments. They, 
along with many later workers, found 
an abrupt change in the susceptibil­
ity at a critical temperature as the 
magnetic field vanishes. This sudden 
change indicated a phase transition. 

Other experiments have pointed to 
the opposite conclusion. One would 
expect a phase transition to be distin­
guished by an abrupt change in a ther­
modynamic quantity such as the spe­
cific heat: the change in the amount of 
heat necessary to raise the tempera­
ture of a material by a given amount. 
No such abrupt change has been ob­
served. Rather, the specific heat of 
many different types of spin glasses 
shows a broad, continuous curve with 
a maximum at a temperature that is 
typically some 20 percent higher than 
the transition temperature indicated 
by the susceptibility measurements. 

In addition, some evidence sug­
gests that measurements of magnetic 
and thermal properties are conducted 
over too short a time to allow the spin 
glass to react fully to changing condi­
tions. Whether a phase transition has 
been seen in laboratory spin glasses is 
therefore still in dispute. 

Whereas contradictory results 
plague experimentalists, the­
orists are hampered by their 

unfamiliarity with thermodynamics of 
disordered systems. During the past 
decade, the bulk of theoretical work 
has been done, for reasons of simplici­
ty and tractability, on patently unreal­
istic models of spin glasses. Even so, 
the effort to understand such simple 
models has proved to be a major theo­
retical achievement and has uncov­
ered many surprising characteristics. 

Sam F. Edwards of Cambridge Uni­
versity and Philip W. Anderson of 
Princeton University introduced a 
much studied "short range" spin-glass 
model in 1975. In their model, spins 
were positioned at the vertexes of a 
cubic lattice. A spin interacted only 
with its nearest neighbors, but a giv­
en interaction had an equal chance of 
being ferromagnetic or antiferromag­
netic. Edwards and Anderson assigned 
numerical values to the interactions at 
random. (The numbers indicated the 
strength and type of the interactions: 
positive numbers for ferromagnetic 
interactions, negative numbers for an­
tiferromagnetic interactions.) 

Now imagine tracing a loop, begin­
ning with one interaction between a 
spin and its neighbor, moving to an 
adjacent interaction and continuing 

until you return to the original atom. 
If you record the values of the inter­
actions around the loop and multi­
ply them, the property of frustration 
holds whenever the product is nega­
tive. Because a typical lattice contains 
many frustrated loops, it is extremely 
difficult to determine, for all the sites, 
the spin values that minimize the total 
energy of the system. In fact the sys­
tem may have many low-energy states, 
which may have no relation among 
them. It soon became apparent that 
existing mathematical methods could 
not reveal low-energy behavior for 
even this relatively simple model. 

Soon after Edwards and Anderson's 
work, David Sherrington of Imperi­
al College in London and Scott Kirk­
patrick of the IDM Thomas J. Watson 
Research Center proposed an "infi­
nite range" model. They assumed that 
on the average each spin interacted 
equally strongly with every other spin 
in the system. They hoped their as­
sumption, while much less realistic, 
would yield a readily solvable model. 
The model did display a true phase 
transition from a paramagnetic phase 
to a spin-glass phase, in which spins 
were frozen in some permanent ran­
dom arrangement. Attempts to sort 
out the properties of the spin-glass 
phase, however, turned out to be 
much more difficult than expected. 

In 1979 Giorgio Parisi of the Univer­
sity of Rome derived a solution for the 
Sherrington-Kirkpatrick model. The 
solution is still unproved, although 
evidence for it is good. At the time of 
its proposal, however, it was so arcane 
and different from previous descrip­
tions of phases of matter that four 
years passed before its properties 
were understood in a physical sense. 

The Parisi solution demonstrates 
that, below the critical temperature, 
the Sherrington-Kirkpatrick spin glass 
can be frozen into one of many possi­
ble phases, each representing a low­
energy state. The relation between 
these states, however, is not a simple 
symmetry transformation, such as in­
verting every spin. To move from one 
low-energy state to another, a signifi­
cant fraction of all the spins must be 
flipped. In 1977 the work of Anderson, 
David]. Thouless of the University of 
Birmingham and Richard G. Palmer 
of Princeton reinforced the idea that 
,many nontrivial solutions could exist 
in a large-scale model. This striking 
feature of the Sherrington-Kirkpatrick 
model has important implications for 
problems in computer science, biolo­
gy and other fields, a,s I shall discuss. 

Marc Mezard, Nicolas Sourlas and 
Gerard Toulouse of the Ecole Normale 

o 

FRUSTRATION develops in a spin glass 
when magnetic interactions conflict. In 
the arrangement shown, the green and 
red lines represent interactions that 
align the poles in the same direction and 
in the opposite direction, respectively. 
The arrows represent the poles of one 
arrangement that satisfies all the inter­
actions except the one between Band 
C. In this case no arrangement of the 
poles can satisfy all the interactions. 

Superieure, Miguel A. Virasoro of the 
Marconi Institute in Rome and Parisi 
showed in 1984 that these low-energy 
states nonetheless do display certain 
relations. In particular, the states can 
be arranged in a hierarchical manner, 
as in a family tree or an evolutionary 
diagram, based on the distances be­
tween them. To determine the dis­
tance between states, a map giving 
every spin's orientation is considered 
for each state. The maps are super­
posed in pairs so that a spin from one 
state can be compared with a spin in 
the corresponding location of the oth­
er state. The spin differences between 
the two states are added up to yield 
the distance. Low-energy states tend 
to cluster together in the tree: "sib­
lings" differ the least in distance, then 
"first cousins" and so on. The emer­
gence of a hierarchical structure in 
this manner is very unusual for physi­
cal systems. The structure is reminis­
cent of biological systems and other 
systems that evolve in some sense and 
may be a feature common to many 
disordered systems. 

Yet the recent studies of more real­
istic short-range models by the late 
William L. McMillan of the University 
of Illinois at Urbana-Champaign, Dan­
iel S. Fisher and David A. Huse of the 
AT&T Bell Laboratories and Alan ]. 
Bray and Michael A. Moore of the Uni-
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SPIN-GlASS "TREE" describes the relation between low-energy states of the Parisi 
solution. Superposing two of the states and counting the spins that point in opposite 
directions yield the distance between states. The colored arrows show that the 

distance between states A and D is three. The first level of the tree connects states 
separated by a distance of two; the second level connects states separated by three. 

versity of Manchester seem to indicate 
that the hierarchical structure is a 
pathological feature of the infinite­
range Sherrington-Kirkpatrick model. 
Although the validity of these new 
theories is still debated, they repro­
duce many of the properties observed 
in real spin glasses. These theories 
predict a low-temperature spin-glass 
phase consisting of only two lowest­
energy states-not at all like that of 
the Sherrington-Kirkpatrick model. Ex­
plaining how short and infinite-range 
spin glasses relate to real ones and to 
each other remains a major challenge 
for theoretical physicists. 

In spite of relative ignorance about 
the nature of spin glasses, some 
bold, exciting and perhaps even 

foolhardy efforts have been made dur­
ing the past decade to apply what is 
now understood to some outstand­
ing problems in computer science, 
neurology and biology. What features 
could spin glasses possibly share with 
these problems? Many of them cannot 
be Simplified to problems that have 
only a few variables. Instead, like spin 
glasses, they involve a huge number of 
variables that interact in a nonuniform 
manner. Typically, just as with frustra­
tion in spin glasses, the constraints on 
the problems cannot all be satisfied 
simultaneously. The problems there­
fore

" 
often have many possible and 

apparently unrelated solutions. 
Spin glasses have provided a mathe­

matical framework that possesses all 
these interesting properties and more. 
The theory of spin glasses was there­
fore a natural starting point for rudi­
mentary models of these other com­
plex systems. This theory has made it 
possible to simulate certain proper-
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ties of systems that hitherto had been 
difficult or impossible to model. 

Some of the first applications of 
spin-glass mathematics took the form 
of computer algorithms for solving 
combinatorial-optimization problems. 
A well-known example is the traveling­
salesman problem: What is the short­
est distance a salesperson must travel 
to visit a given number of cities and 
return to the city of origin? Finding 
the answer may seem to be straight­
forward: calculate the distance be­
tween each pair of cities, add up the 
distances for every possible combina­
tion of pairs that completes the jour­
ney and choose the shortest combina­
tion. Although this strategy works for 
a few cities, trouble lurks beyond. As 
the number of cities increases, the 
number of possibilities explodes. 

If the number of cities is five, say, 
a computer could easily calculate the 
12 possibilities. With 10 cities, a com­
puter could still handle the 18 1,440 
possibilities. Yet for just 2 5  cities 
the number of possible journeys is 
so immense that a computer evaluat­
ing a million possibilities per second 
would take 9.8 billion years, almost 
two thirds the age of the universe, to 
search through them all. 

Usually, combinatorial-optimization 
problems, such as this one, involve a 
large number of variables and con­
straints, an enormous number of pos­
sible combinations and a "cost" func­
tion, which describes all the possible 
values of the quantity to be optimized. 
(In the traveling-salesman problem, 
the cost function is the distance of the 
journey as a function of each possible 
route.) Simply stated, combinatorial­
optimization problems ask: what is 
the lowest-cost solution? 

For many of these problems, even 
those that have a large number of 
variables, extremely clever algorithms 
can find the lowest-cost, or "globally" 
optimal, solution in a relatively short 
time. For certain types of combinatori­
al-optimization problems, however, it 
is strongly believed that an algorithm 
cannot be devised to find the best 
solution in a reasonable amount of 
time for every instance of the prob­
lem. These "hard" problems often 
have practical applications in logic, 
robotics, language theory and data 
storage and retrieval. It may come as 
no surprise that one of these hard 
problems is finding the lowest-energy 
arrangement of spins that satisfies the 
three-dimensional Edwards-Anderson 
model of a spin glass. � alternative strategy for diffi­

cult combinatorial-optimization 
problems is to search for "lo­

cally" optimal solutions. These rela­
tively low-cost solutions cannot be im­
proved by any small rearrangement 
of the assigned values, such as flip­
ping a few spins in a spin glass or re­
arranging the order in which a hand­
ful of cities are visited in the travel­
ing-salesman problem. Although one 
might be reluctant to settle for a 
"good" locally optimal solution, the 
alternative may be to wait until some­
time in the next century for a comput­
er to calculate the best solution by 
brute force. 

For those not willing to wait around 
that long, Kirkpatrick, Charles D. Gel­
att, Jr. , and Mario Vecchi of the llM 
research center invented a computa­
tional tool. They designed a computer 
algorithm, called simulated annealing, 
that finds locally optimal solutions in 
reasonably short times. Physical meth­
ods fpr reaching a low-energy state in 
a spin glass form the basis for the 
algorithm. 

The energy of a speCific spin glass 
can be described as a function of the 
system's state-a particular arrange­
ment of spins. If each spin can point in 
one of two directions (up or down, 
say), the total number of distinct 
states is two to the power of the num­
ber of spins in the system. The system 
defines whether any pair of spins will 
interact ferromagnetically or antifer­
romagnetically, and the energy of a 
particular state depends on how many 
of the spins in that state satisfy the 
interactions. If they are all satisfied, 
the state has minimum energy; if not, 
it has some higher amount. 

The energy as a function of all the 
states describes a surface in a space 
whose dimensions equal the number 
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of spins. Instead of trying to visual­
ize such a geometry, imagine the func­
tion as a mountain range: the height 
at each point represents the energy 
of each state. Suppose the system is 
currently in a particular high-energy 
state: it is an athlete on a mountain 
bicycle on one of the peaks. The ath­
lete's quest is to find the deepest val­
ley-the state of lowest energy-with­
out a map. 

The athlete coasts down the moun­
tainside until she reaches a nearby 
valley. Skeptical that luck would bring 
her into the deepest valley on the first 
try, the cyclist pedals out of the valley, 
reaches a mountain pass and coasts 
down into an even deeper valley. After 
pedaling out of many valleys and over 
many mountains, the athlete believes 
she has found the deepest valley, al­
though she cannot be certain, since 
many valleys remain unexplored. 

To search for a low-energy state of a 
spin glass requires heating and cool­
ing-annealing-analogous to pedal­
ing and coasting. If the temperature is 
extremely low, the system will stay in 
even a shallow valley for a very long 
time. As the temperature is raised, 
the system has more energy available 
to go exploring, so to speak. Its spins 
can readily flip around; hence, it has 
a higher probability of escaping the 
shallower valleys and can try many 
more possible spin configurations, 
some of which may have lower energy 
than the starting state. 

A simple algorithm for finding a 
relatively low-energy state of a spin 
glass, then, is to simulate a high tem­
perature (when the system can in prin­
ciple try any state) and slowly cool the 
system so that it settles into a state of 
lower energy. If, at an early stage, it 
temporarily gets stuck in a high-lying 

valley, it still has a good chance of 
escaping over the nearest pass to look 
for a deeper (lower-energy) valley. Af­
ter many cycles of heating and cool­
ing, the algorithm has a high probabili­
ty of yielding a good solution-that is, 
a low-energy state-even though the 
chance of aCCidentally finding the best 
solution in that huge space is ex­
tremely small. 

For many combinatorial-optimiza­
tion problems the cost function re­
sembles a rough landscape in a state 
space, much like the energy function 
of a spin glass. Simulated-annealing 
algorithms tackle combinatorial-opti­
mization problems as if the goal were 
to find a low-energy solution for a spin 
glass. The cost function becomes en­
ergy as a function of state. Although 
the temperature in these problems 
has no physical meaning, it can be 
raised or lowered, like physical tem-

SPIN GlASS can result when atoms interact with conduction 
electrons. Each arrow points in the direction of an atom's 
"north" pole. Each atom is at the center of a succession of 
concentric spheres of decreasing influence (color) in which the 

poles of electrons surrounding the atom are aligned alternate­
ly south (red) and north (blue). The electrons mediate the in­
teractions among the atoms, whose poles can flip because of 
the influence of other atoms and the surrounding electrons. 
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perature, thereby enabling the system 
to explore regions of state space in 
search of a good solution. In this 
way, Simulated-annealing algorithms 
can find low-cost solutions, relatively 
quickly, for a variety of combinatorial­
optimization problems. 

In the early 1980's John]. Hopfield 
of AT&T and the California Insti­
tute of Technology proposed an­

other important application of spin­
glass mathematics. He realized that a 
system similar to spin glasses could 
perform computations and store in­
formation, provided it had the ap­
propriate dynamic rules. The system 
was particularly interesting because it 
mimicked the architecture of the brain 
more closely than standard digital 
computers do [see "Collective Compu­
tation in Neuronlike Circuits," by Da­
vid W. Tank and John ]. Hopfield; SCi­
ENTIFIC AMERICAN, December, 1987]. 

Hopfield's model is made up of sim­
ple "neurons," each of which can as­
sume one of two states: on, or firing, 
and off, or not firing. Whether a neu­
ron remains in its present state or 
switches depends on the states of all 
the neurons connected to it. The na­
ture of the computational task deter­
mines the pattern of neural connec­
tions. Unlike real neurons, those in 
Hopfield's model interact symmetri­
cally: the effect of one neuron on an­
other is the same as the reciprocal 
effect. 

In some respects this system does 
resemble the spin glass: it is a collec­
tion of variables-of which each can 
take on two values-that interact in a 
complex, nonuniform manner. Crucial 
differences lie in the way that the 
probability distribution of the interac­
tions of the neural model is chosen 
and the fact that the interactions may 
evolve in time, which enables "learn­
ing" to take place. 

A state-dependent energy function 
can be defined for this system in the 
same way as for spin glasses. As be­
fore, the result is a rough, mountain­
ous landscape in state space. Energy 
valleys might correspond to memories 
to be recalled, patterns to be recog­
nized or other kinds of mental be­
havior. The neural connections of the 
system fix the number, location and 
meaning of the valleys. 

A stimulus from the external world 
determines the initial location of the 
system in state space-that is, which 
neurons are firing and which ones are 
quiescent. A basin of attraction sur­
rounds the lowest point in a valley: the 
"solution." If the system finds itself 
anywhere in the basin, it will evolve 

toward the associated solution. Hence, 
inputs from the external world initiate 
the selection of a given solution-re­
call of a given memory, say. 

This type of system differs consid­
erably from linear, sequential algo­
rithms designed for digital computers. 
The computation employed here, like 
that controlling the nervous system 
of an animal, is collective in nature­
that is, all parts of the system interact 
with one another simultaneously, and 
many of them change their state as the 
computation proceeds. 

In another link between the math­
ematics of spin glasses and biol­
ogy, investigators have found an 

appealing relation to biological evolu­
tion. One central question of early evo­
lution is: how does a "soup" of small 
molecules such as amino acids or nu­
cleic acids evolve into highly organ­
ized, information-carrying macromol­
ecules such as proteins or DNA? The 
exact chemistry of the process is un­
known. Yet one can construct a mathe­
matical model of molecular evolution 
in which an interesting transition from 
little to much "information" occurs. 

Say that the biological information 
contained in a sequence of monomers 
(the building blocks of macromole­
cules, or polymers) is valuable if it 
helps the polymer to survive. Before a 
complicated cellular apparatus exist­
ed for translating DNA sequences into 
functional proteins, a polymer's prob­
ability of survival may have been di­
rectly related to the chemical prop­
erties of the actual sequence: ease 
of replication, folding characteristics, 
probability of adsorption onto a near­
by surface, tendency toward self-en­
tanglement, stability and so on. 

In the early 1980's Daniel S. Rokhsar 
of Princeton, Anderson and I consid­
ered two monomers, X and Y, that in 
principle can represent any two mole­
cules of biological interest. The two 
monomers are mixed in equal parts. A 
sequence of events is imposed on the 
system, building up longer and longer 
strings of monomers as time passes. 
The key to generating a large informa­
tion content lies in a process that ex­
hibits both diversity and selection. Di­
versity means that a large number of 
different polymers are possible as an 
outcome of this sequence of events. 
If, for example, anX-to-Y bond is much 
more stable than bonds between X and 

X or Y and Y, the growth process will 
always yield polymers with the se­
quence X, Y, X, Y, X, Y and so on, and 
nothing is learned from the process. 
Selection, on the other hand, means 
that not all polymers have an equal 
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chance of formation or survival. If a 
system generates every possible type 
of polymer, again nothing is gained. 
The information content of this sys­
tem can be defined simply by the loga-

. rithrn of the number of possible poly­
mers divided by the number of exist­
ing polymers. 

To create both diversity and selec­
tion, my colleagues and I studied a 
rather abstract model in which the 
interaction between any two mono­
mers in a chain has a roughly equal 
chance of either increasing or decreas­
ing the sequence's survival probabili­
ty. For a given chain, the total survival 
probability per unit of time is the sum 
of the contributions from every pair. A 
mathematical model can be construct­
ed that accounts for these factors sta­
tistically. The mathematics of such a 
model is very similar to that of the 
spin glass. 

like the spin-glass function of state, 
the survival-probability function has 
many peaks and valleys in the state 
space of all polymers in the model. 
The model demonstrates that not all 
polymers are equally probable (which 
seems realistic). Furthermore, as long 
as the number of "good" polymers 
increases exponentially with polymer 
size, sufficient diversity is maintained 
to generate information. 

Whatever else may come of 
these endeavors, they have 
helped foster a remarkable 

cross-fertilization among disciplines 
as diverse as physics, mathematics, 
computer science, biology, chemistry 
and economics. A growing number of 
investigators are grappling with fun­
damental problems that embody the 
uncertainty and disorder inherent in 
the universe. We have begun to devel­
op a deeper understanding of why 
these systems are so difficult to treat 
mathematically, and we may come to 
a better understanding of these sys­
tems in their own terms. We are finally 
rolling up our sleeves and getting our 
hands dirty. 
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And watch them or your favorite 
movies in your own good time. 

All of which makes the Sony 
Video Walkman perfect for time­
shifting. And place-shifting. 

Not only can you use the Video 
Walkman whenever or wherever 
you want, you can use it however 
you want. You can watch its 3" 
color LCD TV screen with unbe­
lievable sharpness and color 
fidelity Or connect it to any other 
ordinar y TV 

But you ain't seen no thin' yet. 

The Video Walkman weighs a 
lightweight 2 \-2 lbs. , but it's not 
light on features. It has high-speed 
picture search. A sleep timer that 
turns it off one hour after you've 
turned yourself off. A worldwide, 
multi-voltage AC adapter battery 
charger. And a bUllt-in TV tuner 
with full VHF and UHF reception. 

W hich brings us to another fea­
ture sure to get a great reception. 
Our highly adaptable audiovisual 
input. You'll be sky-high on it 
because it lets you record and 

© 1989 Sony Corporation of America. Sony, Video Walkman, Video 8 and The One and Only are trademarks of Sony. Simulated television picture. All titles used with permission. 
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play back your Video 8® home 
movies. Or edit them, no matter 
what format you shot them on. 

Dead Pool. And A Cry In The Dark. 

Now, if you think all this sounds 
pretty good wait until you hear 
the Video Walkman. With its ex­
ceptional high-fidelity sound. 

Besides getting a lot of enJoy­
ment outof the Video Walkman, you'll 
get a lot of enjoyment into it. For 
there are over 1300 movie titles now 
available on 8mm. Like Crocodile 
Dundee II. The Accidental 
Tourist. Coming to America. The 

And if all that wasn't enough, the 
sky's the limit on the home instruc­
tion, travel and video magazines 
available. They're part of the video 
publishing software on 8mm. 

So, if your interests take you out. 
Or in. Up. Or down. Check out the 
Sony Video Walkman Personal 
TV/VCR. 

It's the most incredible TV and 
VCR you'll find anywhere. 

SONY. 
THE ONE AND ONLY., 
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Volcanism at Rifts 
When the earth's· rigid shell is rifted, the ductile rock of the 

mantle wells up and partially melts. Spectacular volcanic outbursts 
ensue when the mantle is only slightly hotter than normal 

by Robert S. White and Dan P_ McKenzie 

S
ixty-six million years ago the 
earth rifted open on the west 
side of India, and huge volumes 

of molten rock poured onto the land. 
Close to two million cubic kilometers 
of lava were released in less than half 
a million years, blanketing much of 
west-central India in layers of basalt 
hundreds of meters thick The episode 
may have dealt a major blow to the 
climatic and ecological stability of the 
planet, and some theories even blame 
it for the extinction of the dinosaurs. 
Yet it was far from unique; many simi­
lar cataclysms have taken place on 
rifting continents during the course of 
geologic time. 

Volcanism at rifts takes another, 
quieter guise that in the long term 
amounts to even more volcanic activi­
ty. The volcanism occurs steadily but 
out of sight along the system of mid­
ocean ridges that dissects the floor of 
the world's oceans. These ridges mark 
rifts at which releases of magma gen­
erate some 20 cubic kilometers of new 
oceanic crust every year. 

The contrast between the sudden, 
catastrophic volcanism recorded in 
flood basalts and the routine volcan­
ism that generates oceanic crust has 
led many workers to suggest that the 
underlying mechanisms must some­
how be different. Yet we are now able 
to explain both kinds of rift volcanism, 
as well as account for the amount and 

ROBERT S. WHITE and DAN P. McKEN­
ZIE are both at the University of Cam­
bridge. White leads the marine geophys­
ics group and was recently named pro­
fessor of geophysics; McKenzie holds 
a personal chair in earth sciences. Both 
men received a Ph.D. at Cambridge, 
White in 1977 and McKenzie in 1966. 
They have spent most of their careers at 
Cambridge but have also worked exten­
Sively at research institutions and uni­
versities in the U.S. White and McKenzie 
have traveled widely to study tectonic, 
geologic and seismologic phenomena 
on land and at sea. 
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composition of the magma they pro­
duce and for the vertical movements 
of rifting crust, by a single mecha­
nism-one that is based on simple 
physical ideas and the familiar proc­
esses of plate tectonics. 

The fundamental concept is simple: 
rift volcanism takes place when tec­
tonic movements stretch and ulti­
mately rupture the earth's outer layer, 
thereby allowing the underlying man­
tle to rise into regions of lower pres­
sure, where some components of the 
hot but solid mantle rock melt. Differ­
ences between the catastrophic vol­
canism at some rifts and the quieter 
process at others simply reflect differ­
ences in the starting conditions-the 
temperature of the parent mantle in 
particular. We draw on two kinds of 
evidence: quantitative descriptions of 
rock melting and a wide range of ob­
servations made on the rifted edges of 
continents and in the oceans that have 
opened between them. 

From the Laboratory to the Earth 

For many years workers have stud­
ied the melting of mantle rocks by 
simulating the temperature and pres­
sure of the deep earth in the laborato­
ry. A cubic millimeter or so of rock 
that has the same composition as the 
earth's mantle is raised to a specific 
temperature and pressure and then 
rapidly cooled. Any material that has 
melted freezes into a glass, which can 
be analyzed to learn the amount and 
composition of the melt. Increasing 
the temperature yields more melt and 
changes its composition, by melting 
successively more resistant compo­
nents of the rock Increasing the pres­
sure reduces the amount of melt by 
raising the solidus-the temperature 
at which the rock begins to melt. 

In recent years many such exper­
iments have been carried out by, 
among others, David Green and his 
students of the University of Tasma­
nia, A. E .  Ringwood of the Australian 

National University, David Walker and 
Edward M. Stolper of Harvard Univer­
sity, Eiichi Takahaski and Ikuo Kushiro 
of the University of Tokyo and Toshi­
tsugu Fuji and Christopher M. Scarfe 
of the University of Alberta. The field 
has been known for its bitter contro­
versies. Yet the experimental results 
actually agree very well: one of us 
( McKenzie), together with Michael j. 
Bickle of the University of Cambridge, 
was able to turn the many observa­
tions into simple mathematical ex­
pressions describing how the amount 
and composition of the melt depend 
on the temperature and pressure. 
Most of the apparent inconsistencies 
in the experimental results, it turned 
out, are scarcely larger than the uncer­
tainties in the measurements! 

How might these expressions be 
applied to melting at rift zones? The 
processes of plate tectonics, including 
rifting and plate motion, all affect the 
rigid outer layer of the earth, known as 
the lithosphere, which includes the 
crust and the underlying mantle to 
an average depth of about 120 kilo­
meters. Below that depth the mantle 
remains solid but becomes ductile­
about as ductile as window glass at 
room temperature, ductile enough to 
flow on geologic time scales. When 
the overlying lithosphere is stretched 
and thinned or ruptured as plates 
are pulled apart, this ductile mantle, 
known as the asthenosphere, wells up 
to take its place. As the mantle rock 
rises, its pressure falls. 

If the upwelling is fairly rapid-a 
matter of centimeters per year-as it 
is when plates rift apart, the mantle 
will not have time to lose heat by 
conduction and may eventually rise to 
a level at which its temperature ex­
ceeds the solidus. At first only a lit­
tle melt is produced, consisting of 
the rock components with the lowest 
melting temperatures, but at shallow­
er depths the molten fraction grows. 

Given the temperature of the up­
welling mantle and the amount of 
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lithospheric thinning, our expressions 
predict the amount and composition 
of the melt produced at each level of 
the rift zone. Summing the results 
over the entire depth of melting gives 

. the total amount of melt and its net 
composition. By varying the initial 
conditions we made a startling discov­
ery: for a particular amount of litho­
spheric thinning, the magma yield is 
acutely sensitive to small variations in 
the temperature of the parent mantle. 

How much of this melt actually es­
capes from the mantle to be released 
in volcanism or trapped in the crust? 
The melt is buoyant because it con­
sists of the lighter components of the 
rock. Whether it can pass through the 
overlying rock, however, depends on 
its ability to "wet" the rock grains. A 

droplet of mercury, for example, is 
readily trapped on a piece of cloth 
because it cannot wet the threads. Yet 
water soaks right through. 

Laboratory studies suggest that 
molten rock behaves more like water 
than like mercury. Stolper and Walker 
of Harvard and Donald L. Turcotte of 
Cornell University have argued that 
melt should separate rapidly from the 
residual, unmelted crystals once it 
amounts to more than 1 or 2 percent 
of the sample. Detailed calculations by 
David R. Scott and David ]. Steven­
son of the California Institute of Tech­
nology and by one of us ( McKenzie) 
have confirmed that essentially all the 
molten rock should escape from the 
melting zone. The effects of tempera­
ture variations on melt production, 

then, should be fully apparent near 
the surface. 

A Natural Laboratory 

The earth provides a superb natural 
laboratory in which to test our model 
of melt production at rifts: the ocean 
floor. Each midocean ridge marks a rift 
between two plates that are spread­
ing steadily apart while volcanic activ­
ity continuously adds material to the 
retreating edges of the plates. Some 
workers have argued that a local heat 
source in the mantle accounts for the 
volcanism, but our model should be 
able to account for it by decompres­
sion melting alone. 

At an oceanic rift the lithosphere is 
being ruptured, allowing the astheno-

STEPPED lANDSCAPE of the Deccan Traps, in west-central 
India, was formed over a period of about 500,000 years by 
a series of huge basalt flows; each layer represents a ma-

jor eruption. The outpouring began some 66 million years 
ago when a rift opened over a region of unusually hot man­
tle. The image is by Keith G. Cox of the University of Oxford. 
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SEDIMENTS 

TIUNNING OF TIlE UTiiOSPHERE (the crust and uppermost 
mantle) can lead to partial melting of the hot, ductile rock be­
low. In unthinned lithosphere (a) the temperature (thick curve) 
increases with depth, but increasing pressure keeps the duc­
tile rock under the lithosphere from melting. ( The colors on 

the graph show the effect of depth on the melting tempera­
ture.) Where the lithosphere has been rifted, forming an ocean 
basin (b), the hot mantle rock can well up to the surface. Be­
cause the melting temperature falls as pressure is reduced, 

part of the initially solid material melts as it moves upward. 
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The resulting magma solidifies to form the oceanic crust. If the 
lithosphere is only stretched, say by a factor of two-as it is 

in a nascent rift or a sedimentary basin (c)-little or no melt 
is ordinarily produced_ The hot mantle rises, and the tempera­
ture profile approaches but does not cross the melting curve. 
Yet if a plume in the mantle has heated the rock by perhaps 

200 degrees Celsius (d), the same amount of stretching leads 
to a volcanic outburst. The reduction of pressure in the upwell­
ing mantle generates magma that spills out onto the land as 

flood basalts and is "underplated" onto the base of the crust. 
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sphere to well up nearly to the surface. 
The release of pressure generates 
magma that forms the new oceanic 
crust. The model's quantitative ex­
pressions must be able to account for 
the thickness of the crust (which indi­
cates the volume of melt) and for its 
composition. 

Air guns or explosions at the sea 
surface generate low-frequency sound 
waves that, as seismic waves, can pen­
etrate the oceanic crust and the litho­
spheric mantle below it. These seismic 
waves are refracted or reflected back 
to the surface by differences in rock 
properties such as seismic velocity 
and density; it is thereby possible to 
image the subsurface layers. During 
the past three decades this technique 
of seismic profiling has shown that 
the thickness of oceanic crust is re­
markably consistent, averaging be­
tween six and seven kilometers. 

This consistent thickness is readily 
explained by our model of melt gener­
ation by decompression: the upwell­
ing mantle is decompressed by the 
same amount regardless of the rate at 
which the plates move apart. More­
over, given a mantle temperature in 
the expected range, from 1,320 to 
1,3 60 degrees Celsius, the model pre­
dicts the generation of just the right 
amount of magma. Mantle at 1,340 

degrees C should start to melt when it 
rises to a depth of about 50 kilome­
ters; by the time it reaches the surface 
an average of 25 percent of the rock 
should have melted. The result will be 
oceanic crust of the observed thickness. 

Thus, our simple model of decom­
pression melting can account for mag­
ma production at midocean ridges 
and defines a surprisingly precise fig­
ure for the temperature of the under­
lying mantle. Moreover, the oceanic 
crust's consistent thickness implies 
that the temperature does not vary by 
more than 20 degrees over most of the 
globe. The model also predicts the 
composition of the melt released at 
midocean ridges, accurately reproduc­
ing the known average composition of 
oceanic crust. It is encouraging that 
Emily M. Klein and Charles H. Lang­
muir of the Lamont-Doherty Geologi­
cal Observatory of Columbia Universi­
ty have also found evidence, in a sur­
vey of global data, that a consistent 
mantle temperature at the midocean 
ridges is correlated with consistent 
crustal thickness and composition. 

Rifting Continents 

Every ocean basin begins when a 
continent is stretched, thinned and 
finally ruptured. In the same way as it 

30,---------------------------------------------------, 

Vi' 
ffi 20 
� 
:2 
o 
-' 

g 
Vl 
Vl 
LLJ 
Z 
>£ 
� 
I 
I-

� 10 
LLJ 
:2 

RIFTED VOLCANIC MARGINS 

NORMAL 
OCEANIC CRUST 

OL-____ �L_ ____ �� ______ _L __ �� __ � ______ � __ _L __ ___' 

1,250 1,300 1,350 1,400 1,450 

UPPER-MANTLE TEMPERATURE (DEGREES CELSIUS) 

lHICKNESS OF lHE MELT lAYER generated at a rift depends on the degree to which 
the lithosphere is thinned and on the temperature of the underlying mantle. The 
authors' model predicts that thinning by a factor of two (bottom curve) above mantle 

at its normal temperature of 1,340 degrees C generates no melt; thinning by a factor 
of five (middle curve) generates small amounts. A complete break in the lithosphere 

(top curve) gives a melt layer 6.5 kilometers thick-the observed average thickness of 
oceanic crust. If the mantle is less than 200 degrees hotter, however, lithosphere 
thinned by a factor of five yields enough melt to account for the massive deposits of 
basalt, 15 kilometers and more thick, seen on the rifted edges of some continents. 

does at the midocean ridges, the rift­
ing allows the underlying mantle to 
well up and melt as the pressure on 
the rising material is reduced. What 
can our model say about the magma­
tism that results when rifting begins 
on a continent? 

In some continental regions the 
lithosphere has been stretched by a 
small amount-by a factor of two, 
say-after which the stretching has 
stopped. The equations of decompres­
sion melting predict that the limited 
upwelling should produce little if any 
melt. Yet such regions do illustrate a 
phenomenon that shapes all continen­
tal rifts: crustal subsidence. 

The continents are above sea level 
because the continental crust floats 
on the denser mantle below. litho­
spheric stretching thins the continen­
tal crust, causing it to subside below 
sea level. Some of the initial subsi­
dence is offset by a second process: 
the thinning of the underlying litho­
spheric mantle, which enables hotter 
(therefore less dense) asthenospheric 
mantle to take its place. Later the add­
ed material cools to the normal tem-

perature of the lithosphere, and fur­
ther subsidence, called thermal subsi­
dence, takes place. 

The result is a basin sunken far 
below sea level, in which sediments 
accumulate. The North Sea is a good 
example: the underlying continental 
lithosphere has been stretched by 
about 35 percent, creating a basin in 
which more than two kilometers of 
sediment-including the precursors 
of oil and gas-have accumulated. 

When the stretching of the continen­
tal lithosphere does not stop, the con­
tinent eventually breaks in two, and a 
new ocean develops between the sepa­
rating edges. The continental margins 
that once flanked the young rift record 
the history of stretching, subsidence 
and volcanism. Seismic profiling of 
such margins has shown that the fi­
nal rupture generally comes when the 
continental crust has been stretched 
and thinned beyond a factor of about 
six. Ordinarily the rift releases little 
magma until the continent splits apart 
completely. 

At the Biscay margin of France, for 
example, formed about 120 million 
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CONTINENTAL MARGINS formed by rifting record differing amounts of volcanic 
activity. A profile of the European margin at the Bay of Biscay (top), based on seis­
mic data gathered jointly by the Institute of Oceanographic Sciences in England, 
the French Petroleum Institute and the Oceanographic Center of Brittany, shows 
stretched and thinned continental crust with no evidence of volcanic activity un· 
til just before the transition to oceanic crust. In contrast, a profile across Hatton 
Bank (bottom), west of Scotland, reveals layers of igneous rock many kilometers thick 
both above and below the thinned continental crust. Because the rifting that formed 
this margin took place above unusually hot mantle, it triggered a volcanic outburst. 

years ago by the opening of that part 
of the Atlantic, the European continent 
ends in a 200-kilometer-wide wedge in 
which the crust gradually thins· in a 
seaward direction, beginning at an ini­
tial thickness of more than 30 kilome­
ters. The thinning caused the crust to 
subside, so that it now lies well below 

sea level. little evidence of volcanism 
appears until, far offshore at the edge 
of the continental shelf, the crust is 
reduced to less than a quarter of its 
original thickness. There it is edged by 
a narrow transition region containing 
igneous rocks, which in turn gives way 
to seven-kilometer-thick oceanic crust 

PLATE HOT SPOT 

500 o 500 

KILOMETERS 

PLUME of unusually hot rock rising from deep in the mantle has effects well beyond 
the hot spot that marks the plume axis. The contour lines on this computer mod­
el of the mantle underlying the Cape Verde hot spot trace deviations from the av­
erage upper-mantle temperature of 1,340 degrees C. The contours show that as 
the plume meets the lithosphere it is deflected, resulting in elevated mantle tem­
peratures in a region more than 1,000 kilometers across. Other plumes, such as 
the one under Iceland, create temperature anomalies as broad as 2,000 kilometers. 
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produced by decompression melting 
at the new oceanic spreading center. 

Volcanic Margins 

Not every rifted margin shows this 
orderly transition from continental to 
oceanic crust. In about 1980 Karl Hinz 
of the Federal Institute for Geosci­
ences and Natural Resources in Han­
over, West Germany, discovered evi­
dence for thick layers of rock under 
the superficial sediments on some 
rifted continental margins. Hinz pro­
posed that the layers, which are many 
kilometers thick, resulted from vo­
luminous lava flows that had been 
erupted onto the thinned continental 
crust just at the time of rifting. 

Hinz's proposal was based on seis­
mic profiling of continental margins 
around the world, and it was at first 
hotly disputed, since the layering in 
many respects resembles the thick 
stacks of sediments found in sub­
merged river deltas. The controversy 
was resolved when the Deep Sea Drill­
ing Project took core samples of the 
rock from the seabed off Norway. The 
layers were basalt, similar in many 
respects to the basalts formed at oce­
anic spreading centers. 

Once their characteristic reflection 
patterns were known, the volcanic lay­
ers were recognized on many conti­
nental margins. They are now known 
to extend for 2,000 kilometers along 
the east coast of Greenland and, on 
the other side of the North Atlantic, 
for a comparable distance along Hat­
ton Bank (off Scotland) and the west 
coast of Norway. Volcanic margins 
have also been traced along the east 
coast of the U.S., on opposing coasts 
of South America and Africa, and off 
Antarctica, the west coast of India and 
the west coast of Australia. 

It is now clear that vast amounts 
of lava flooded onto the continental 
crust during the early stages of many 
rifts. What is more, in the course of a 
seismic survey across Hatton Bank in 
the summer of 1985, we found that 
shallow igneous layers record only 
part of the volcanic outburst. Directly 
under the continental margin, be­
tween the thinned crust and the litho­
spheric mantle, the profiles revealed a 
massive prism of igneous rock, up to 
18 kilometers thick Other workers 
have found comparable volcanic de­
posits "underplated" onto the Norwe­
gian section of the margin. 

Nor is the east side of the North 
Atlantic rift likely to be unique. Possi­
ble seismic evidence of underplating 
has been reported for other volcanic 
margins, and even before our study of 
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Hatton Bank some workers, notably 
Keith G. Cox of the University of Ox­
ford, had suggested that igneous in­
trusions at the base of the crust un­
derlie all shallow flood basalts. 

Once the underplated material is 
taken into account, the volume of 
magma released along such rifts is 
seen to be truly enormous. The igne­
ous layers that have been extruded 
onto the margin of the eastern North 
Atlantic over a distance of 2,000 kilo­
meters average between four and six 
kilometers thick and 50 to 100 kilome­
ters wide: a total of between one and 
two million cubic kilometers of rock 
When the rock intruded into the lower 
crust is added, the total rises to be­
tween five and 10 million cubic kilo­
meters, all emplaced within at most a 
few million years as the North Atlantic 
rift split the protocontinent. 

It is difficult to imagine 10 million 
cubic kilometers of rock in everyday 
terms. Picture enough rock to cover 
the entire U.S., including Alaska, to a 
depth of about a kilometer. Or think of 
20 truckloads of lava being dumped 
every second, day and night, year after 
year, for a million years. When other 
rifted margins, such as the Biscay mar­
gin, produced melt so sparingly, how 
can so huge and sudden an outburst 
be explained? 

The Heat of the Mantle 

It was in the tearoom at Madingley 
Rise, the building at Cambridge where 
we both work, that we came across 
the key to understanding these vol­
canic margins. By that time, early in 
1987, McKenzie and Bickle were in the 
midst of their analysis of laboratory re­
sults on melting and had found that 
the amount of melt produced by man­
tle decompression rises dramatically 
with small increases-say by 100 or 
200 degrees-in mantle temperature. 
At about the same time White and Rob­
ert C. Courtney (then a graduate stu­
dent) had finished mapping a large­
scale thermal anomaly under the At­
lantic Ocean. They had defined aQ area 
some 1,500 kilometers in diameter in 
which the mantle was perhaps 150 
degrees warmer than normal. The an­
swer, we realized in our conversation, 
lay at the intersection of these appar­
ently unrelated lines of work 

The anomaly Courtney and White 
studied is centered on the Cape Verde 
hot spot: an isolated area of intense 
volcanic activity in the equatorial 
Atlantic that is thought to overlie a 
plume of unusually hot material rising 
from deep in the mantle. Traditionally, 
hot spots have been viewed as rather 

NORTHERN NORTH ATIANTIC was the scene of extensive volcanic activity when 
it rifted open some 57 million years ago (top). The outpouring left massive basalt 
layers (dark gray) and regions of abundant volcanic rocks (light gray) along the 
continental margins. The positions of the Iceland hot spot (red) and of the sur­
rounding zone of unusually hot mantle are superposed on the ancient geography. 
The extent of the temperature anomaly is just right to account for the length of the 
volcanic margins and also for igneous dep.osits west of Greenland in the Davis Strait. 
Today a broad region of anomalously shallow seafloor around Iceland reflects the 
continued presence of the mantle plume (bottom). The depth contours are in meters. 
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focused phenomena: narrow plumes 
of hot material triggering volcanism 
directly overhead. Yet the influence of 
the Cape Verde hot spot is apparent 
over a wide area. Maps of the seafloor 
and the earth's gravity field had re­
vealed a 1,500-kilometer-wide swell in 
the seafloor surrounding the hot spot. 

When we lowered instrumented 
probes to the seafloor to measure the 
heat flow through the sediments, we 
found the cause: well away from the 
hot spot the underlying mantle re­
mains between 100 and 150 degrees 
hotter than normal. As the narrow ris­
ing plume under the Cape Verde hot 
spot meets the lithosphere, it is de­
flected into a mushroom of hot, buoy­
ant material. The plume's broad cap is 
what uplifts the seafloor. 

Similar regions of anomalously hot 
mantle are likely to surround other 
hot spots. The reason for massive vol­
canism at some rifts then becomes 
obvious. If a rift opens over a mush­
room head of hot mantle, much more 
melt will be generated by decompres­
sion of the upwelling material than 
would result from rifting over nor­
mal-temperature mantle. The increase 
above the normal mantle temperature 
and the width of the anomalously hot 
regions are just what is needed to 
account for the volumes of melt re-

leased and for the length of the vol­
canic margins. The scenario also ac­
counts for the speed of such erup­
tions. When unusually hot mantle 
wells up into a rift and undergoes a 
pressure reduction, melt will be gener­
ated immediately and will promptly 
bleed to the surface. 

This explanation for volcanic rifts is 
easy to test: there should be evidence 
that a mantle plume was nearby each 
time a continental rift produced large 
amounts of melt. It is straightfor­
ward to reassemble rifted continents; 
the seafloor generated as they moved 
apart gives a continuous record of 
their movements with respect to the 
plate boundaries. Hot spots, for their 

SEYCHELLES 

part, are thought to be largely fixed in 
the mantle, but because plat€s them­
selves wander, a rift can migrate away 
from a hot spot. The relative motion of 
the hot spot is easy to trace because 
the plume leaves a trail of volcanic 
ridges, islands and sea mounts on the 
overlying plate. 

The North Atlantic, for example, 
where submerged flood basalts were 
first mapped, has a plume under Ice­
land (a focus of intense volcanic activi­
ty). For 1,000 kilometers around Ice­
land the seafloor is about a kilome­
ter shallower than normal, buoyed by 
the mushroom head of unusually hot 
mantle surrounding the hot spot. Re­
constructions of the geography at the 

INDIA AND THE SEYCHELLES had just rifted apart 65 million 
years ago (left). The volcanic rocks laid down during rifting in­
clude the Deccan flood basalts on land and underwater depos­

its that form the Saya de Malha Bank. ( Extensive underwater 
deposits also probably lie off the Indian coast.) The volcanic 

margins were formed above the hot mantle surrounding 
the Reunion hot spot, which then lay near the rift. Since the 

rifting, plate motion has carried India northward; the volcan­
ically thickened, shallow crust of the Laccadive-Chagos Ridge 
records the plate's passage over the hot spot (right). Some time 
ago the midocean ridge (the former continental rift) itself 
migrated over the hot spot; the gap between the Laccadive­
Chagos Ridge and the Mascarene Plateau-the new hot-spot 
track-records the extent of sea-floor spreading since then. 
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time the North Atlantic broke open, 57 
million years ago, show that the plume 
then lay just to the west of the rift. Its 
head neatly encompassed the 2,000-
kilometer extent of continental mar­

. gins along which large thicknesses of 
volcanic rocks are now found. 

As soon as we were convinced that 
rifting above abnormally hot mantle 
could explain the extent of the volcan­
ism in the North Atlantic, we realized 
that the scenario could also explain 
other features of the margins. Even 
though lithospheric stretching usually 
causes the crust to subside, for exam­
ple, it was known from deposits of 
lake and river sediment trapped in 
igneous layers on the margins that the 
volcanism took place above sea level. 
What prevented the subsidence? 

Part of the explanation is that the 
low-density plume uplifts the crust 
flanking the rift, as the swells around 
the Iceland and Cape Verde hot spots 
attest. Moreover, the added igneous 
material thickens the crust, which or­
dinarily would be thinned by stretch­
ing. Other factors contribute as well; 
all told, whereas crust stretched by a 
factor of five above normal-tempera­
ture mantle subsides immediately by 
two or three kilometers, the same 
amount of stretching above a 150-
degree temperature anomaly actually 
leads to uplift. Of course thermal sub­
sidence does eventually occur, which 
is why many volcanic margins now lie 
below sea level. 

Rifting over high-temperature man­
tle also explains the composition of 
the volcanic layers. The laboratory re­
sults show that magma extracted at a 
higher temperature has more magne­
sium oxide than normal-temperature 
melt does. Accordingly, whereas mag­
nesium oxide makes up about 10 per­
cent of ordinary midocean-ridge ba­
salts, some lavas extruded along a 
branch of the North Atlantic rift west 
of Greenland (but still within the com­
pass of the Iceland plume) contain up 
to 20 percent magnesium oxide. 

High-magnesium rocks in turn can 
explain certain seismic and gravity­
field measurements along the Atlantic 
margins. Whereas the seismic velocity 
in the lower half of normal oceanic 
crust is 6.8 kilometers a second, the 
lower crust along the volcanic margins 
has significantly higher velocities in 
many places. Calculations predict that 
magnesium-rich igneous rocks intrud­
ed into the lower crust should have 
seismic velocities of more than 7.2 
kilometers a second, about what is 
observed. Magnesium oxide also in­
creases rock denSity, which can ac­
count for gravity measurements that 

AFRICA 

SOUlH ATLANTIC is shown 120 million years ago, just after the rift between South 
America and Africa had opened (top) and the ocean had begun to penetrate north­
ward. The Walvis hot spot coincided with the rift; the associated region of hot mantle 
encompassed the volcanic margins that produced flood basalts during the continen­
tal rifting. The hot spot now lies under the island of Tristan da Cunha on the Mid-At­
lantic Ridge (bottom); the meandering tracks the hot spot has left on both diverg­
ing plates in the form of thick volcanic ridges record the vagaries of plate motion. 
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BREAKUP OF GONDWANA, an ancient supercontinent incorporating many of today's 
landmasses, began 170 million years ago when a rift opened between Africa and 
Antarctica. Extensively eroded flood basalts on both continents and layers of basalt 
off the coast of Antarctica record the volcanism triggered by the breakup. A man­
tle plume and its associated thermal anomaly account for the volcanism's extent. 

require unusually high crustal densi­
ties along such margins. 

Continental Flood Basalts 

Our scenario for the origin of vol­
canic margins also fits the evidence 
outside the North Atlantic. According 
to reconstructions of landmasses and 
hot-spot positions at the time of rift­
ing, other rift margins that are edged 
by massive volcanic deposits also 
formed above mantle thermal anoma­
lies. In accounting for the volcanic 
margins, the model simultaneously 
explains the extensive flood basalts 
that often stretch inland from them. 

Sixty-six million years ago, for exam­
ple, the largely submerged continental 
block that bears the Seychelles islands 
rifted away from western India. Like 
the young North Atlantic, this rift ex­
truded vast amounts of magma onto 
the continental margins; the volcanic 
rock now forms a submarine plateau 
known as the Saya de Malha Bank, east 
of the Seychelles, and extensive de­
posits along the west coast of India. 
The melt also poured hundreds of 
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kilometers inland, forming a vast ba­
salt plateau called the Deccan Traps. 

After the rifting the Indian subconti­
nent continued to drift northward on 
a collision course with Asia. It left the 
plume responsible for the volcanism 
far to the south, where it now lies 
under the volcanic island of Reunion. 
A trail of volcanic islands, sea mounts 
and ridges left on the oceanic crust 
that has moved across the hot spot 
shows that 66 million years ago it lay 
directly under the developing rift. 

Comparable flood basalts extend in­
land from parts of the Atlantic coasts 
of South America and Africa; along 
these coasts, seismic profiles reveal 
the igneous layers typical of a volcanic 
margin. The South Atlantic began to 
open between the two landmasses at 
their southern end about 125 million 
years ago. Like a zipper being opened 
the split moved steadily northward 
and was completed in about five mil­
lion years. Throughout that period 
a thermal anomaly called the Walvis 
hot spot lay directly under the central 
part of the rift. DecompreSSion over 
the thermal anomaly released mas-

sive quantities of lava onto Africa and 
even more-perhaps two million cu­
bic kilometers-onto South America, 
where it filled valleys as deep as 300 
meters before overtopping them and 
flowing onward. The timing of the 
eruptions is not as well known here as 
it is for the Deccan, but the volcanism 
seems to have lasted only a short time 
and to have reached its peak from 12 1 
to 120 million years ago, just as the 
landmasses separated. 

A still older example of flood basalts 
associated with volcanic rifting dates 
from the breakup of Gondwana, the 
supercontinent that included Africa, 
Antarctica, South America, India and 
Australia. About 170 million years ago 
a rift appeared between Africa and 
Antarctica, directly over a plume that 
now lies in the southern Indian Ocean. 
Decompression melting created the 
lO-kilometer-thick volcanic sequences 
that have recently been discovered on 
the margin of Antarctica, and the ex­
isting flood basalts show that the 
magma poured far inland as well. 

Plumes and Rifting 

We have assumed that these vast 
quantities of magma are generated 
passively, in response to the stretch­
ing and rifting of the lithosphere. Ac­
tually the mantle does play an active 
role: for so much melt to be produced 
a plume must have brought up un­
usually hot material from deep in 
the mantle. Could plumes, in addition, 
somehow drive the rifting process? 

]. Tuzo Wilson of the University of 
Toronto was the first to suggest, more 
than 20 years ago, that hot spots 
might somehow be responsible for 
splitting the lithosphere and initiating 
rifts. Yet melt actively forced upward 
from a plume into the lithosphere can­
not be what starts a rift, since exten­
sive melting does not begin until the 
mantle has welled up above the base 
of unrifted lithosphere. Moreover, hot 
spots clearly are not crucial for rifting: 
normal, nonvolcanic margins such as 
the Biscay margin were formed well 
away from any mantle plume. 

Even if plumes do not drive rifting, 
the one or two kilometers of uplift 
they cause might help it along by way 
of gravity, which enables the rifting 
plates to slide apart down opposite 
sides of the swell. The advent of a 
plume may thus have been the decid­
ing factor in starting rifts. In the North 
Atlantic, for example, stretching and 
small-scale rifting took place for many 
tens of millions of years before a fully 
oceanic rift developed between Green­
land and Northern Europe about 57 
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million years ago. The arrival of the 
Iceland plume from deep in the man­
tle may have been the trigger. The 
earliest signs of the plume-lava flows 
in northwestern Great Britain-pre­
date the breakup by only five million 
years. (The plume's advent is dramati­
cally recorded on the other side of 
Greenland, in the Davis Strait and Baf­
fin Bay. A rift had been quietly opening 
there for 30 million years, but about 
58 million years ago it abruptly pro­
duced thick igneous sequences as the 
mushroom of hot material arrived.) 

If a new plume sometimes precipi­
tates rifting, the aging of the plume 
could explain the disparity in thick­
ness between most rifted margins and 
the adjacent oceanic crust. In the 
North Atlantic, for example, the igne­
ous layers on the rifted margins are 
more than 15 kilom:eters thick. They 
grade into oceanic crust, generated 
after the rift opened, that is between 
10 and 12 kilometers thick-thicker 
than normal oceanic crust but thinner 
than one might expect if the mantle 
temperature had remained constant. 
The Iceland hot spot, after all, still sits 
directly on the midocean ridge. 

The falloff in crustal thickness, or, 
equivalently, in the amount of magma 
released at the rift, probably reflects 
the structure of the plume. Comput­
er modeling suggests that mantle 
plumes start with a blob of material 
perhaps 50 or 100 degrees hotter than 
the later, steady-state flow. In addi­
tion, the blob, which forms the head of 
the mushroom, has a larger radius 
than the plume that follows. The high­
er temperature and larger volume of 
the material reaching the top of the 
mantle as the rift opens should en­
hance early melting and account for 
the exceptional thickness of the igne­
ous margins. Thinner oceanic crust 
should follow as the initial hot blob 
gives way to a steady plume flow. 

The Growth of Continents 

So much melt is released each time a 
continent breaks up near a hot plume 
that volcanism at rifts must play a 
much larger role in the evolution of 
the earth than had been thought. The 
process may, for example, offer a par­
tial answer to the question of how the 
continents were built. Our model of 
melt production, coupled with the ev­
idence from the North and South At­
lantic and India, shows that some 
10 million cubic kilometers of molten 
rock are released every time a conti­
nent rifts apart near a hot plume. By 
flowing onto the continental crust and 
underplating it, the igneous material 

increases the volume of the continen­
tal fragments. 

We estimate that an episode of vol­
canic rifting has taken place once ev­
ery 30 million years, on the average. 
Hence, the process may have been 
adding an average of one third of a 
cubic kilometer of material to the con­
tinents each year in recent eras. Ear­
ly in the earth's history the mantle 
must have been hotter than it is now, 
and rifting and decompression would 
therefore have generated even more 
melt. The average rate of continental 
growth since the earth was formed has 
been perhaps one cubic kilometer a 
year, and so volcanic rifting may have 
been the chief source of early conti­
nental growth. The main problem with 
the proposal is the high magnesium 
oxide content of melts released in vol­
canic rifting: it is not consistent with 
the observed composition or seismic 
properties of continental crust. 

Whatever their precise role in the 
history of the earth, these volcanic 
outbursts can now take their place 
along with other geologic processes in 
the framework of uniformitarianism: 
the notion that the geologic past can 
be explained in terms of the same 
phenomena now shaping the earth. 
The unmatched scale of certain erup­
tions, notably the Deccan basalts, has 
led some workers to invoke causes 
outside normal earth processes-im­
pacting asteroids, for example. But we 
do not think such catastrophes are 
required. Thick marine sequences of 
igneous rock, flood basalts on land 
and perhaps even mass extinctions­
all can be explained by the interaction 
of familiar, ongoing earth processes. 
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SCIENCE AND BUSINESS 
Show and Tell 
Hypermedia turns information 
into a multisensory event �·gh school student, assigned a 

report on women in American 
history, turns to a computer 

system tied to a video monitor and 
watches a short film on immigration. 
Using a computer mouse, she stops 
the video on a picture of a woman; a 
"note card" with information on wom­
en immigrants appears on her com­
puter screen. Her curiosity piqued by 
a reference to the garment industry, 
the student locates another clip on 
industrialization and sees pictures of 
women in sweatshops. Along the way 
she collects snippets of the images in 
an electronic file to supplement the 
report she will write. Elsewhere, a tele­
phone company executive weighs what 
new services to offer to clients. His 
computer illustrates each of the serv­
ices under development at Bell Com­
munications Research (Bellcore); when 
prompted, it offers more detail-note­
cards about the software and technol­
ogy needed to implement a service or 
the likely costs and advantages. , 

These snapshots illustrate hyper­
media, a new way to manage informa­
tion. The American history project will 

High-tech texts, 
Taguchi methods, 
a nose for wine, 

inflated measures 

be released by National Geographic (in 
conjunction with Lucasfilm) in January; 
several telephone companies already 
use Bellcore's package. Just more data 
bases? No, say software developers. 
Hypermedia is a different way of orga­
nizing information in many media­
text, pictures, video clips and sound. It 
relies on computers, videodisks and 
monitors to create a multimedia li­
brary, tailored to a user's needs. 

Hypermedia systems range from 
classroom products drawing on fixed, 
limited data bases to complex pro­
grams for managing changing streams 
of information in business and tech­
nology. Their common thread is non­
linearity-in effect, the lack of a single 
thread. Rather than leading a person 

HYPERMEDIA can link video to a data base of facts. In this presentation on DNA , 
developed jointly by Apple Computer, Lucas{i.lm and the Smithsonian, students can 
learn the sdence behind the story by stopping the video and exploring the 
computer data base. Photograph by Ed Kashi. 
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straight through the information, hy­
permedia allows each user to cut his 
or her own path. More fundamentally, 
hypermedia is another step away from 
systems for the computer intelligent­
sia and toward systems that better ac­
commodate how most people think. 

The inspiration for hypermedia was 
a 1945 article in the Atlantic Monthly 
written by Vannevar Bush, who direct­
ed the U. S. Office of Scientific Research 
and Development during World War 
II. Bush predicted that science would 
develop a new approach to organiz­
ing information. In his scenario, a 
"memex" -a sort of intelligent agent­
would help people to create custom­
ized data bases. 

The technical foundations for hy­
permedia were laid in the late 1960's. 
Yet it took relatively cheap, power­
ful computers and data-storage tech­
nology (such as videodisks) to make 
hypermedia practical. In 1987 Apple 
Computer released its "HyperCard" 
software, which quickly became a plat­
form for a host of projects, including 
those of National Geographic and Bell­
core. HyperCard works much like an 
electronic index-card file. Facts are 
stored on electronic notecards that 
can be shuffled into any desired order. 

Tying cards to slides, video clips 
and sound-the essence of these early 
hypermedia projects-can transform 
classroom lessons, says Kristina Hoo­
per, director of the multimedia labora­
tory at Apple; students can, for exam­
ple, read notes about a scientific dis­
covery, hear an interview with the lead 
scientist and explore diagrams that 
detail the finding. One of the first 
products is a package on the 1988 
election created by ABC News and Op­
tical Data in Warren, N. ). ; another, on 
the conflict in the Middle East, is slat­
ed to be available this summer. 

John Steinbeck and Shakespeare are 
also being adapted to hypermedia. 
Along with reading The Grapes of 
Wrath, students can learn about the 
Great Depression by tapping into fire­
side chats by Franklin D. Roosevelt, 
crop statistics and Woody Guthrie 
songs. Students of Shakespeare can 
"stage" his plays electronically, draw­
ing on a wide cast of characters stored 
on videodisk. For medical students, 
the "Electric Cadaver" at the Stanford 
University Medical Center offers a tour 
of anatomy. Start with a full skeleton, 
then examine a shoulder joint. Or 
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SCIENCE/SCOPE® 

A single, wide-band voice, data, and image traffic system will improve communications and reduce 
project costs at Hughes Aircraft Company. The Integrated Digital Network (IDN) brings digital 
communications circuits to all major company sites. These circuits are more reliable than analog 
circuits, and new technology can be more readily incorporated into a digital network. ION will allow 
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A diamond film deposition system that allows an exceptionally high degree of control over the film 
deposition process has been demonstrated by Hughes. The system successfully deposited small 
polycrystalline diamond islands on a silicon substrate at temperatures below 200 degrees Centigrade. 
This overcomes a principal impediment to diamond-film applications, namely the lack of a way of 
depositing quality films at reasonably low temperatures. Thin films of diamond can serve a wide 
variety of applications because of their hardness, infrared transparency, high thermal conductivity, and 
high temperature operation. In addition, their excellent semiconductor properties promise performance 
superior to gallium arsenide. 

Artificial intelligence (AI) techniques have reduced fault-location time by 94 percent in the testing of 
complex infrared sensors during assembly. Working with a detector design, manufacturing expert, and 
actual test data, Hughes has developed a set of rules and procedures for an expert system called 
Coldfinger. It correctly detected and located six types of problems in an infrared sensor containing 160 
detector elements and complex processing electronics. One set of defects took a human expert 30 
minutes to define, but was identified by Coldfinger in just two minutes. Hughes is also developing 
AI systems for autonomous land and underwater vehicles, and diagnostic techniques for other 
manufacturing operations. 

Hughes is seeking experienced engineers and scientists to design, develop, and produce Hughes' new 
line of body-stabilized HS 601 communications satellites. Openings are in the fields of: software, 
computers, and data processing systems; electrical components; microwave/RF communication 
systems development; on-board spacecraft electronics and control systems; satellite design, 
integration, propulsion, and electrical power system development; spacecraft manufacturing, systems 
test and evaluation; GaAs applications R&D. Send your resume to Michael Martinez, Hughes Space & 
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stimulate a nerve and watch the effect 
on other body parts. "When you reach 
a critical mass of interrelated material, 
this kind of system is extremely use­
ful," says Steven). Freedman, a devel­
oper of the project. (Freedman ex­
pects the "Electric Cadaver" to be on 
the market in 1990 . )  

Critics argue that splashy videos 
and other media can add more gim­
mickry than substance. Computer­
generated multimedia presentations 
may merely "imitate television's hab­
it of creating increasingly stimulat­
ing experiences rather than imparting 
knowledge," writes Nick Arnett, editor 
of Multi-Media Computing & Presenta­
tions. But educators have become in­
creasingly sensitive to students who 
do not readily learn from print. If they 
can absorb information more easily 
from hypermedia, the new technology 
will be a valuable classroom tool, ob­
serves Mary Alice White of Teachers 
College, Columbia University. 

Other researchers have moved be­
yond cards and are trying to build 
hypermedia systems that make full 
texts-such as manuals and books­
more accessible. People searching for 
information, even thumbing through 
a book, immediately locate what they 
need only about 20 percent of the 
time, observes Thomas K. Landauer, a 

Bellcore manager. So Bellcore's "Su­
perBook" features particularly flexi­
ble searching techniques. (Given a key 
phrase, it will identify sections even 
when the words in the phrase are out 
of order. ) SuperBook also condenses 
chapter headings before and after a 
selected section to give a "fish-eye" 
view of the surrounding material. 

Organizing chunks of information 
into nonlinear webs also appears to 
be well suited for managing high­
ly complex projects, researchers say. 
The Microelectronics and Computer 
Technology Corporation (MCC), for 
instance, is using hypermedia.in a 
system for managing the production 
of new software. Several years ago 
officers on board the USS Carl Vinson 
used an experimental hypermedia sys­
tem built at Carnegie Mellon Universi­
ty to help manage the aircraft carrier; 
Westinghouse has similarly explored 
how hypermedia might provide nu­
clear-power plant operators with easy 
access to information during emer­
gencies. Knowledge Systems in Pitts­
burgh now sells a commercial package 
based on those prototypes. 

Many of these hypermedia systems 
incorporate other software tools, in­
cluding expert systems. Building on 
Knowledge Systems's software, Bell­
core is creating a hypermedia package 

to help regional companies develop 
business plans and oversee their sub­
sidiaries. If a company adopts rules 
specifying that its subsidiaries should 
not compete with one another, the 
system can flag the conflict for man­
agers. The benefit of hypermedia? 
Conventional expert systems are best 
used by those trained in computer 
science; hypermedia can be under­
stood by anyone, say Bellcore workers. 

Yet hypermedia designers still face 
many issues. Is there enough infor­
mation-both text and video-avail­
able for comprehensive presentations? 
(Even National Geographic and ABC 
have had to seek additional sources. ) 
Will laser disks become obsolete in the 
face of newer storage technologies? 
What features will make hypermedia 
systems valuable and easy to use? 

What is clear is that hypermedia is 
not a single invention-like the tran­
sistor-that can be easily copied and 
exploited by many companies. "Each 
company will have to work out how 
to use hypermedia in a way specif­
ic to its own need to organize infor­
mation," says David L .  Turock, a Bell­
core manager. Those companies that 
grapple early with how to structure 
information, he predicts, will build 
the strongest leads in the informa­
tion race. -Elizabeth Corcoran 
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, Quality Conscious 
Even techniques 
for quality are imported 

GeniChi Taguchi is probably a­
mused at the irony. More than 
30 years ago U. S. statisticians 

lectured Japanese companies about 
quality manufacturing. Today Tagu­
chi's quality-design philosophies draw 
followings in corporate America. 

Quality control is far from new in 
the U. S. ; analytical methods for moni­
toring quality were developed in the 
1920 's. Among the early legends was 
statistician W. Edwards Deming, who 
introduced quality monitoring during 
production to Japanese companies. Ja­
pan's "Deming prize" for quality soon 
became one of the most prestigious 
honors. In the U. S. , it took the rude 
shock of losing sales to foreign com­
petitors in the early 1980's to convince 
many manufacturers to embrace Dem­
ing and to adopt japanese-like atten­
tion to quality. 

Now U. S.  companies are rushing 
to implement stronger quality-control 
measures from a product's initial de­
sign through production. (Inspecting 
for defects at the end of the produc­
tion line is

' 
still an important, albeit 

costly, quality measure. ) Over the past 

two years managers and workers at 
McDonnell Douglas Missile Systems 
have received pocket-size cards on 
quality; among the guides included 
were Deming's "14 points for trans­
forming industry" and Taguchi's prin­
ciples for quality design. 

What is the Taguchi method? Tagu­
chi, a statistician and industrial con­
sultant, proposes designing "robust" 
products-ones that can remain sta­
ble through long and hard use by the 
consumer and in spite of variability in 
the manufacturing process. Suppose a 
company makes tiles, explains Duane 
E .  Orlowski, technical editor of the AS! 
Journal, which is devoted to further­
ing Taguchi's methods. And suppose 
further the tiles are irregular because 
the kiIn does not heat uniformly. "You 
can't control these kinds of 'noise' 
factors," Orlowski says. Instead Ta­
guchi recommends reconsidering the 
design of the product-changing the 
specifications or the materials-to en­
sure that subsequent tiles will be uni­
form regardless of the noise. 

Taguchi's robust products depend 
on "experimental designs," a concept 
pioneered in England in the 1920 's, 
notes james P. Pennell, a researcher 
at the Institute for Defense Analyses. 
Researchers pick a quality trait they 
wish to measure (perhaps the preci-

sion of tile dimensions) and select 
those product factors that affect the 
trait most directly. Multiple factors are 
systematically and simultaneously al­
tered, and the resulting products are 
measured. By assembling the data in 
orthogonal arrays, workers can infer 
the effects of many combinations of 
factors. In this way the number of 
experiments needed for meaningful 
results is reduced. "We will deliberate­
ly vary as many as 10 or 20 factors in a 
preplanned way so that the separate 
effects and interaction of variables 
can be measured and estimated," says 
Donald W. Marquardt, manager of the 
applied statistics group at DuPont. 

Experiments can pinpoint features 
less critical to the product's perform­
ance, thereby allowing producers to 
substitute less expensive materials 
or techniques and trim unit cost. "Ta­
guchi argues that lower cost is the 
driving force behind higher quality," 
writes Lance A. Ealey in his book, Qual­
ity by Design, which focuses on Ta­
guchi. "The real purpose of technol­
ogy . . .  should be to let unit manu­
facturing cost take precedence over 
quality," Taguchi says. "If japanese au­
tomobiles cost two times more, most 
Americans would stop buYing them." 

In the U. S. , the Taguchi principles 
have been credited with a number of 
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successes. A division of AT&T, for ex­
ample, used Taguchi methods in a 
photolithography application and re­
duced variance in the process four­
fold, "fatal defects" threefold and 
processing time twofold. Aerojet Ord­
nance used Taguchi tests to create a 
data base on ammunition and so was 
able to verify the performance of new 
products in about a month, a 98 per­
cent improvement over its previous 
practices, according to Aerojet. 

Taguchi is not without his critics. 
Statisticians argue heatedly over his 
methodologies, in particular the way 
he calculates robustness based on 
a "signal-to-noise" ratio. "There's no 
question Taguchi has made significant 
contributions," Marquardt says, "but 
we look on [his) specific technical ap­
proaches as ones we may or may not 
include." According to Pennell, a tour 
of Japanese companies that had won 
the Deming prize revealed that they 
were familiar with Taguchi methods 
and used experimental designs but 
that few applied his techniques. 

Applying every analytical quality 
tool in the book is not enough, stress 
the experts. "Everybody knows what 
needs to be done," Pennell says. "But if 
the program isn't supported by man­
agement, it falls into disuse." -E.C. 

A Connoisseur's SNIF 

Magnetic resonance aids 
in identification of wines 

W inegrowers often quarrel over 
fine points of grapes, weather 
and vinting techniques. Now a 

chemist has found a way to inject data 
into the squabbles. 

Gerard Martin, a chemist at the Uni­
versity of Nantes, has developed a 
process called site-specific natural iso­
tope fractionation (SNIF), which uses 
magnetic resonance imaging to ana­
lyze the ratios of different hydrogen 
isotopes in simple molecules. SNIF can 
detect additives to wine, such as sugar 
used to boost fermentation (a process 
called chaptalization), and help track 
down the homelands of mislabeled 
wines. Martin's son, Gilles, has conse­
quently formed a company called Eu­
rofins, which is also putting SNIF to 
work analyzing other alcohols, fruit 
juices and flavorings. 

The European Community has, in 
turn, greeted SNIF enthusiastically. Ac­
cording to officials, fraudulent label­
ing-wines with labels that boast a 
single, prestigious origin when in fact 
their grapes came from several coun­
tries-costs consumers several hun-
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dred million dollars annually. More­
over, chaptalization, which is particu­
larly useful when grapes do not ripen 
enough to ferment properly, vexes Eu­
ropean winegrowers favored by sunny 
climates. Whereas Italians and Greeks 
refer to chaptalization as "adultera­
tion," their French and German com­
petitors call it "enrichment," points 
out wine aficionado Robert W. Cahn in 
Nature. (In the U.S., chaptalization is 
prohibited only in California.) 

In recent years analysts have turned 
to mass spectrometry, which can de­
tect wines boosted with cane sugar 
based on the sugar's distinctive car­
bon isotopes. But chaptalization is 
also done with beet sugar or concen­
trated grape sugar. It is the beet sugar 
that irks the purists. Because beet sug­
ar and wine have identical carbon iso­
topes, there has been no reliable way 
to detect many chaptalized wines, ex­
plains Richard Gahagan, wine techni­
cal advisor to the U.S. Bureau of Alco­
hol, Tobacco and Firearms. 

SNIF relies not on carbon isotopes 
but on the ratio of ordinary hydro­
gen to its heavy isotope, deuterium. 
Beet sugar has its own distinctive deu­
terium-hydrogen ratio that SNIF can 
pick out directly. Deuterium-hydro­
gen ratios in grapes also vary signifi­
cantly according to latitude, weather 
conditions and type of grape, Martin 
reports. For instance, grapes grown 
in southern Italy can have a 5 per­
cent greater concentration of deuteri­
um than those from Germany, he says; 
hot, dry conditions also contribute to 
higher deuterium concentrations. 

To trace the origins of a wine sus-

pected to be a blend, Eurofins ap­
plies SNIF as well as more trad itional 
tools, including mass spectrometry. 
The company has already compiled 
a data base of the characteristics of 
some 4,00 0  samples of wine from dif­
ferent growing areas. Martin says that 
SNIF can easily discriminate between 
a Bordeaux and a Burgundy; distin­
guishing one variety of Bordeaux from 
another is more difficult, he concedes. 
Although the analysis is not cheap, 
ranging from $200 to $30 0 per sam­
ple, Martin predicts the cost will drop 
to $50 or so within four years. 

The Commission of the European 
Communities has offiCially recognized 
SNIF as the way to monitor chaptaliza­
tion. Moreover, SNIF makes it techni­
cally feasible for the commission to 
harmonize the differing national reg­
ulations on chaptalization-perhaps, 
Gahagan suggests, by sanctioning only 
the use of concentrated grape sugar. 
In the event of a single European pol­
icy on chaptalization, he adds, the 
U.S. government might also turn to 
SNIF to ensure that wine shipped to 
and from Europe conformed to the 
commission's regulations. 

Yet many political and cultural ob­
stacles to a single chaptalization poli­
cy remain. Wine connoisseurs, for their 
part, seem unruffled by the debates 
and, more significantly, by chap tali­
zation. "I can taste it sometimes, if 
people point it out to me," says David 
Rowe, editor of Decanter. James Laube, 
an editor for the Wine Spectator con­
curs: "When grapes are closer to ma­
turity, it [chaptalization) might even 
enhance the flavor." -E.C. 

THE ANALYTICAL ECONOMIST 
The CPI should measure inflation. Your mileage may vary. 

A lmost everyone worries about in­
J-\. flation. When it is out of control, 
money printed in the morning may be 
worthless by noon; on the other hand, 
stable or declining prices may signal 
a stagnant economy. The U.S. Federal 
Reserve raises interest rates to check 
inflation and lowers rates when the 
monster appears quiescent. 

The standard indicator of inflation 
is the consumer price index-the av­
erage cost of a particular "market 
basket" of goods and services. Every 
month bond traders and stockbrok­
ers wait anxiously to see whether the 
newly announced CPI figure match­
es their expectations; once a year So­
cial Security administrators, IRS ac­
countants and personnel departments 
nationwide refigure entitlements, tax 

brackets and wages based on CPI 
changes. More than 60 million people 
receiving government benefits are di­
rectly affected by the published figure. 
"It's assumed the numbers are reli­
able," says Craig Coats, vice-chairman 
of the securities firm Voute Coats Stu­
art & O'Grady. Traders react "quickly 
and strongly" to changes in the CPI as 
well as to other economic statistics. 

Such a powerful number might be 
expected to enjoy as much objective 
reality as a thunderstorm. In fact, the 
CPI does not necessarily correspond 
at all to inflation as many people expe­
rience it. To calculate the CPI, field­
workers from the Bureau of Labor 
Statistics visit representative stores 
throughout the U.S. every month and 
get price quotes for items ranging 
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from single cans of soda to pickup 
�rucks. They adjust the quotes to ac­
count for changes in quality or quanti­
ty and then weight them according to 
the proportion of household expendi­

.tures each item represents (as deter­
mined by surveys and adjusted about 
every 10 years). The resulting sum 
is the consumer price index. For the 
mythical "average" household, CPI in­
creases will match inflation. Almost 
everyone else will either gain or lose a 
little--or perhaps a lot. 

The CPI has flaws both in execu­
tion and in concept. Like any survey, it 
has biases and sampling errors: the 
results will never exactly match the 
"true" average of prices nationwide. 
The BLS used to estimate that the 
monthly overall CPI was within .1 per­
cent of the true figure, but it stopped 
estimating errors in 1978 because its 
research indicated the real errors were 
probably at least double the estimates. 
The BLS says it hopes to begin issuing 
revised error figures in 1990 . 

The old methods did not account 
properly for the interactions between 
sampling errors for different items, 
according to chief price statistician 
Curtis Jacobs; nor did they properly 
assess the effects of sampling errors 
for individual CPI categories on the 
overall error. As a result, a 6.0 percent 
annual rate of increase for the CPI 
could potentially correspond to a true 
rate anywhere between about 3.5 and 
8.5 percent. Thus, the monthly CPI may 
not accurately distinguish between a 4 
percent inflation rate and a 7 percent 
rate-a difference that could send se­
curities markets soaring or plunging. 

Measuring price increases for longer 
periods-three months or a year, as is 
done for cost-of-living adjustments­
reduces the uncertainty: a report that 
the CPI is up 5.0 percent from a year 
ago very probably places the true fig­
ure between 4.6 and 5.4 percent. 

Jacobs and his colleagues also are 
working to determine whether initial 
biases in measuring spending pat­
terns may contribute even more to CPI 
errors than do monthly variances in 
price quotes. The information the con­
sumer-spending surveys provide is un­
certain, and it grows increasingly out­
dated in the period between surveys. 
Changes in consumers' spending hab­
its may alter actual cost increases sub­
stantially. For example, although the 
CPI measured oil and gas prices rising 
at more than 12 percent a year from 
the early 1970's to the early 1980's, 
consumers spent only about 9 percent 
more a year on oil and gas. By 1983 the 
CPI was overestimating expenditures 
by about 40 percent. 

Moreover, during the 1970 's CPI in­
creases varied by as much as 10 per­
cent among demographic groups, be­
cause the groups spent money on dif­
ferent mixes of goods and services, 
according to BLS economist Mary F. 
Kokoski. Lower-middle-class families, 
for example, saw prices increase an 
average of 8.3 percent a year while 
upper-middle-class singles saw annu­
al increases of 7.5 percent. 

Such variations are particularly im­
portant for those whose income-say, 
from Social Security checks-is in­
dexed to published rates of inflation. 
Senior citizens spend more of their 
money on medical costs than do most 
consumers, and so they might be more 
sensitive to the roughly 7 percent rise 
in medical prices last year than to the 
roughly 4 percent CPI increase. 

Even more important for the elderly, 
the BLS gathers data only on "nonin­
stitutional" costs of living, so people 
living in nursing homes are essential­
ly ignored when it comes to adjusting 
benefits or pensions. Although the BLS 
has looked into specially tailored price 
indexes, Kokoski says, differences in 
the spending patterns within a demo­
graphic group are generally at least as 
large as differences between groups, 
so tailored indexes could be as inac­
curate as the general index. 

And even if it were possible to for­
mulate a consumer price index (or a 
family of indexes) that accurately re­
flected spending patterns, that would 
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still not answer a question many peo­
ple ask: "How much income do I need 
to maintain my standard of living?" 

For that, Kokoski and her colleagues 
have constructed an index that meas­
ures changes in how much a house­
hold must earn before taxes to pay 
for the standard consumer price index 
market basket. During periods of high 
inflation (such as the late 1970's), the 
TPI (tax and price index) outpaces 
the CPI; between 1975 and 1980 even 
those whose wages were indexed to 
inflation lost an average of six cents 
on every dollar of earnings. In the ear­
ly 1980's, thanks to reductions in tax 
rates, the TPI fell below the CPI, and 
taxpayers with indexed incomes actu­
ally gained a fraction of a cent. 

Beyond adjustments for taxes and 
spending patterns lies a more fun­
damental question: what constitutes 
a standard of living? Should, for ex­
ample, increased costs for entertain­
ment be considered roughly as impor­
tant as those for medical care, as the 
weighting system now makes them? 
Or should standard-of-living measure­
ments take into account intangibles 
such as crime rates or pollution? Many 
economists have tried over the years 
to come up with such quality-of-life 
indexes, but no index has been widely 
accepted. Only one thing seems cer­
tain: if you have a nagging feeling your 
income is not keeping up with infla­
tion, you are probably right. 
-Paul Wallich and Elizabeth Corcoran 

CONSUMER PRICE INDEX (red) measures only the cost of goods. (The top graph 
shows costs; the bottom graph shows the annual increases as a percentage.) To 
gauge the pretax earnings needed to purchase those goods, the Bureau of Labor 
Statistics compiled an experimental Tax and Price Index (black). Indexing of tax 
brackets may have brought the CPl and TPI into step. 
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The Gastrointestinal ·Tract 
Growth and Reproduction In 

It is the largest endocrine gland in the body, and it has 
a significant role in the readjustment of metabolism 

that accompanies pregnancy as well as fetal and infant growth 

The gastrointestinal tract may 
seem to be simply a long, wind­
ing cavity into which food is in­

troduced, there to be digested into 
nutrient molecules that can be ab­
sorbed through its walls and enter the 
circulation. In reality the gut is much 
more than that. It is the largest endo­
crine gland in the body, and the hor­
mones it secretes exert profound ef­
fects not only on the process of diges­
tion itself but also on the metabolism 
of ingested nutrients and even on the 
emotions and behavior. 

At no stage of life are these physi­
ological functions more critical than 
during growth and reproduction. Any 
organism needs more nutriment when 
it is growing than when it is not. The 
young of many species eat (relative­
ly) more than adults do; the calorie in­
take of human infants per kilogram of 
body weight is more than four times 
that of adults. The demand for food is 
also high in organisms undergoing re­
production, which is often preceded 
by a period of increased uptake and 
storage of energy. So important is nu­
trition to reproduction that reproduc­
tion simply does not take place in the 
absence of adequate food. 

In mammals, including human be­
ings, most reproductive work is done 
by the female. Women therefore differ 
from men in that rather than having 
only one major period of growth, from 

KERSTIN UVNAs - MOBERG is senior 
lecturer in the department of pharma­
cology at the Karolinska Institute in 
Stockholm. She got her M.D. from the 
institute in 1970, her Ph.D. in 1976. 
She writes: "Having studied the physiol­
ogy of the gastrointestinal endocrine 
system for 10 years and having gone 
through four pregnancies, I found it 
irresistible to try to put together the two 
areas of experience and knowledge." 
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infancy through adolescence, they 
may grow again one or more times as 
adults: during pregnancy. Beginning 
early in pregnancy a woman gains 
weight, storing energy as fat against 
the demands of the fetus and in prep­
aration for the heavy demands that 
will come with lactation and breast­
feeding. And in human beings, too, 
energy intake and storage are related 
to the ability to reproduce. If a woman 
is too thin, whether because of famine, 
self-starvation or too much physical 
exercise, she fails to ovulate and is 
rendered infertile [see "Fatness and 
Fertility," by Rose E. Frisch; SCIENTIFIC 
AMERICAN, March, 19881. 

Since increased nutrition is a pre­
requisite for growth and since food is 
digested in the gastrointestinal tract, 
the stomach and intestines need to 
function optimally during periods of 
reproduction and intense growth. As 
the result of a complex reorchestra­
tion of the activity of the gastrointesti­
nal hormones, they do just that. In my 
laboratory at the Karolinska Institute 
in Stockholm and in many other labo­
ratories, the interacting roles of these 
hormones have been studied in preg­
nant women, in the fetus and newborn 
infant and in both the mother and 
child during lactation. 

To appreciate the role of the gas­
trointestinal tract in growth and 
reproduction, one needs first to 

consider the normal functions of the 
gut hormones. The hormones are poly­
peptides: short protein chains of from 
10 to 100 amino acids. They are syn­
thesized in specialized endocrine cells 
whose brushlike projections, the mi­
crovilli, project into the stomach and 
the small intestine. After a meal, dif­
ferent cell types sense either the dis­
tension of the wall of the gut or the 
presence of nutrients or of low pH 

(acidity) and are thereby triggered to 
secrete their hormones both directly 
into the gut and into the circulation. 
The activity of the gut's endocrine 
cells is also influenced by the auto­
nomic nervous system. Activation of 
the vagal nerve of the parasympathet­
ic nervous system promotes the re­
lease of the hormones that enhance 
digestion; activation of the splanchnic 
nerve of the sympathetic nervous sys­
tem has the opposite effect. 

The hormones in turn influence gas­
trointestinal motility and the secre­
tion of digestive enzymes and acid. 
For example, the hormone gastrin, 
produced in the lower part of the 
stomach, enhances digestion by stim­
ulating both gastric motility and se­
cretion of gastric acid. The chemically 
related hormone cholecystokinin, se­
creted by cells in the upper part of the 
small intestine, inhibits the movement 
of food out of the stomach, thereby 
enhancing digestion and the absorp­
tion of nutrients into the circulation; 
it also stimulates the release of bile 
from storage in the gallbladder and 
the secretion of pancreatic enzymes. 
The hormone secretin, produced in 
the same area of the intestine, stimu­
lates secretion by the pancreas of bi­
carbonate (which serves to neutralize 
gastric acid). Recently it has been es­
tablished that these polypeptides also 
stimulate the growth of the organs 
they affect-in particular a thickening 
of the mucosa, the organs' mucous 
lining. In other words, they act in the 
gut as growth hormones. 

One gastrointestinal hormone that 
does not assume these digestion-en­
hancing roles is somatostatin. This 
polypeptide was originally identified 
in the brain, in the hypothalamus. Now 
it is known also to be produced in the 
gastrointestinal tract, where particu­
larly large numbers of somatostatin-
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producing cells are present in the 
stomach and in the upper part of the 
small intestine. 

Somatostatin exerts profound in­
hibitory effects in the gut. For exam-

. pIe, it tends to decrease gastrointesti­
nal motility and to block the secretion 
of hydrochloric acid in the stomach, 
the discharge of bile from storage in 
the gallbladder, the absorption of nu­
trient molecules through the intesti­
nal wall and even the release of such 
hormones as gastrin and cholecysto­
kinin. Somatostatin also counteracts 
the growth-promoting effect of gas­
trin and cholecystokinin in the gut. 
Because somatostatin is an inhibito­
ry hormone, its neural control is op­
posite to that of the stimulatory hor­
mones: its release is inhibited by vagal 
activity and stimulated by splanchnic 
activity. 

O nce absorbed, ingested food 
can be metabolized in essen­
tially two ways. It can go the 

way of anabolism, the building up 
from small molecules of larger mole­
cules that can contribute to growth or 
be stored in the body for future use. 
Or it can be broken down, in the proc­
ess called catabolism, to provide ener· 
gy. When the need for energy is high, 
as it is during physical exercise and 
psychological stress, energy is mobi­
lized by catabolism in the liver, mus­
cles and fat tissues in response to the 
activity of the sympathetic nervous 
system and the adrenal gland. 

In contrast, anabolic metabolism 
dominates after ingestion of a meal, 
when fuel for the future is being de­
posited in the liver and in fat tissues. 
This storage of nutrients is promoted 
by the pancreatic hormone insulin, re­
leased when blood glucose levels rise 
in response to digestion of a meal. 
Eating also increases the activity of 
the parasympathetic nervous system 
and thus of the endocrine system of 
the gut. Several gut hormones, includ­
ing gastrin, cholecystokinin and secre­
tin, enhance the glucose-induced re­
lease of insulin, further stimulating 
the anabolic type of metabolism. So­
matostatin, on the other hand, ap­
pears to inhibit the uptake of nutri­
ents and their deposition in storage. 

The fact that gut hormones exert an 
important influence on metabolism is 
nicely illustrated by some evolution­
ary data. Sture Falkmer here at the 
Karolinska has shown that the pancre­
as (which produces insulin) derives 
from the gut. In primitive vertebrates, 
which lack a separate pancreas, insu­
lin is produced by endocrine cells in 
the gut and is released into the circu-

lation after direct contact between 
those cells and the intestinal contents. 

The gut hormones have psychologi­
cal as well as metabolic effects. In 
times of stress, which favors the cata­
bolic pathway of metabolism, the lev­
el of wakefulness is enhanced. After 
digestion, on the other hand, when nu­
trients are being stored, a person of­
ten is sleepy and has a sense of well­
being. These postfeeding psychic ef­
fects originate to some extent in the 
gastrointestinal tract. Cholecystokinin 
injected into rats inhibits food intake; 
Robert S. Mansbach of the University 
of Vermont in Burlington and his col­
leagues found that in rats injections 

of the hormone may even cause elec­
troencephalographic patterns charac­
teristic of sleep. Cutting of the vagal 
nerve abolishes the inhibitory effect of 
cholecystokinin on food intake, sug­
gesting that (at least in the rat) infor­
mation moves from the gut to the 
brain along neural pathways. 

The normal activity of the gas­
trointestinal tract changes in 
pregnancy, and the change is an 

important factor in the characteristic 
weight gain. Studies conducted in ma­
ternity-care centers in Sweden show 
that women put on an average of IS 
kilograms during pregnancy. Part of 

NURSING MOTIIER AND CHILD are depicted in Mary and the Child, a late 15th-century 
Flemish work. The painting, by the artist known as the Mast.er of the St. Catherine 
Legend, is in the National Museum in Stockholm. It now appears that breast-feed­
ing promotes a 'hormone-mediated physiological symbiosis of mother and child. 
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the gain reflects the weight of the 
fetus itself, the growth of the uterus 
and an increase in blood volume, but 
at least four kilograms represents the 
deposition of fat. 

The simplest explanation for the 
weight gain of pregnancy would of 
course be increased food intake. (As 
folk wisdom has it, "She's eating for 
two.") Actually, increased intake is 
only partly responsible. As I men· 
tioned above, women put on weight 
as early as during the first trimester 
of pregnancy, when most of them 
feel sick and consequently eat less, 
not more. Other physiological mecha­
nisms must therefore be involved, and 
it is now clear that changes in the 
hormone activity of the gastrointesti­
nal tract play a leading role. 

My group and others have been able 
to show that the postprandial release 
of cholecystokinin increases in preg­
nant women. By working with preg­
nant dogs we were able to make re­
peated measurements that tracked a 
rise in the average plasma level of 
cholecystokinin. The elevation is max­
imal in the first third of pregnancy; 
from then on it declines gradually but 
remains clearly elevated above normal 
until delivery. 

The changed hormone levels have 
several consequences. First, both the 
increase in cholecystokinin and the 
decrease in inhibitory somatostatin 
work to optimize the digestive proc­
ess. Second, anabolic metabolism is fa· 
cilitated and weight gain promoted, 
because the levels of the hormones 
that potentiate the glucose-induced 
release of insulin rise and the so· 
matostatin level drops. Finally, the en­
hanced postprandial rise in cholecys­
tokinin is probably responsible-by 
way of vagal signals to the brain-for 
the sleepiness and tiredness, partic-
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WEEK OF PREGNANCY 

PREGNANT WOMEN begin to store fat 
and gain weight (colored curve) in the 
first trimester, when they eat relative· 
ly little and before the weight of the fe· 
tus (black curve) is appreciable. The data 
are recent averages for Swedish women. 
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ularly after meals, characteristic of 
early pregnancy. This fatigue has an 
adaptive effect: it tends to reduce 
physical activity, so that energy is 
saved and can be stored. (Of course 
many working women in advanced in­
dustrial societies keep working with­
out letup almost throughout their 
pregnancy. Physiology suggests that 
this may actually not be the best 
course.) 

Early pregnancy is characterized not 
only by fatigue but also by such both­
ersome symptoms as intense hunger, 
intermingled with nausea; low blood 
pressure; and vertigo. The relation 
of the gastrointestinal tract to such 
symptoms is clear. Both the frequent 
hunger and the vertigo may be relat­
ed to a fall in the blood glucose lev­
el, caused in part by the insulin-releas­
ing effect of cholecystokinin and other 
gut hormones. The sickness and un­
pleasant sensations in the stomach 
are likely to be the result of delayed 
gastric emptying brought about by the 
high levels of cholecystokinin. 

What brings about the changes 
in the gastrointestinal endo­
crine system during pregnan­

cy? Hyperactivity of the vagal nerve 
(which, as I have indicated, modulates 
gut-hormone release) is likely to be 
one trigger. Koji Takeuchi of the Kyo­
to College of Pharmacy in Japan has 
shown that cutting the vagal nerve 
of pregnant rats sharply reduces the 
usual hypersecretion of such digestive 
juices as hydrochloric acid. 

Why should that be? Vagal activity is 
affected by, among other things, the 
small neuropeptide oxytocin, which is 
produced by nuclei in the hypothala· 
mus. Some oxytocin fibers project to 
the pituitary, from which the peptide 
is secreted into the circulation; other 
fibers project to the vagal motor nu­
cleus in the brain stem and stimulate 
the vagal nerve [see illustration at low· 
er left on opposite page). Oxytocin se­
cretion is powerfully enhanced by the 
steroid hormone estrogen, whose lev­
el rises in pregnancy. Gut-hormone 
release may also be affected locally 
by estrogen and another steroid hor­
mone, progesterone. 

We modern human beings have in­
herited the genetic material and the 
phYSiology of our ancestors. For mil­
lennia any physiological mechanisms 
that made more energy available dur­
ing pregnancy must have been critical­
ly important for the gestation and de­
velopment of healthy children when 
food was sparse. In today's advanced 
industrial societies, characterized (for 
most people) by an abundance of 

food, the inherent ability of the female 
to cut down on energy expenditure 
during pregnancy is still being ex­
pressed-but it tends to be experi­
enced only negatively, as unpleasant 
pregnancy symptoms and the risk of 
overweight. In a broader sense, both 
the ease with which most women put 
on weight and the higher frequency of 
obesity in women than in men may 
reflect women's latent and life-giving 
ability to store energy, an ability that 
is fully expressed during periods of 
active reproduction. �oman's weight gain in pregnan­

cy is far exceeded by the remark­
able rate of growth of infants, 

who tend to double their birth weight 
within six months. Their food intake 
is proportionately high. A six-week­
old baby weighing about four kilo­
grams (less than nine pounds) drinks 
about 550 milliliters (22 ounces) of 
milk a day; for a 55-kilogram (143-
pound) adult the corresponding vol­
ume of milk would be 10 liters! The 
average energy intake of calories in 
infants is four times as high per kilo­
gram of body weight as that in adults. 
The gastrointestinal tract needs to be 
relatively large and highly active in 
order to cope with the amount of food 
and calories ingested in infancy. Be­
cause most of the nutrients are com­
mitted to anabolic metabolism for 
growth, the endocrine system promot­
ing insulin release can be expected to 
be particularly active. 

In support of this assumption, gas­
trin levels have been shown (by Alan 
Lucas of the Medical Research Council 
Dunn Nutrition Unit in Cambridge and 
A. Aynsley-Green of the University of 
Oxford and by my group) to be from 
five to 10 times higher in newborns 
than in grown-ups. These high gastrin 
levels in newborn infants are not sec­
ondary to a large intake of food. The 
baby actually ingests very little milk 
during the first few days of breast­
feeding, and the high gastrin levels 
precede the high food intake that 
comes later in infancy. 

The very early high gastrin levels 
can be explained at least in part by the 
fact that the newborn's gastrointesti­
nal function has been prestimulat­
ed during fetal life. Even though nour­
ishment is transferred to the fetus 
passively, by way of the umbilical 
cord, the fetal gastrointestinal tract is 
"trained" in utero for its future task of 
digesting food. It is known that from 
time to time the fetus swallows am­
niotic fluid; swallowing movements 
have been observed with ultrasound 
instruments as early as during the first 
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COMMON --'_� 

BILE DUCT 

GASTROINTESTINAL HORMONES are secreted into the gut and 
the circulation by endocrine cells in the wall of the stomach 
and small intestine. Gastrin, cholecystokinin and secretin en· 
hance pancreatic insulin secretion. Gastrin also stimulates re­
lease of hydrochloric acid, growth of mucosal cells and gas-

tric motility. Cholecystokinin slows emptying of the stom­
ach and stimulates discharge of bile from the gallbladder and 
secretion of digestive enzymes by the pancreas; secretin stim­
ulates pancreatic bicarbonate secretion. Somatostatin inhib­
its secretion of gut hormones and counteracts their effects. 

NEURAL CONTROL of gut-hormone release is exerted by the vagal and splanchnic 
nerves. Vagal fibers, activated in part by oxytocin, stimulate (+) or inhibit (-) 
endocrine-cell hormone secretion and pancreatic insulin'release; splanchnic-nerve 
impulses counteract these vagal effects. The higher estrogen levels of pregnancy 
stimulate oxytocin secretion, enhancing the vagal effects on gut-hormone and insu­
lin secretion; progesterone seems to act locally to enhance cholecystokinin release. 

� VAGAL 
NERVE 

NEURAL SIGNALS also go from gut to 
brain. Cholecystokinin in the small in­
testine triggers vagal sensory impuls­
es; these in turn activate vagal fibers 
that innervate the brain, promoting ma­
ternal behavior, satiety and sleepiness. 
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trimester of pregnancy by Heinz F. R. 
Prechtl of the State University at Gro­
ningen in the Netherlands. The amni­
otic fluid contains several substanc­
es, including epidermal grov:th factor 
and gastrin, that stimulate gastroin­
testinal maturation. 

The importance of amniotic-flu­
id ingestion for the development 
of the fetal gastrointestinal tract 

was demonstrated by Sean J. Mulvihill 
of the University of California at Los 
Angeles School of Medicine. When he 
ligated the esophagus of fetal rabbits, 
the development of the gut was se­
verely impaired; normal development 
was restored when bovine amniotic 
fluid was introduced into the gut. Ann­
Marie Widstrom, Jan Winberg and I 
examined the stomach contents of in­
fants immediately after birth. From 
our data we could conclude that in the 
human fetus periods of ingestion of 
amniotic fluid are followed by the se­
cretion of fetal gastrin, somatostatin 
and gastric acid: apparently even in 
utero these substances are released in 
a time pattern resembling what is seen 
after a meal following birth. 

A second reason for the high gastrin 
levels seen soon after birth may be 
that the newborn's suckling, by stimu­
lating sensory nerves in the infant's 
mouth, triggers an activation of the 
vagal nerves and a consequent release 
of gastrin and other gut hormones. 
Giovanna Marchini and I tracked the 
suckling-related output of gastroin-

testinal peptides by monitoring their 
blood levels in plasma. When babies 
breast-feed, their gastrin, cholecysto­
kinin and insulin levels rise. There is a 
first peak that is apparently mediated 
by the vagal nerve: it is notable that 
the levels rise similarly when babies 
merely suck on a paCifier. A second, 
more protracted hormone response 
results from the presence of food in 
the stomach and intestine, but it is 
probably augmented by the suckling­
induced vagal activity. 

There is substantial evidence that 
the suckling process itself has both 
physiological and psychological ef­
fects. Judy C. Bernbaum of the Univer­
sity of Pennsylvania School of Medi­
cine found that infants that need to be 
fed by way of a nasal catheter grow 
faster on the same amount of calories 
if they suck on a paCifier while be­
ing tube-fed. Both breast-feeding and 
sucking on a paCifier sedate a baby 
and make it sleepy, presumably be­
cause suckling increases the cholecys­
tokinin level. Pacifiers, inCidentally, 
are often denigrated as being unhygi­
enic or "spoiling" a child. On the con­
trary, giving a young infant a paCifier 
may have real physiological value. Af­
ter all, the original breast-feeding pat­
tern in humans (which is still seen in 
some hunter-gatherer tribes) included 
several periods of suckling per hour, 
day and night. Perhaps the pacifier 
serves to compensate for the reduced 
suckling time that results from the 
rigid modern pattern. 

When infants are sick (whatever 
the speCific diagnosis), they grow slow­
ly and have gastrointestinal symp­
toms such as gastric retention, consti­
pation and even vomiting. Marchini, 
Winberg and I found that sick children 
have lO-fold higher somatostatin lev­
els than do healthy infants. In periods 
of stress (including stress caused by 
disease) , the sympathetic nervous sys­
tem is activated, mobilizing energy re­
serves. At the same time the function 
of the gastrointestinal tract is inhibit­
ed, partly as the result of an increased 
release of somatostatin. Because so­
matostatin inhibits not only gastro­
intestinal motility and secretion but 
also the release of hormones that 
stimulate anabolic (energy-storing) 
metabolism, the peptide is likely to lie 
behind the retarded growth as well as 
the impaired gastrointestinal func­
tion. Once again there is a clear con­
nection between growth and the gas­
trointestinal tract-in this case ex­
pressed in a negative way. 

F rom a physiological point of 
view lactation is a continuation 
of pregnancy: the mother's endo­

crine and digestive systems continue 
to provide nourishment for the child. 
The major differences are that the 
mother now stores energy in a special 
depot-the breast-and that the child 
now receives its nourishment in the 
form of milk rather than from the 
passage of nutrients through the um­
bilical cord. 

TO GASTROINTESTINAL TRACT 
AND PANCREAS 

TO GASTROINTESTINAL TRACT 
AND PANCREAS 

SUCKUNG stimulates the vagal nerve in the mother (left), by 
way of sensory receptors on the nipple, and in the infant 
(right), by way of receptors in the mouth. Vagal signals alter 

82 SCIENTIFIC AMERICAN July 1989 

gut-hormone levels in the mother and the child, coordinating 
their metabolisms. Suckling also increases maternal prolac­
tin and oxytocin levels, promoting milk production and flow. 
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A woman's need for calories is even 
higher during lactation than in preg­
nancy; it has been calculated that a 
lactating woman should increase her 
intake of calories by 25 percent above 
her normal intake. How is she to do 
it? Again the simplest way would be 
by eating more as the result of an in­
crease in appetite. That does happen. 
Indeed, it has been shown in rats that 
the stimulus of the pups' suckling en­
hances the mother's food intake. 

Yet surplus food may not be avail­
able during lactation, and so there is a 
need for physiological mechanisms 
other than hunger to meet the energy 
needs of mother and child. One way 
the mother can decrease her depen­
dence on food is to consume the four 
kilograms or so of fat stored during 
pregnancy. That fat tends to be depos­
ited on the thighs and buttocks, and 
energy is normally rather poorly mobi­
lized from fat at those sites. Per Bjorn­
torp of the Sahlgrenska Hospital in 
Gothenburg has found that its mobili­
zation is facilitated in breast-feeding 
women by an elegant physiological 
mechanism: the activity of the enzyme 
lipoprotein lipase, which promotes 
fat storage, is reduced specifically in 
thigh and buttock fat during lactation! 

The fact remains that not all lac­
tating women have stored fat dur­
ing pregnancy, and so one can expect 
there to be other physiological mecha­
nisms that save energy in the mother 
rather than making more energy avail­
able. Recently several investigators 
have found a discrepaqcy between the 
calculated ideal increase in energy in­
take to support lactation (25 percent 
in women) and the actual average 
increase achieved in lactating rats 
(which lack fat stores) and iIi women 
who have not stored fat or who breast­
feed for a long time. More specifically, 
P. j. lllingworth of the Ninewells Hospi­
tal and Medical School in Dundee, 
Scotland, and his collaborators have 
found that less heat is generated in 
resting striatal muscles (which nor­
mally emit heat after a meal) in lactat­
ing women than in nonlactating wom­
en. This energy saving may in part 
explain how lactating women reduce 
their energy expenditure. 

E ven given the energy-mobiliza­
tion and energy-saving devices, 
a major factor in supplying the 

increased energy required for lacta­
tion, as for pregnancy, is an increase in 
the activity of the gastrointestinal en­
docrine system. The heightened activi­
ty is in part secondary to higher food 
intake but is also caused by the suck­
ling of offspring. Angelica Linden, 

Maud Eriksson, Kerstin Svennersten, 
Widstrom and I have found, in women 
as well as in rats, pigs, dogs and cows, 
that each period of suckling is fol­
lowed by a release of gastrin, insulin 
and cholecystokinin and by a decrease 
in the somatostatin level. The change 
in the endocrine pattern is a reflex 
response to suckling, mediated by the 
vagal nerves: the effects disappear in 
lactating rats when the vagal nerve is 
cut. (Indeed, it is likely that the activ­
ity of the entire parasympathetic ner­
vous system is increased in response 
to suckling. The increase would coun­
teract the activity of the sympathetic 
nervous system, and so it could be the 
cause of the lessened heat production 
in muscles, a catabolic process regu­
lated by the sympathetic system.) 

The physiological consequences of 
the release of gut hormopes during 
suckling are significant. First, the di­
gestive process is optimized, and the 
mucosa of the entire gut is thickened 
in order to meet the increased meta­
bolic needs of lactation. 

Second, energy is stored rather than 
being consumed for catabolic purpos­
es. Energy is directed to a special de­
pot, the mammary glands, by an in­
crease in the pituitary hormone pro­
lactin, which decreases the number 
of insulin receptors in maternal fat 
stores (thus reducing nutrient uptake 
there) and increases the number of 
receptors in the mammary glands, 
leading to an accumulation of nutri­
ents there. 

The suckling-related effect on the 
release of gut hormones contributes 
to an optimal balance between the 
intake and the expenditure of ener­
gy during lactation, since the amount 
of milk produced is regulated by the 
suckling stimulus. Bo Algers of the 
University for Veterinary Sciences in 
Skara and I found that suckling by 
piglets raises the maternal prolactin 
level and reduces the somatostatin 
level, and that the extent of these 
changes varies with the total amount 
of udder stimulation-its duration 
multiplied by the number of piglets. 
Another finding, by Widstrom and me, 
further demonstrates the importance 
of the gastrointestinal endocrine sys­
tem for the success of lactation: the 
amount of the decrease in somato­
statin level in lactating women that 
is caused by suckling is highly corre­
lated with the amount of milk taken 
by the child. 

Finally, suckling influences even the 
behavior of the mother. Women tend 
to feel sleepy when they are breast­
feeding; rats exhibit electroencepha­
lographic patterns characteristic of 
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crine cells sense the passage of nutrients. 

sleep when they nurse their young. 
Because cholecystokinin is released 
from the gastrointestinal tract in re­
sponse to suckling, the peptide is like­
ly to be involved, by way of the vagal 
nerves, in these psychological effects. 
The suckling-induced sedation may 
serve several purposes. For one thing, 
it saves energy; it may also help to 
keep the mother with her offspring. 

It is of interest that, as the reader 
will recall, suckling by the infant trig­
gers a vagally mediated gut-hormone 
response in the infant as well as in 
the mother. Indeed, the frequency and 
intensity of suckling regulate gastro­
intestinal function in both the moth­
er and the infant and thereby syn­
chronize their metabolisms. In other 
words, the mother and child are ren­
dered symbiotic not only psychologi­
cally but also physiologically. 
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Space Coloristics 
The earth's surface presents an irreproducible palette 
to observers in orbit. Accurate reporting of its colors 
can reveal new facets of both nature and human vision 

by Vladimir V. Vasyutin and Artur A. Tishchenko 

F
or a cosmonaut, the strongest 
impression from space is that of 
the earth's bright and colorful 

landscapes and of the sunsets and 
sunrises-sights that cannot be repro­
duced or simulated by any technolo­
gy. Photographs and other mechanical 
means convey neither the wealth of 
colors nor some of the complex sur­
face patterns observed by the unaided 
human eye. 

Describing the uncommonly bright 
and exuberant colors of natural for­
mations and phenomena has for many 
years been an integral part of the Sovi­
et cosmonaut program. From the time 
of the first space flights we have stud­
ied the ways in which the character­
istics of color vision differ from what 
is common on the ground. We have 
also made use of important informa­
tion about the earth that can only be 
gained by human observers. Space col­
oristics is the term given to the inves­
tigation of human color vision during 
space flight, the development of in­
struments for measuring it, the devel-

VlADIMIR V. VASYlTTIN and ARTUR A. 
TISHCH£NKO collaborate on the study 
of colors seen from orbit. Vasyutin is a 
pilot-cosmonaut currently working at 
the Gagarin Air Force Academy in Mos­
cow. He graduated from the Higher Mili­
tary Aviation Flying School in Kharkov in 
1973 and became a cosmonaut in 1976. 
In 1986 he spent 65 days on board the 
Salyut 7 space station, during which 
time he carried out coloristic experi­
ments. He is a Hero of the Soviet Union. 
Tishchenko is the head of a laboratory 
at the Priroda (Nature ) State Center in 
Moscow and chairman of the natural 
environment section of the U. S. s.R Fed­
eration of Cosmonautics. He has helped 
develop visual, automatic and remote­
sensing colorimeters for use in space. 
The coloristic experiments on board the 
Salyut 5, 6 and 7 stations and the Mir 
orbital station were carried out under 
his supervision. This article first ap­
peared in V Mire Nauki, the Russian-lan­
guage edition of SCIENTIFIC AMERlCAN. 
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opment and improvement of visual 
and automatic remote-sensing color­
imeters, the study of the color attri­
butes of natural objects and phenom­
ena and the study of radiation spec­
trums and errors in the perception of 
spectral characteristics. 

R
esearch began with the advent 
of manned orbital stations in 
the early 1970's. The stations 

made long missions feasible and per­
mitted detailed investigations into hu­
man color vision and the perception 
of visual information from space. Even 
before then, physicians specializing 
in aviation and space medicine had 
obtained data on visual analysis dur­
ing short space flights. Experiments 
during the Voskhod and Soyuz series 
of missions (1965-1969) had shown 
that during the first 24 hours of flight 
the cosmonauts' eyesight became less 
sharp as their bodies adjusted to mi­
crogravity, and their color vision un­
derwent interesting changes. For ex­
ample, the subjective perception of 
color brightness declined by 20 to 25 
percent, especially at the red end of 
the spectrum. 

Even so, cosmonauts' eyes were still 
remarkable tools for observing fea­
tures on the earth below; the human 
eye and brain have a number of prop­
erties not shared by mechanical re­
mote-sensing systems. The eye's most 
surprising facility is its ability to de­
tect and recognize complex patterns 
even when they are presented against 
a cluttering backdrop. This property 
is described as the constancy of eye­
sight. There are many kinds of con­
stancy, such as that of the relative 
depth and orientation of objects. The 
most Significant constancy is of col­
or perception that prevails even when 
the light spectrum changes. This prop­
erty makes it possible for observers to 
overcome obscuring phenomena such 
as atmospheric haze, blotting shad­
ows and patches of sunlight. It is the 
principal advantage of remote-sens-

ing systems based on the human eye. 
Numerous factors enter into making 

good visual observations from space; 
some of them are subtle, such as the 
time taken for each observation. From 
orbit, the human eye can readily dis­
tinguish highways, ships, streets, for­
ests, clearings and other surface fea­
tures. One of us (Vasyutin) has noted, 
however, that the identification of the 
detail in a landscape and of relatively 
small objects depends largely on the 
duration of observation. The eye takes 
a few seconds to focus on small de­
tails. If the observer shifts his view to 
a different region, the eye defocuses. 
For example, it takes between three 
and five seconds to begin to distin­
guish a system of soil-erosion ravines 
in farmland. Cosmonauts who spend 
different amounts of time focusing on 
a feature before reporting their ob­
servations may "see" different things. 
The methodology for observing such 
formations has therefore been modi­
fied to allow for this effect. 

Other changes in technique have be­
come necessary over the years as well. 
One of the problems underlying vis­
ual observations in space, such as 
colorimetric observations, is training 
cosmonauts to overcome their color 
stereotypes, that is, an ingrained in­
difference to color information. It is 
also necessary to educate them so 
that they can sort out their subcon­
scious color sensations into compo­
nents such as hue, color and bright­
ness, even under the complex condi­
tions of space flight. Anatoli N. Berezo­
voi, who performed coloristic experi­
ments on board the Salyut 7 orbital 
station in 1982, was the first person to 
master this art. Not everyone has the 
knack; it requires both natural ability 
and training. 

Someone whose eyesight does not 
have sufficient spectral resolution can­
not identify objects with the varying 
surface structures characteristic of 
vegetation, water, deserts and so on. 
The gamut of colors in nature is re-
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SOUTHERN TIP OF MADAGASCAR (shown with the east coast 
at the top) displays strong color contrasts in this drawing 
based on observations made while in orbit. The bright-green 
color near the coast shows plankton. -Prevailing currents in 

the region create a vortex (circular formation) that mixes 
water from different layers in the ocean; the varying lev­
els of suspended minerals give rise to contrasting colors. 
Plankton grow at the borders between different water masses. 
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nowned for its variety. A cosmonaut's 
eyesight must therefore meet the high­
est standards. Whereas a driver needs 
to distinguish only among the three 
colors of traffic lights, a cosmonaut 
must at the very least be able to dis­
tinguish the principal hues within a 
color, such as the different shades of 
brown corresponding to the different 
colors of sand in deserts. 

T
he observation conditions on 
board a spacecraft are quite 
unusual. The illumination of an 

earths cape by the sun and the earth's 
scintillating atmosphere is complex 
and strange. Even experienced aircraft 
pilots who go into space speak of the 
very unusual nature of earthscapes 
and their unique colors. In addition, 
the speed of the craft in relation to the 
earth constantly changes the phase of 
an object's illumination and the angle 
from which it is viewed. Not only does 
the sky change color according to the 
weather and the angle of the sun, but 
the fine hues of the sky carry infor­
mation about the atmosphere's purity 
and moisture content. Observation is 
often complicated by clouds that are 
too bright and by veiling atmospher­
ic haze. The cosmonaut has to be able 
to distinguish these parameters from 
their color manifestations. 

In addition to the requirements of 

good vision and training, observation 
of the earth from space depends on a 
number of technical factors. The most 
obvious one is the orientation of the 
spacecraft during the observational 
period: the craft must pass over (or 
nearly over) the area to be observed, 
and the portholes must face in the 
appropriate direction. The cosmonaut 
has very little time to observe a partic­
ular part of the globe. In a matter of 40 
to 60 seconds, while the spacecraft 
is approaching the target area, the ob­
server must locate a target by recog­
nizing characteristic landmarks, pre­
pare the recording equipment and aim 
it at the target, and then note the exact 
time of each photograph. This infor­
mation is needed so that later on bal­
listic data on the spacecraft's orbit can 
be used to establish the angle, altitude 
and distance of observation as well as 
the angle at which the sun has illumi­
nated the object. 

The station portholes must also 
fulfill exacting optical requirements. 
They must not distort either the im­
age passing through them or the color 
spectrum of the incoming light. This 
is particularly important because cos­
monauts often have to observe low­
contrast objects. Space-station port­
holes are made of a quartz glass that 
absorbs little visible light but keeps 
out short-wavelength ultraviolet light 

that could damage the eye. Portholes 
are protected by special covers that 
are opened only for observations. 

Once the cosmonaut has made ob­
servations of objects on the earth be­
low, those observations must be trans­
mitted in a form that permits others 
to reconstruct what the cosmonaut 
has seen and to make use of it. Next to 
the camera, which transmits color in­
formation directly (but cannot make 
use of the pattern- and color-recogni­
tion skills of the human viewer), the 
next important tool has been the color 
atlas. The atlas is a set of reference 
samples with which observed colors 
can be compared. With the advent of 
the color atlas on board spacecraft 
and orbital stations in the late 1960's, 
cosmonauts switched over from im­
pressionistic descriptions of colors 
based on associations or emotional 
content to a numerical coding system 
based on attributes such as hue, inten­
sity and brilliance. Numerical coding 
has eliminated the uncertainties that 
previously characterized human de­
scriptions of objects seen from space. 
It has also eliminated homespun de­
scriptions such as "I see a lake with 
the color of a samovar," or "Just 
passed over the Sulak River delta, the 
alluviums are brick-colored," or "I can 
see mouse-colored plowed land." With 
a color atlas it suffices merely to relay 

COLOR ATlAS AND COLORIMETER enable observers to deter­
mine the precise hue, saturation and brightness of natural 
features. The ATS-IOOO atlas, developed at the All-Union Men­
deleev Research Institute of Metrology, contains 1,000 stan-

dard samples, with a difference in wavelength between hues of 
about five nanometers. The atlas has been largely superseded 
by the Tsvet-I colorimeter, which displays both the color stan­
dards and the object in question in a camera's viewfinder. 
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the color numbers back to the earth 
where the observations can be recon­
structed using a similar atlas. 

The first color atlas, with 30 hues, 
was used in 1968 by Georgi T. Berego­

'voi on board the Soyuz 3 to measure 
the colors of dawns in space. The color 
intensity and luminosity of the sunris­
es, however, were such that the small 
atlas was not sufficient for describing 
them. In 1974 cosmonauts on board 
the Salyut 4 orbital station used a 
sea-color atlas developed by ocean­
ographers to match the Forel scale, 
which is based on a standardized set 
of 23 chemical solutions with colors 
ranging from blue to brown. In 1977 
the Salyut 6 cosmonauts tested an 
atlas of about 300 hues. 

The experiences gained using these 
earlier color atlases in space demon­
strated that a much greater diversity 
of colors was required to describe ob­
jects accurately. Nature could not be 
encompassed by such a limited num­
ber of samples. In 1982 cosmonauts 
on board the Salyut 7 orbital station 
took with them the metrologically cer­
tified ATS-I000 atlas, developed in 
1970 byYe N. Yustova of theAll-Union 
Mendeleev Research Institute of Me­
trology. The results in this article were 
nearly all obtained with this atlas. 

The ATS-l 000 color atlas consists of 
1,000 samples whose hue, intensity 
and brightness have been measured 
precisely. In terms of hue, the accuracy 
of the samples is about five nanome­
ters, which is close to the threshold 
value for color discrimination. De­
spite its imperfections-it is bulky 
and somewhat difficult to use at a 
porthole-and the subsequent devel­
opment of an entire series of remote­
sensing colorimeters, the ATS-lOOO 
remains an invaluable tool; it often 
helps in unexpected cases. For exam­
ple, the atlas was important to the 
success of the "electrotopographer" 
experiment carried out on board the 
Salyut 7 by Aleksandr P. Aleksandrov 
and Vladimir A. Lyakhov in 1983. The 
experiment was designed to measure 
changes in construction materials ex­
posed to space conditions; a special 
surface coating made visible micro­
scopic surface defects on the samples. 

After the materials had been passed 
through the air lock, the cosmonauts 
noticed that the coating, initially gray­
ish, had changed color, potentially 
skewing the experimental results. 

The designers of the experiment 
and one of us ( Tishchenko) came up 
with a technique for monitoring color 
by both the ATS-lOOO atlas and spec­
tral and luminosity measurements of 
the samples. The cosmonauts were 

NATURAL FORMATIONS fall into a fairly narrow range of colors, as is shown on 
this color triangle. The different color regions are based on observations from or­
bit. Although each object on the earth has a unique color, its class can be deter­
mined swiftly from the range of hue, saturation and brightness into which it falls. 

able to correct the progress of the 
experiment and substantially increase 
the information obtained. 

B
etween 1980 and 1983 scientists 
at the Priroda ( Nature) State 
Center in Moscow developed the 

Tsvet ( Color)-l, a portable visual col­
orimeter based on a Single-lens-reflex 
camera. The colorimeter contains a 
removable cassette with color stan­
dards that can be seen through the 
device's viewfinder. The operator lines 
up a natural object in the viewfinder 
and then manipulates three handles 
to select a color standard matching 
the hue, intensity and brilliance of the 
color field. He then photographs the 
object and records the color readings 
in the observation log book. These 
data are relayed back to the earth 
during the next communication ses­
sion. The Tsvet -1 was first used in 
space by Lyakhov and Aleksandrov on 
board the Salyut 7 orbital station in '
1983. The visual colorimeter achieves 
a greater accuracy of measurement 
than does the atlas. The atlas is also 
difficult to work with at a porthole 
because the light streaming through 
strikes the atlas so that a cosmonaut 
cannot compare hues effectively. With 
the Tsvet-l the color standards are 
illuminated by an independent, stable 
and calibrated source of light. 

The same period also saw the de­
velopment of the Tsvet-2 automatic 
photoelectric colorimeter. The Tsvet-2 
was utilized in research conducted in 
airplanes whose flights were timed to 
coincide with observations from orbit. 
Those who tested the device initial­
ly employed it to study the color of 
the ocean. The ocean appeared to be 
the simplest test of colorimetricmeth­
ods because it is a vast object, cover­
ing most of the earth's surface, and 
changes little during the course of a 
flight. After conducting a number of 
experiments on board aircraft, the re­
searchers were somewhat puzzled to 
find that the ocean presented an in­
finite variety of colors: its surface 
looked different at different times 
even in the same area. 

The earliest systematic visual-in­
strumental observations of the earth 
were carried out on board the Salyut 
6 by Georgi M. Grechko, Vladimir V. 
Kovalyonok and Valeri V. Ryumin, the 
first very-long-term cosmonauts. Such 
observations had previously been im­
possible because it takes two to three 
weeks for a person's eyesight to adapt 
to conditions in orbit and for the per­
son to open his eyes to the finer de­
tails of a landscape. They observed 
huge solitary waves 100 kilometers 
long, the traces left on the water sur­
face by typhoons (which give an accu-
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rate idea of the storms' size) and some 
of the characteristic features of the 
ocean floor. The ocean is eternally 
riveting with its constant mutability 
and its bright, exuberant colors. 

In 1984 Leonid D. Kizim, Vladimir A .  
Solovyov and Oleg Yu. Atkov, the third 
crew of the Salyut 1, investigated the 
color of the Pacific Ocean; in a matter 
of two weeks they mapped its colors. 
Mapping by surface vessels would 
have taken between five and 10 years. 
Furthermore, surface measurements, 
which rely on the Forel scale of color 
solutions and a white disk lowered 
overboard, would have yielded only a 
limited number of color gradations. 

The first systematic observations of 
the ocean from space were carried out 
by Kovalyonok in 1978 during his sec­
ond mission on board the Salyut 6 
space station. He invited oceanogra­
phers to take part in these investiga­
tions-an important collaboration giv­
en the economic benefits of naviga­
tion and fisheries. The results of this 
cooperation were soon felt: ships be­
gan confirming high fish concentra­
tions at locations indicated by cos­
monauts; other ships received recom­
mendations from space on how best 
to bypass ice fields and areas of great 
turbulence. ( Since the 1940's fishing 
fleets have employed search planes 
carrying observers of uncanny eye­
sight; experienced "prospectors" can 
determine the kind of fish in a shoal 
from the shoal's shape and color.) 

Kovalyonok's orbital observations 
and postflight evaluations of water 

color using an atlas provided the bas'is 
for the first true coloristic experi­
ments in space. Berezovoi and Valen­
tin V. Lebedev carried out the studies 
on board the Salyut lin 1982. The two 
cosmonauts were specially trained in 
the theory and practice of coloristics. 
Their practical training took place on 
board a laboratory airplane on flights 
over the Black Sea, Caspian Sea, the Sea 
of Okhotsk and the Sea of Japan. 

A month after the launch Berezovoi 
drew in his diary his first sketches 
of the surface structure of the ocean. 
During his 211 days in orbit he record­
ed more than 20 surface structures 
characteristic of the vertical and hori­
zontal streams in the ocean, various 
water circulation patterns and forma­
tions associated with concentrations 
of organic and inorganic suspensions 
in the ocean depths. Choppy seas and 
wind currents were superposed on 
these structures, many of which had 
never been observed before. 

In the course of this mission the 
cosmonauts. made about 150 color 
measurements of the ocean. They re­
corded surface formations ranging 
from 10 to 500 kilometers in size. 
The observations identified three sub­
stantial areas against dark-blue back­
grounds: light-blue "desert" waters, 
green areas rich in plankton and 
brown waters rich in suspended min­
erals and old plankton. The color con­
trasts between the objects observed 
and the background waters averaged' 
about 10 nanometers. 

The observations of the ocean off 

ERUPTION OF AlAID VOLCANO on Atlasova island in the Kuril Islands, photographed 
from orbit, shows the detail observable from space. The almost imperceptible 
reddish hue of the smoke, whose precise color was reported by cosmonauts Vladi­
mir V. Kovalyonok and Viktor P_ Savinykh, provided volcanologists with impor­
tant information on the chemical composition and consistency of the eruption_ 
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the coast of Argentina are a typical 
example of Berezovoi's colorimetric 
experiments. He investigated the color 
contrast of ocean currents, which have 
different temperatures and salt con­
centrations than the surrounding wa­
ters. The structures of the currents and 
their evolution over time are impor­
tant subjects for research by oceanog­
raphers. Ocean currents significantly 
influence the temperature balance be­
tween the ocean and the atmosphere; 
they determine the weather both close 
to and far away from the currents 
themselves. 

In addition to studying the features 
of the ocean surface, researchers also 
assessed the time required to observe 
those features from orbit. They re­
corded the time it took for a target 
object to be detected on approaching 
it, for the color attributes to appear as 
the spacecraft approached a position 
over the target and the time during 
which colors of the object and back­
ground could be recorded while flying 
directly over it. 

The results were quite unexpected. 
When the color contrast was good­
that is to say when the sun was about 
30 to 45 degrees above the horizon 
and to one side or behind the observ­
er-an object on the ocean surface 
could be observed for three to four 
minutes. Cosmonauts could observe 
high-contrast objects on land, such as 
oases in a desert, for up to six min­
utes-practically from horizon to ho­
rizon. Photographic and video record­
ing, on the other hand, are only effec­
tive within about 45 degrees of the 
nadir, for an observation time of 1.5 to 
2 minutes. The ability of the eyes to 
overcome the effects of atmospheric 
hindrances and observe features for a 
long time is the principal advantage of 
human observation. 

I
n addition to gathering data about 
the features of the earth and its 
oceans, investigators have also 

studied the properties of human color 
vision during long space flights. This 
work was motivated primarily by the 
need to assess the accuracy of visu­
al color measurements. Each cosmo­
naut carried out a series of tests in 
which he matched samples from a 
special table of 30 pigments (10 hues 
with three gradations of intensity and 
brightness for each) to the standard 
colors in a color atlas or a visual col­
orimeter. The difference between the 
perceived and actual hues determined 
the absolute error of the cosmonauts' 
color measurements. These tests were 
held repeatedly during long flights 
so as to build up sufficient data for 
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COLOR VISION OF COSMONAUTS differs significantly from that 
of typical ground-based subjects_ Errors in determining the 
precise color of an object vary both with wavelength (left) and 
with the length of time spent in orbit (right)_ Cosmonauts show 
smaller errors in discrimination at the blue end of the spec-

trum and larger errors at the red end of the spectrum than 
do ground-based subjects. Their color discrimination in the 
blue-green and yellow-orange regions remains essentially un­
changed_ The error in discriminating green colors undergoes 
an unexplained cyclic variation in the course of long flights. 

identifying regular patterns of change. 
The tests yielded several patterns. 

The color discrimination at the blue 
end of the spectrum was stable, which 
means that visual observation of the 
oceans is effective. Color vision in the 
greenish-blue region (about 490 na­
nometers) and in the orange-yellow 
region (about 580 nanometers) of the 
spectrum was also quite stable, and 
cosmonauts' sensitivity to color dif­
ferences was high. Color-discrimina­
tion errors were at a minimum. By a 
fortunate coincidence, greens, blues, 
oranges and yellows are the colors of 
most interest to life scientists, since 
they are the ones usually manifested 
by oceans, forests and deserts. 

The cosmonauts performed most 
poorly on matching color samples at 
the red end of the spectrum. The error 
in discriminating red on the earth is 
quite high, but it gets even worse in 
space. Even so, cosmonauts were still 
able to identify the colors of large 
areas of low-intensity brown (as would 
be seen in some deserts and rocky 
areas) quite accurately. 

. 

The space experiments showed a 
cyclic pattern of error in the assess­
ment of green: color errors increased 
for roughly the first four months of 
flight, then declined. Green is a criti­
cal color for gauging the overall qual­
ity of a cosmonaut's color vision be-

cause it appears so frequently in nat­
ural landscapes and because plants 
are of great biological and economic 
importance. Paradoxically, several cos­
monauts have said after their mis­
sions that they did not see any green 
areas. Forests are very difficult to ob­
serve because the intensity of their 
green colors is at the eye's discrimina­
tion threshold. During one coloristic 
experiment Vasyutin was observing a 
forested area against the backdrop of 
the desert on the Mediterranean coast 
of Ubya. The color coordinates he re­
ported corresponded not to a green 
but rather to a grayish-lilac color. Sub­
sequent careful observation of the for­
est showed that it had an earthy color 
but of very low intensity. By that time 
the cosmonauts had been in orbit for 
about a month. 

T
he standardized tests of color 
discrimination present only part 
of the picture. In reality cosmo­

nauts must observe natural objects 
under many different intensities and 
spectrums of illumination. The spec­
trums of reflected sunlight for differ­
ent angles of the sun and atmospheric 
conditions have not been sufficiently 
studied. In many cases, however, cos­
monauts are able to make finer dis­
criminations of the colors of natural 
objects than the colors of those ob-

jects and the tests would suggest. This 
superior ability to discriminate the 
colors of real objects on the earth 
is not just a property of cosmonauts' 
eyesight but is also due to the en­
hanced color contrast of objects seen 
from space. All cosmonauts have com­
mented on the brightness and intensi­
ty of the colors they saw from space. 
The reasons for this have yet to be 
clarified, although it may bear some 
resemblance to the effect of height­
ened color that artists achieve by put­
ting a reflective varnish over the sur­
face of a painting. 

Some interesting data on this topic 
were obtained over the northern part 
of the Caspian Sea in the spring of 
1982 during an experiment conduct­
ed simultaneously on board the Sal­
yut 7 station and an AH-30 laborato­
ry airplane. Lebedev and Berezovoi, 
the Salyut 7 crew, were to observe the 
vernal blooming of plankton in the Bay 
of Kizlyar and around the Agrakhan­
sky peninsula_ In mid-May the two re­
ported intense green strips near the 
Agrakhansky peninsula and parallel to 
the coastline. On May 20 an airborne 
expedition took off for Astrakhan 
to make "below-the-satellite" observa­
tions. One of us ( Tishchenko) was able 
to make a detailed study of the area 
and measure its colors. As seen from 
an airplane, the plankton grew in a 

SCIENTIFIC AMERICAN July 1989 89 
© 1989 SCIENTIFIC AMERICAN, INC



RGHT 
HEART 

DISEASE, 
KIDNEY 
DISEASE 

AND 
BLINDNESS. 
the� 
,,��s �klLlon. 

Diabetes is a major con­
tributor to heart disease, 
kidney disease and 
blindness. So when you 
support the American 
Diabetes Association, 
you fight some Ofth� 
worst diseases of 
our time. � 

90 SCIENTIFIC AMERICAN July 1989 

"­, , -- ---- .... ', 
-----� ................... , I - --'::::: 

OBSERVATION CYCLE begins when an object appears over the horizon with respect 
to the orbital station. Depending on the object's form and contrast, it can take 
seconds or minutes to become visible. As the spacecraft passes overhead, seeing 
improves, and the colors of an object can be discerned. The process is repeated in 
reverse as the spacecraft moves away: first the color becomes indistinguishable, and 
then the object itself is lost in the background of the earth or the ocean. The exact 
length of time available for observation depends on the color contrast between the 
object and background and on the way the object reflects light. Objects on the 
ground reflect light diffusely, and ocean features produce mirrorlike reflections. 

single 400-meter-wide strip consisting 
of many steps that waned in color 
intensity from the shore and lay at 
regular distances from the coastline. 

Returning to Moscow on May 30, 
Tishchenko asked Lebedev and Bere­
zovoi, "while on the subject," to speci­
fy the colors of the bright green steps. 
Surprisingly, they reported the colors 
of five strips, not one. The brightness 
and contrast of the strips as seen from 
space were much higher. This kind 
of color intensity can also sometimes 
be seen from an airplane over water 
from altitudes of about 10 kilome­
ters in certain weather conditions. Cos­
monauts on almost every subsequent 
mission have been asked to observe 
certain natural formations whose col­
or is believed to be stable. The same 
landmarks have also been regularly 
studied from aircraft. 

T
he coloristic investigations pur­
sued thus far have provided the 
basis for developing new tech­

niques of obtaining spectral infor­
mation about the earth. Whereas tech­
niques based on remote-sensing sat­
ellites such as Landsat measure the 
brightness of the ground below them 
in a number of spectral bands and 
then present this information in col­
or-coded form, coloristic techniques 
based on human observation deter­
mine the characteristic colors of im­
portant natural features and present 
those colors directly. They also make 
use of the abilities of the human ob­
server to perceive patterns that can­
not be detected by photographic or 
other mechanical means. In view of 
their advantages, these remote-sens-

ing techniques should hold consider­
able promise for both scientific and 
economic endeavors. 

The investigations into the qual­
ity of color vision in space have also 
helped enhance the efficacy of cosmo­
nauts' performance during tasks not 
involving the study of the earth. In 
addition, space coloristics has made it 
possible to formulate new visual stan­
dards for the successful study of na­
ture from space that differ according 
to the type of object being observed. 
The first visual measurements of the 
color parameters of little-known nat­
ural objects have made it possible to 
draw up better specifications for re­
mote-sensing spectrometers and pho­
tographic systems. The unusual con­
ditions of living in space and the new 
factors-such as changes in vision­
affecting life and work that have been 
identified in orbit may contribute to 
the realization of as yet dormant hu­
man potentials. 
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Visual Thinking in the Ice Age 
After some 2.5 million years in which the archaeological record 

reveals very little innovation, body ornamentation and visual 
images explode onto the scene in Europe about 35,000 years ago 

F
or the first 2.5 million years of 
the archaeological record the 
only artifacts of human beings 

and their hominid precursors are 
strictly utilitarian: stone tools. Then, 
about 35,000 years ago in Europe, a 
dramatic turning point was reached. 
Along with new kinds of stone tools 
and implements made of bone and 
antler, the first objects of a symbolic 
nature appear. These include both the 
first adornments of the body, in the 
form of beads and pendants, and the 
first known attempts at rendering na­
ture, both in two dimensions and in 
three. This cultural explosion, which 
marks the beginning of the period 
known as the Aurignacian, took place 
at the same time over large parts of 
western and eastern Europe. Why? 

It has long been assumed that the 
answer lies in the realm of biology: 
anatomically modern human beings 
(Homo sapiens sapiens) evolved, re­
placing the preceding Neanderthals 
and bringing into play significant new 
neurological capacities. Recent work, 
however, makes that conclusion seem 
less than likely. It now seems that 
Homo sapiens sapiens evolved 100,-
000 years ago (or more) in Africa and 
moved into Europe several thousand 
years before the beginning of the Auri-
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gnacian. For most of that period our 
subspecies had nothing that could 
be called symbolic. Hence, the appear­
ance of ornaments and representa­
tions seems to have been the result of 
cultural processes, not biological or 
neurological ones. The study of the 
first material images offers prOmising 
insights into this landmark of cultural 
evolution. 

T
he beginning of the Aurigna­
cian period in Europe is general­
ly thought to coincide with the 

larger transition from Middle Paleo­
lithic to Upper Paleolithic culture. As 
long as the appearance of anatomical­
ly modern human beings was dated to 
about 35,000 years ago, this transition 
could be accounted for by the appear­
ance of Homo sapiens sapiens. In re­
cent years, however, skeletal remains 
of Homo sapiens sapiens that date to 
about 90,000 years ago have been 
found in the Near East and in South 
Africa. Studies of mitochondrial DNA 
suggest an origin in Africa for all mod­
ern human populations, perhaps as 
recently as from 50,000 to 250,000 
years ago. That model, if true, implies 
that modern human populations all 
descend from groups that expanded 
out of Africa after that time. 

The expansion seems to have been 
completed in western Europe by about 
30,000 years ago, when the more ro­
bust and powerful Neanderthals were 
replaced by the more gracile (slender) 
modern types. This replacement ap­
pears to have been completed fairly 
quickly-within as little as 5,000 
years. By the time it was over, the 
practice of ornamenting the body 
(now characteristic of all human soci­
eties) had appeared in full force in 
Europe and as far afield as Australia. 
The richest body of evidence, which 
comes from a group of Aurignacian 
sites in France, Belgium and Germany, 
is under intense investigation by me 
and other archaeologists. In this arti­
cle I shall describe the earliest known 

body ornaments and the attempts to 
understand their relation to other de­
velopments in the transition to the 
Upper Paleolithic, including the ap­
pearance of the first representations 
of nature. 

WOOllY MAMMOTH was sculpted from 
mammoth ivory at Vogelherd in Germa· 
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The greatest abundance of early 
body ornaments is associated with the 
first phases of the Aurignacian, lasting 
from about 34,000 to about 30,000 
years ago. The same cultural layers 

. from which the ornaments come also 
reveal well-developed industries in 
stone, bone and antler. The stone tools 
include tiny flint bladelets as well 
as implements for scraping and for 
engraving made by modifying high­
quality flint blades. The bone and ant­
ler work includes awls, wedges, spear­
points and smoothing tools. This as­
semblage of tools helped to sustain 
relatively small groups that hunted 
large herbivores such as the reindeer, 
woolly mammoth, wild horse, bison 
and European red deer. From the same 
period comes the first substantial ev­
idence for riverine fishing and the 
hunting of birds. 

At the hundreds of sites known to 
have been occupied by Aurignacian 
groups, archaeologists frequently find 
objects that they interpret as beads or 
pendants. These objects are made of 
a variety of materials, including soft 
stone, shell, tooth and, most frequent­
ly, ivory from the tusks of woolly 
mammoths. Many of them have been 
perforated for suspension, and it is 
known from the succeeding cultural 
period (called the Gravettian) that 
such beads and pendants were indeed 
used for decorating the body. At the 
site of Sungir, near Moscow, which has 
been dated to between 28,000 and 
24,000 years ago, thousands of care­
fully shaped ivory beads and pierced 
teeth, assembled in long strands, were 
found covering the remains of several 
individuals. 

Even earlier, in the late Aurigna-

cian, ornaments were associated with 
burials. One of the best-known Au­
rignacian sites that includes body 
ornaments is the classic site of Cro­
Magnon in the vezere Valley of 
southwestern France. In 1868 railroad 
workers there discovered four adult 
skeletons and a fetal skeleton, along 
with numerous pierced shells and an 
ivory pendant. The assemblage dates 
to about 28,000 years ago, at the end 
of the Aurignacian. 

Y
et the very earliest body orna­
ments, from the beginning of 
the Aurignacian, have not been 

found in association with burials. In­
stead, the beads and pendants are 
found by the hundreds in the camp­
sites and on the living surfaces oc­
cupied by early members of Homo 
sapiens sapiens in Europe. Robert H. 

ny from 34,000 to 32,000 years ago during the Aurignacian cul­
tural period. During the same period body ornaments and two-

dimensional images appear in the archaeological record for 

the first time. The significance of the X pattern is not known. 
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Gargett of the University of Califor­
nia at Berkeley has recently called into 
question the idea that Neanderthals 
ever buried their dead [see "Science 
and the Citizen"; SCIENTIFIC AMERICAN, 
June, 1989]. If Gargett is correct, the 
first interments may not have taken 
place until well after Homo sapiens 
sapiens appeared in Europe. Whether 
he is correct or not, the earliest orna­
ments must be interpreted exclusive 
of the burial evidence. This puts limits 
on how far one can push the interpre­
tative process, because without buri­
als it is difficult to say much about the 
differences in body decoration that 
might have been associated with criti­
cal social variables such as age and 
gender. 

Before turning to interpretation, 
however, I would like to give some 
sense of where the body ornaments 

are found-in terms of distribution at 
Aurignacian sites-and how they were 
made. Although the decorative objects 
are quite abundant overall, their fre­
quency varies greatly from site to site. 
Some sites have few, if any, ornaments 
despite excellent conditions of preser­
vation; others have yielded hundreds 
of ornaments. Many of the ornament­
rich sites include not only finished 
objects but also scrap material and 
partly finished work. This spectrum of 
production materials indicates that 
the ornaments were in fact made at 
the site and, as we shall see, enables 
archaeologists to reconstruct the se­
quence of production steps. 

One of the most striking things 
about Aurignacian ornaments is that 
they were manufactured primarily 
from materials exotic to the sites 
where they are found. During the Auri-

2 

gnacian the capacity of human groups 
to procure materials over great dis­
tances seems to have increased sharp­
ly. Certain types of soft stone, shell 
and ivory are found at sites hundreds 
of kilometers from where they were 
naturally available. It is not known 
whether such rare and exceptional 
materials were obtained by travel or 
through the development of exchange 
networks among different groups, but 
it is striking that in most cases such 
exotic substances were transformed 
into body ornaments and not into 
tools or weapons. 

Such a pattern surely indicates that 
the people of the Aurignacian put 
great value on the "foreign" materials 
and that these materials were explOit­
ed for the purposes of social display. 
What is more, the largest proportion 
of the exotic materials are found at 

BEAD PRODUCTION during the Aurignacian period in south­
western France has been reconstructed by the author. The 
starting point was a rod of mammoth ivory (1) that was incised 
around its circumference to form points for breaking. When 

broken, each rod yielded a series of bead "blanks" (2). The 
blanks were shaped to yield a thick "bulb" at one end and a thin 
"stem" at the other (3, 4). The blank was pierced (5), then 
heavily ground and polished, leaving a finely polished bead (6). 
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ornament-rich sites. Why some sites 
should be so rich in ornaments and 
exotic materials is not yet understood, 
but it is possible that the rich sites 
were prearranged places where the 

-exchange of highly valued materials 
took place, perhaps attracting groups 
of people from faraway. There are 
other possible explanations, but it 
does seem probable that the orna­
ment-rich sites represent special con­
texts where social display was of the 
utmost importance. 

However the exotic materials be­
came concentrated at particular sites, 
their transformation into ornaments 
seems to have been guided by a com­
plex conceptual framework. The or­
nament makers were not gathering 
their raw material at random. On the 
contrary, they were making conscious 
choices from the range of available 
materials. For example, one large class 
of ornaments consists of pierced ani­
mal teeth, but when teeth were made 
into pendants, only those of certain 
species were selected. Generally these 
were carnivores. There are exceptions: 
the site of Mladec in Czechoslovakia 
has yielded an abundance of pierced 
beaver teeth. Yet at most Aurignacian 
sites the preferred species were hunt­
ers such as the fox, the wolf, the hyena 
and the bear. 

I
t seems quite likely that the orna­
ment makers of the Aurignacian 
wel.'e, by choosing the teeth of cer­

tain species, attempting to evoke or 
assume some of the overall qualities 
of those species. The conceptual proc­
ess whereby a part is made to stand 
for the whole is called metonymy and 
is well known from both literature and 
myth. Homer, for example, sometimes 
refers to ships as "sails." More to the 
point, a metonymical basis for body 
ornaments is well known to anthro­
pologists from small-scale societies 
studied today, whose members have 
both material and ritual means of as­
suming the qualities of animals. The 
fact that carnivores were chosen is 
perfectly consistent with this expla­
nation: as their midden debris (gar­
bage) shows, the Aurignacian groups 
sustained themselves in large part 
by hunting. 

If the conceptual basis for Aurigna­
cian ornaments seems relatively com­
plex, the technology exploited to real­
ize those concepts varies from elab­
orate to quite simple. The simple end 
of the continuum is represented by 
pierced seashells and animal teeth. 
Shells and the roots of animal teeth 
are seldom thicker than .2 centimeter. 

MIMICRY OF NATURE was one aspect of Aurignacian body decoration. The bead at the 
left is a pierced red-deer canine tooth. The one at the right is a limestone imitation. 
Both are from the site of Trou Magrite in Belgium and are about 30,000 years old. 

The Aurignacians penetrated them by 
gouging from either side until it was 
possible to break through simply by 
applying pressure with a sharp object. 
Drilling was virtually never used, ex­
cept for the softest substances. In­
deed, early Aurignacian tool assem­
blages are notable for the lack of the 
fine tlint drills commonly found at 
later sites. Another technique was to 
incise a groove around the root that 
probably served for attaching a cord. 

Shells, along with certain types of 
teeth and bones, come in "perforation­
ready" packages. Mammoth ivory, on 
the other hand, required more elab­
orate methods of preparation. When 
Aurignacian groups obtained pieces of 
mammoth ivory, they worked it down 
into units of acceptable size for their 
own form of production. The criterion 
of acceptability varied considerably 
among regions and was ultimately 
tied to regional differences in aesthet­
ics and symbolism. The description 
that follows concentrates on south­
western France, because that is the 
region that has provided the largest 
sample of body ornaments-and also 
because that is where much of my own 
work has been centered. 

The production of ivory beads in 
southwestern France began with long 
"sticks" of mammoth ivory. These 
were apparently brought from some 
distance, since there are few discard­
ed tusk fragments and no mammoth 
bones in the French sites. The ivory 
sticks had been removed lengthwise 
from the outer layer of the tusk, which 
is concentrically laminated. The lami­
nated layer provided the best materi­
al for working with Aurignacian tech-

niques; the unlaminated inner core, 
which is extremely hard, was either 
discarded or on occasion (at German 
sites) sculpted into animal figurines. 

After the sticks of ivory had been 
obtained, they were whittled down 
into pencil-like rods. Each rod was 
then segmented by means of incisions 
around its circumference at intervals 
of one to two centimeters. The seg­
ments were then snapped off to form 
bead "blanks" for further production 
work; hundreds of these blanks have 
been identified. At the point where 
they were snapped off, the fine layers 
of the ivory always run perpendicular 
to the ultimate direction of the hole 
through the bead. The choice of direc­
tion was conscious and was made so 
that one end of the blank could be 
thinned by removing the outer lami­
nae, first on one surface and then on 
the other. 

T
he result of this thinning was a 
roughed-out bead with a thin 
upper half ("stem") and a thick­

er, rounded lower half ( "bulb"). At this 
point the blank bears a certain resem­
blance to certain types of animal teeth, 
particularly the vestigial canines of 
the red deer and reindeer, and this 
mimicry was, I believe, the aim of the 
process. (As we shall see, imitation of 
natural forms and deSigns seems to 
have been a hallmark of early Aurigna­
cian representational processes.) The 
thinning of the blank almost always 
resulted in an upper portion .2 centi­
meter or less thick, which was then 
pierced. The hole was made where the 
stem and the bulb met. 

After being pierced, the entire object 
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SCULPTED FIGURE found at Vogelherd in Germany is thought 
to be a feline, partly because of the shape of the clearly visi-

ENGRAVED FIGURE on a flat block of limestone is generally 
interpreted as a horse's head. The separate figure at the right 
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ble ear. The coat is indicated by punctuations. The sculp­
ture, some 32,000 years old, is made from mammoth ivory. 

appears more abstract. Found in 1927 at the site of Abri Cel­
lier in France, the engraved block is about 32,000 years old. 
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was ground and finely polished. These 
procedures (not generally associated 
with Paleolithic technology) removed 
more than half of the original mass of 
ivory. In particular, the stem was al­
'most entirely ground away and the 
bulb rounded and smoothed. The final 
product often prompts people to ask 
how the Aurignacians were able to 
make such delicate holes. In actual­
ity, by first making the hole and then 
grinding the blank down around it, 
they were disguising their inability to 
do just that. 

How were the products of this proc­
ess worn? It is possible that they were 
assembled into necklaces or bracelets. 
Another possibility is that they were 
sewn onto clothing, forming designs 
or patterns. Careful examination of 
the beads, however, reveals that the 
majority of them are intact. If they had 
been individually sewn onto clothing, 
one would expect that they would 
have to be broken to be lost. Some­
times paired sets are found at the 
same site, which suggests earplugs 
or earrings. There are also togglelike 
beads that may have been buttons 
or, again, earplugs. Undoubtedly there 
were different methods of attachment, 
corresponding to the variety of arti­
facts, but the limiting reality is that we 
do not for the moment know how the 
earliest ornaments were worn. 

Nor can archaeologists know exact­
ly what the sudden, almost explosive, 
appearance of these ornaments im­
plies about social development dur­
ing the Ice Age. Yet information from 
modern, small-scale societies provides 
some clues. In such societies orna­
ments help to define and communi­
cate social identity. Gender, social 
role, economic status and group affil­
iation are all expressed through or­
namenting and otherwise decorating 
(with tattoos, for example) the body. 
Indeed, Terence Turner of the Univer­
sity of Chicago has described the body 
in modern society as a "symbolic 
stage" on which the drama of sociali­
zation is enacted. This symbolic dra­
ma is a human universal that is found 
in all known societies. 

If adornment is a vehicle for con­
structing and representing social iden­
tities, what does its initial appearance 
mean? There would seem to be two 
general answers to the question. The 
first is that the appearance of body 
ornaments is linked to the elaboration 
of the social categories themselves. In 
other words, it was during the Auri­
gnacian that institutionalized differ­
ences in social status first became 
manifest. The second general possibil-

MEANDERING PUNCTUATIONS are found on many Aurignacian objects. The objects 
shown here are about 32,000 years old. They come from Abri Blanchard in south­
western France. The one in the middle has been interpreted by some anthropologists 
as a fish or a seal. Alexander Marshack has argued that the marks on the plaque at the 

bottom constitute a lunar calendar. The presence of similar markings on other Auri­
gnacian objects, however, suggests the intent was aesthetic rather than notational. 

ity is that the early Aurignacian was 
the period when the techniques of 
representation first became adequate 
to the task of embodying the nascent 
social distinctions. These two expla­
nations are not, of course, mutually 
exclusive: it is possible that new so­
cial identities developed simultane­
ously with the methods for express­
ing them. 

U
nfortunately the archaeological 
record-particularly in the ab­
sence of burials-is not suffi­

cient to enable us to discriminate very 
finely among the various possibilities. 
Yet it is clear that the early Aurigna­
cian was the setting for remarkable 
advances in techniques of represen­
tation. The Aurignacian sites richest 
in body ornaments are precisely the 

ones that contain some of the earli­
est known works of art in the form of 
engraved and painted limestone slabs, 
mammoth-iVOry sculptures and ob­
jects of bone, antler, ivory and stone 
decorated with puzzling-but clearly 
intentional-imagery. 

The earliest graphic images include 
representations of natural forms and 
other Simple, redundant designs that 
seem more abstract. The representa­
tional images include both engravings 
and paintings of animals and engrav­
ings that have been taken to represent 
the female genitalia. Although many 
archaeologists find that interpretation 
unconvincing, it has gained some sup­
port from two clear phallic images: a 
sculpture in animal horn and a lime­
stone engraving. Among the more 
abstract motifs are patterns of X's, 
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ANTIIROPOMORPHIC FIGURE, probably 
depicting a human female, was carved 
from mammoth ivory. Only about five 
centimeters tall, the figure was found 
at Abri Cellier in France. The head and 
hairline are clearly visible. The paired 
marks are common on Aurignacian ob­
jects; their significance is not known. 
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notches, incisions and punctuations 
(gouged-out points). Such abstract im­
ages are found at site after site over 
broad regions, suggesting they were 
signs and symbols shared by mem­
bers of regional social entities that 
may just have been coming into exis­
tence during the Aurignacian. 

It is my hypothesis that even some 
of the more abstract-seeming designs 
may actually be representations of 
natural objects. One of the best-known 
decorated Aurignacian objects is an 
ivory plaque from the Abri Blanchard 
rock-shelter in southwestern France. 
One face of the plaque bears a series 
of punctuations that researcher Alex­
ander Marshack has interpreted as an 
early lunar calendar. Many archaeolo­
gists doubt this interpretation, partly 
because the Abri Blanchard and adja­
cent sites have yielded many objects 
with similar designs that do not ap­
pear to have any calendrical function. 
It seems more reasonable (and just as 
significant in evolutionary terms) to 
argue that the aim was aesthetic, not 
notational. 

To my knowledge, the possibility 
that the Abri Blanchard plaque is actu­
ally representational has never been 
considered. Yet findings from a nearby 
site, Abri de la Souquette, suggest that 
it may have been. At Abri de la Sou­
quette five ivory pendants were found, 
covered with rows of punctuations. In 
examining them I was struck by their 
resemblance to the patterns seen on 
Atlantic seashells from the same site. 
In fact, the pendants were faithful rep­
licas of the shells, which bore the 
same meandering rows of punctua­
tions. It may be that many, if not all, 
of the punctuated objects represent a 
transfer of natural patterns to new 
contexts where they became forms of 
decoration. 

T
he transfer of qualities from one 
context to another is an essen­
tial part of the construction of 

metaphors, and another object from 
Abri de la Souquette seems even more 
immediately metaphorical than the 
pendants. That object is a split-based 
spearpoint made from reindeer antler. 
Such points are common in Aurigna­
cian sites, but this one has been modi­
fied in a curious way. The pointed end 
has been whittled down, giving the 
impression of a snout. An unusually 
fine hole pierces the object where an 
eye might be. The split base is not 
unlike a pair of fins. Overall, one gets 
the subtle (but powerful) impression 
of a seal. 

If this interpretation is correct, the 

point is a material analogue, or meta­
phor, for the marine mammal. In it we 
see the transfer of animal attributes 
(snout, eye, fins) to an implement that 
initially had some formal similarities 
to the animal (mainly in the base, 
which resembles fins). Intriguingly, 
the remains of a seal were found at 
another early Aurignacian site only 
100 meters away. La Souquette is 200 
kilometers from the sea, and although 
seals have been known to swim far 
upriver, their presence there during 
the Aurignacian would no doubt have 
been a source of great curiosity. 

The "seal" point (if that is what it 
is) is something of an exception at 
the French sites. The relatively few an­
imal images there are almost always 
engravings in limestone and usually 
so crude they are difficult to identi­
fy. In contrast, three early Aurignacian 
sites in Germany (Vogelherd, Geissen­
klosterle and Hohlenstein-Stadel) have 
yielded some 20 ivory statuettes, of­
ten marked with abstract designs. 
Some of these are so well executed 
and realistic that scholars have as­
sumed there must have been earli­
er prototypes that have not yet been 
discovered. 

Those who look for prototypes tend 
to take for granted the notion that the 
earliest art must be simple and child­
like. The archaeological record of the 
Aurignacian suggests that the earliest 
drawing is just that. The contempora­
neous sculpture, however, is lifelike 
and expressive. Perhaps it was easier 
to reduce an animal to a three-dimen­
sional scale model than it was to de­
pict it in two dimensions. It seems to 
have taken thousands of years for ear­
ly artists to develop the conventions 
and tricks of two-dimensional repre­
sentation seen at sites such as Las­
caux, which was painted 17,000 years 
after the first Upper Paleolithic images 
were created. 

Having surveyed some of the key 
developments of the Aurignacian in 
technology, body ornamentation and 
representation, one is led to ask 
whether there is any way to tie them 
together. I think that the answer is 
yes, at least tentatively. Close to the 
heart of these developments is an in­
creased ability to think in-and com­
municate by means of-specific visual 
images. This increased competence 
might help to explain the burst of 
technological progress that character­
izes the AurignaCian. Heidi Knecht of 
New York University has recently ar­
gued that an emerging consideration 
of design possibilities by way of two­
and three-dimensional images stimu-
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lated the rapid development of new 
tools and weapons. 

Innovations in the domain of spa­
tial and visual imagination are not 
unrelated to body ornamentation. Or­
'namenting the body is a way of con­
structing and objectifying a set of so­
cial distinctions that are not otherwise 
visible. Socially defined categories of 
persons do not have obvious physical 
correlates unless they are endowed 
with such correlatives by human be­
ings. By abstracting certain formal 
properties of natural objects, either 
metonymically or metaphorically, and 
bestowing them on certain classes of 
people, the Aurignacians were able to 
make manifest gradations of social 
status as well as overall group identi­
ties, for which there is no evidence 
prior to the Aurignacian. 

T
his new ability to isolate attri­
butes and then transfer them to 
another context would have had 

profound implications. It would have 
become possible to transfer proper­
ties such as "pointedness" or "barbed­
ness" from natural contexts to tech­
nological ones. Having abstracted the 
concept of "barbedness" from its nat­
ural context, the Aurignacian toolmak­
er might then have been able to visual­
ize alternative designs for a barbed 
spearpoint. This kind of visual think­
ing is now so common in technical 
contexts we have difficulty realizing 
that it may be a relatively recent and 
revolutionary cultural development. 

Just how revolutionary a develop­
ment visual thinking may have been is 
suggested by the work of Brooke Hin­
dle, for many years a historian of sci­
ence at New York University. Hindle's 
studies of the Industrial Revolution 
emphasize the Significance of image 
manipulation. He points out that al­
most all the great industrial inventors 
thought in images, and he emphasizes 
the importance of the exploded draw­
ing for technical innovation. Perhaps 
it is no coincidence that the world's 
first representational images ap­
peared during one of the greatest peri­
ods of technological and social inno­
vation in all of human history. 

In some form or other behind all of 
these developments must stand lan­
guage. To provide the base for further 
social and technical change, images 
must be shared and communicated. 
Language may well have existed be­
fore the Upper Paleolithic, perhaps in 
a concrete form closely tied to specif­
ic natural objects. The revolutionary 
developments of that period, howev­
er, presuppose innovations in the ma-

/ 
/ 

/ 
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SPUT-BASE SPEARPOINT may represent a seal. The base, originally intended to fit into 
a wood shaft, may depict fins (upper panel). The tip has been shortened and pierced 
where the eye would be (lower panel). The spearpoint, made of reindeer antler, was 
found at Abri de la Souquette near Sergeac in southwestern France. Intriguingly, the 
remains of a seal were found at another Aurignacian site less than 100 meters away. 

nipulation and sharing of images. Al­
though certain types of neural "hard­
ware" were no doubt a prerequisite for 
these innovations, the inception of im­
age-based representation should not 
be seen as the crossing of a neurologi­
cal threshold. On the contrary, it was 
more probably a cultural transition 
based on the establishment of shared 
conventions of representation. 

The first realization of these possi­
bilities was at least as significant evo­
lutionarily as the first use of fire or 
stone tools. The consequences for in­
vention would have been profound. 
Compared with the preceding Nean­
derthals, who displayed virtually no 
technological innovation during more 
than 100,000 years of existence, the 
Aurignacian people were able to realize 
with increasing rapidity a wide range 
of social, technological and mythi­
cal possibilities. Much of this rapid 
evolutionary development, which con­
tinues today, is no doubt due to the 
forrning, manipulating and sharing 
of images. 
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Synthetic Zeolites 
In the past 30 years man-made analogues of porous minerals 

called zeolites have revolutionized aspects of the petroleum industry. 
The search for novel commercially applfcable forms continues apace 

In 1756 Baron Axel F. Cronstedt, a 
Swedish mineralogist, made the as­
tonishing observation that certain 

minerals, when they were heated suffi­
ciently, bubbled as if they were boil­
ing. He called the substances zeolites, 
from the Greek words zeo, to boil, and 
lith os, stone. Since then approximate­
ly 40 mineral, or natural, zeolites have 
been discovered. 

Analyses of chemistry and structure 
have shown that the "boiling stones," 
which are now known to consist pri­
marily of silicon, aluminum and oxy­
gen and to host an assortment of 
other elements, are highly porous 
crystals, veined with submicroscopic 
channels. The channels contain water 
(which accounts for the bubbling at 
high temperatures), but the water can 
be eliminated-by heating combined 
with other treatments-without alter­
ing a crystal's structure. Water-free 
zeolites can serve many purposes, in­
cluding acting as molecular sieves: 
"reverse filters" that, in contrast to 
typical filters, capture relatively small 
molecules and allow larger molecules 
to flow by unimpeded. 

By the early 20th century the unusu­
al properties of zeolites had stimulat­
ed chemists to try to synthesize the 
crystals. Many succeeded, even invent­
ing structures not found in nature. 
The synthetic forms have now become 
so important commercially that they 
are produced in greater quantity than 
most other crystalline materials. 

GEORGE T. KERR, a member of the 
international editorial board of the jour· 
nal Zeolites, investigated the properties 
and synthesis of zeolites at the Mobil 
Research and Development Corporation 
from 1956 until his retirement in 1985. 

He earned his Ph.D. in organic chemis­
try from Pennsylvania State University 
in 1952, whereupon he began a career 
in industry. When Kerr joined Mobil, he 
became one of the company's first em­
ployees to devote full-time efforts to the 
study of zeolites. 
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Indeed, certain synthetic zeolites 
have revolutionized aspects of the pe­
troleum industry. Most notably, the 
worldwide production of gasoline by 
the catalytic cracking, or breaking, of 
large hydrocarbon molecules in pe­
troleum now depends on the catalyt­
ic activity of zeolites. Crude petrole­
um is initially separated by distillation 
into fractions ranging from light prod­
ucts such as methane, propane and 
gasoline (which consist of small mole­
cules) to heavier products such as gas 
oil and tar (which consist of heavier 
molecules). The molecules in gas oil 
are then routinely cracked to form 
what is called synthetic gasoline. 

Zeolite catalysts yield from 10 to 20 
percent more gasoline than earlier cat­
alysts did and do so more cleanly and 
at lower, energy-saving temperatures. 
It is no wonder, then, that investiga­
tors continue to seek new forms that 
will have novel commercially exploit­
able features. �y given zeolite is distinguished 

from other zeolites by structural 
differences in its unit cell: the 

smallest group of atoms that together 
exhibit all the chemical and physical 
properties of a crystal. The framework 
of every zeolite unit cell is construct­
ed from tetrahedral building blocks, 
which can arrange themselves in var­
ied combinations. 

Oxygen atoms establish the four 
vertexes of each tetrahedron. These 
atoms are tightly bound to, and to­
gether enclose, either a silicon (Si) 
or an aluminum (AI) atom. The vertex 
oxygens are each shared by two tet­
rahedrons, so that every silicon atom 
or aluminum atom within the tetrahe­
dral cage can be said to be bound to 
its four neighboring caged atoms 
through an intervening oxygen. A law 
of nature known as Loewenstein's rule 
prevents two aluminum atoms from 
sharing the same oxygen, and so the 
number of aluminum atoms in a unit 
cell is always smaller than, or at most 

equal to, the number of silicon atoms. 
Before the aluminum atoms join the 

framework, they are actually ions that 
lack three of their original electrons. 
As a result, they can readily accommo­
date electrons donated from three. of 
their bound oxygen atoms, but the 
electron donated by the fourth oxygen 
imparts a negative, or anionic, charge 
to the aluminum atom. This negative 
charge is balanced by a cation, or pos­
itively charged ion, from the alkali 
metal or the alkaline earth groups of 
the periodic table-commonly sodium 
(Na+) or potassium (K+) in the first 
case, calcium (Ca2+) or magnesium 
(Mg2+) in the second. The cations lie 
close to the anions but are in the 
crystal's channels, whose diameters 
range, in the natural minerals, approx­
imately from 2.5 angstrom units (10-
millionths of a millimeter) in sodalite 
to eight angstrom units in faujasite. 

The cations play a major role in 
many zeolite functions and help to 
attract water molecules, which have 
no overall electrical charge but are 
polar: one end has a slightly negative 
charge, and the other end has a slight­
ly positive charge. The cations are not 
a part of the framework, however, and 
under the right conditions they can be 
exchanged for other cations. Such an 
exchange has no effect on the crystal's 
structure. 

The ion-exchange facility of min­
eral zeolites was perhaps the 
earliest commercially significant 

property to be recognized. Its discov­
ery in the mid-1850's eventually led 
to the exploitation of the minerals as 
water softeners. Calcium and magne­
sium ions cause water to be hard, that 
is, unable to form a lather when mixed 
with soap. When such water is passed 
through zeolites that incorporate so­
dium cations, the zeolites give up the 
sodium and take in one calcium or 
magnesium ion for every two sodium 
atoms surrendered. (Because the alu­
minum in zeolites is prone to attack 
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by acidic tap water, zeolite water soft­
eners have in general been replaced by 
more acid-resistant materials.) In an­
other application the zeolite mineral 
clinoptilolite has been enlisted as an 
ion exchanger to extract radioactive 
elements from nuclear waste. 

It was in 1932 that James W. Mc­
Bain of Stanford University focused 
attention on another asset of zeolites: 
their filterlike character. The zeolite 
chabazite had been observed to ad­
sorb-to take up and retain-the va­
pors of such relatively small mole­
cules as those of water, formic acid 
and methyl and ethyl alcohols but 
to adsorb essentially no acetone, eth­
er or benzene, whose molecules are 
larger. McBain recognized that the se­
lectivity was influenced by the size 
of the crystal's pores, and it was he 
who coined the term molecular sieve. 
Chabazi te's molecular-sieve properties 
have been exploited to prevent pollu­
tants such as sulfur dioxide gas from 
escaping into the atmosphere through 
smokestacks. 

In the years since 1932 natural zeo­
lites have found many other applica­
tions as well. For instance, they can be 
excellent desiccants, or drying agents: 
when their water is removed, they 
readily adsorb water or other polar 
fluids from their environment. Still, in 
the past half century natural zeolites 
have been exploited less than the syn­
thetic varieties, primarily because for 
many years they were thought to be 
rare. Now it seems that some miner­
al zeolites are actually abundant, and 
interest in them is growing again. 

The most prodigious and systemat­
ic early studies of synthetic zeolites 
were led by Richard M. Barrer, who 
did much of his work at the Imperial 
College in London. His efforts in the 
late 1930's and beyond resulted in 
the preparation of a number of zeolite 
structures resembling those of natu­
ral minerals and the synthesis of a few 
structures not known in nature. 

B arrer's work did not directly lead 
to commercially valuable prod­
ucts, but it did stimulate inves­

tigators in the Linde Division of the 
Union Carbide Corporation to launch 
in 1948 what turned out to be ground­
breaking studies of zeolite synthesis. 
The company was already in the busi­
ness of separating the components of 
air by distillation, and Robert M. Mil­
ton and the late Donald W. Breck won­
dered if molecular sieves would do the 
task more efficiently [see "Molecular 
Sieves," by D. W. Breck and]. V. Smith ; 
SCIENTIFIC AMERICAN, January, 1959). 

They departed from Barrer's experi-

mental approach. He had worked with 
reaction mixtures and conditions sim­
ulating those that give rise to mineral 
zeolites, which form only in the pres­
ence of water and at temperatures of 
100 degrees Celsius or higher. Depos­
its are most often found near volca­
noes, sites that provide heat as well as 
silicon, aluminum and oxygen in the 

form of alumina (Al203 ) and silica 
(Si02). These minerals dissolve in the 
extremely basic, or caustic, solution 
(pH greater than 9) that forms when 
rainwater washes alkali metal and al­
kaline earth elements into groundwa­
ter from rocks; over time the elements 
aggregate to form crystals. Conse­
quently, Barrer had exposed similar 

MODEL of the zeolite crystal ZSM-S, shown with a molecule of the hydrocarbon 
para-xylene (gray and blue shape) in one of the crystal's submicroscopic channels, 
highlights the porosity found in all zeolites. ZSM-S is exploited for the "shape­
selective catalysis" that converts toluene (a by-product of petroleum refining) into 
para-xylene and benzene, both of which are commercially important. Toluene mole­
cules that enter the crystal are altered to yield several products, but only benzene 
and para-xylene are small and compact enough to diffuse through the channels and 
escape; the other products remain trapped until they in turn are appropriately al­
tered. The red spheres represent oxygen atoms, the light-blue spheres aluminum or 
silicon atoms. Cations (positively charged ions), which are responsible for catalysis, 
are also present but are too small to depict. The image was produced with Chem-X 
software, developed and distributed by Chemical Design Ltd., in Oxford, England. 
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mixtures to elevated temperatures (as 
high as 400 degrees C) and pressures, 
both of which he thought were neces­
sary for zeolite formation. The result­
ing crystals had channels too small to 
separate air, however, which led Mil­
ton and Breck's group to see whether 
they might attain better results with 
slightly different reaction mixtures 
and with lower temperatures and 
pressures. 

Then, as now, workers could play 
with the ratios of materials in their 
starting mixtures and with tempera­
ture and pressure to create zeolites of 
different composition or structure (or 
both)-and they could replicate their 
recipes-but they could not actually 
predict what would be achieved by 
changing a recipe in a given way. Yet in 
one instance Milton and Breck made a 
zeolite that had a novel structure and 
later proved to be quite valuable. They 
called it Linde A. 

Linde A, which contained only sodi­
um cations, was not initially effective 
for separating air components, but 
when the large, channel-clogging sodi­
um ions were exchanged two for one 

a 

OXYGEN 

d 

SILICON OR 
ALUMINUM 

SODALITE 

with calcium cations, the altered crys­
tal did become quite adept at separat­
ing nitrogen and oxygen. It was also 
found that the calcium form of Linde 
A could remove certain undesirable 
hydrocarbon molecules from gasoline. 

When natural gasoline is separated 
from crude oil by distillation, it con­
tains various hydrocarbons that are 
similar in size but different in shape. 
Some consist of straight molecular 
chains, whereas others are cyclic (ring­
shaped) or branched. The shapes of 
the constituents matter because the 
straight-chain fraction burns more ex­
plosively-it "knocks"-and thus in­
terferes with smooth engine perform­
ance. The calcium form of Linde A 
managed to adsorb the straight-chain 
hydrocarbons, leaving behind a high­
er-quality product. 

The new zeolite was first exploited 
commercially in the mid-1950's and 
continues to be employed to separate 
air components and to improve gaso­
line today. Linde A has also been em­
ployed as a desiccant-for example, 
to remove water from the hydraulic 
brake systems of trucks and buses. 

b 

SODA LITE CAGE 

e 

LINDE A 

At about the same time as the Union 
Carbide workers developed Linde A, 
they also produced Linde X, which was 
to become the first zeolite to perform 
commercially as a catalyst. This ma­
terial had the same structure as the 
rare large-pore mineral faujasite but 
had a different ratio of silicon to alu­
minum and, like Linde A, could be 
synthesized directly only in the sodi­
um-cation form. �first Linde X seemed to have no 

obvious applications, but when 
Union Carbide made samples 

available, many investigators took ad­
vantage of the opportunity to study it. 
Among them was Robert W. Schiessler 
of what is now the Mobil Research and 
Development Corporation. He set in 
motion not only studies of Linde X but 
also in-depth studies of zeolites in 
general. Schiessler hoped workers at 
Mobil would synthesize zeolites hav­
ing novel compositions and structures 
and, more specifically, would discover 
ways to make zeolites helpful in form­
ing synthetic gasoline. 

That objective seemed feasible be-

c 

SODALITE CAGE 

f 

FAUJASITE, LINDE X, LINDE Y 

FRAMEWORK of zeolites is constructed of tetrahedral build­
ing blocks; in some cases there is a characteristic "sodalite 
cage." The four tetrahedral vertexes are filled by oxygen at­
oms (orange), and a silicon or aluminum atom (blue) lies at the 
center (a); each oxygen is shared by two tetrahedrons. In rep­
resentations of the sodalite cage (b), which consists of 24 tet­
rahedrons, and of zeolites in general, the ball-shaped atoms 

are usually omitted (c): straight lines join the centers of two 
tetrahedrons, so that each vertex represents an aluminum or 
silicon atom and the midpoint of each line represents an ox­
ygen atom. Sodalite cages are found in all of the structures de­
picted here: sodalite itself (d), the synthetic crystal Linde A (e) and a group of like-structured crystals, namely the mineral 
faujasite and the synthetic zeolites Linde X and Linde Y (f). 
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cause the catalyst then responsible for 
the cracking of gas oil was chemically 
similar to zeolites: it included silicon, 
aluminum, oxygen and, at least in its 
initial postsynthesis state, sodium. Un­
like zeolites, however, the catalyst was 
amorphous. 

I had joined Mobil in 1956, and 
soon after that Edward ]. Rosinski 
of the company and I set out to try 
to activate Unde X (whose channels 
were conceivably large enough to al­
low hydrocarbons to enter) in much 
the same way as workers normally ac­
tivated the amorphous material. They 
bathed it in an aluminum-rich solu­
tion and thus exchanged the sodium 
cations, which are "poisons" that in­
terfere with catalysis, for aluminum 
cations (AP+). This exchange essen­
tially converted the amorphous mate­
rial into an acid-something that sup­
plies hydrogen ions (H+), or single 
protons. Such acidity is crucial to the 
catalytic cracking of hydrocarbons, al­
though exactly how protons interact 
with the hydrocarbon molecules to 
crack them is still not clear. (Appar­
ently the hydrogen ions derive from 
water molecules in the gas oil and 
form when the aluminum cations de­
tach hydroxyl (OW) groups from the 
water.) 

The aluminum bath seemed like a 
good idea for the zeolite, but the treat­
ment merely plugged its channels. Lat­
er our colleagues Jean M. Bourguet 
and F. David Hart also decided to tack­
le the activation problem. At about 
that time I recalled that ions of the 
rare earth element cerium ( Ce), which 
like aluminum cations have a charge 
of 3+, could be exchanged for the 
sodium ions in Unde X, and so I sug­
gested they try that exchange. 

Hart did what he thought was the 
suggested experiment, although it 
turned out that the substance he had 
purchased as a source of pure cerium 
was mislabeled and included a mix­
ture of rare earth elements instead. 
The error was immaterial, however, 
because the experiment succeeded in 
yielding a highly active catalyst any­
way. In fact, to everyone's chagrin, it 
cracked the hydrocarbons too severe­
ly, producing methane and other light 
hydrocarbons rather than gasoline. 

Rosinski and Charles]. Plank of Mo­
bil came to the rescue by suggesting 
that steaming of rare earth zeolites 
might reduce their catalytic activity to 
the desired level. (Steaming can also 
increase such activity, but intensive 
steaming is destructive.) By 1962 our 
work resulted in the commercial re­
lease of the first zeolite-based gas oil 
cracking catalyst, Durabead 5, which 

yielded much more gasoline than the 
standard amorphous catalyst. 

Exactly why Durabead 5 proved so 
much more effective is not fully un­
derstood even today, but there are 
several possible explanations. For in­
stance, it seems reasonable to guess 
that the large, uniform channel system 
in the zeolite provided more surface 
area on which the molecules in gas oil 
could interact with protons. 

Durabead 5 was a milestone in the 
history of synthetic zeolites, but its 
life as a commercial product lasted 
only until 1964. In the late 1950's 
Breck had synthesized another fau­
jasite-type structure called Unde Y, 
with a silicon-to-aluminum ratio that 
ranged from 1.5 to 3.0-higher than 
the ratio in Unde X. When workers at 
Mobil devised a way to exchange rare 
earth cations for the sodium cations 
of the initially synthesized crystal, 
the rare earth form of Unde Y quick­
ly replaced Unde X. Its higher sili­
con content and correspondingly low­
er aluminum content made it more 
durable. Framework aluminum atoms 
are the weak link in zeolite catalysts 
because at high temperatures they are 
less stable than silicon atoms and are 
prone to attack by water. 

In the 1970's the rare earth form of 
Unde Y too was replaced, this time by 
another form of Unde Y. The newer 
variety remains the preferred cracking 
catalyst for gas oil today, because it is 
significantly more stable and less sus­
ceptible to destruction by water when 
it is exposed to high temperatures. 

The greater resilience of this so­
called ultrastable zeolite stems from 
changes in the crystal framework that 
occur during postsynthesis process­
ing. Workers initially exchange the so­
dium cations in typical Unde Y crys­
tals with ammonium ions ( NH/) and 
then heat the crystals. The heating 
causes ammonia gas ( NH3 ) to form 
and escape from the crystals, leaving 
behind hydrogen ions. As I discovered 
in the mid-1960's, steaming of this 
hydrogen form of the zeolite drives a 
fraction of the hydrogen ions from the 
crystals and causes an equal number

· 

of aluminum atoms in the skeleton to 
pop out of the framework, whereupon 
they each bind with eight oxygen at­
oms, forming what are called octahe­
dral cations. 

The benefits of the new configura­
tion are twofold. The aluminum atoms 
are somehow replaced in the frame­
work by more durable silicon atoms. 
Also, the aluminum atoms themselves 
become more resistant to heat and 
water in the octahedral conformation. 
The steamed zeolite is able to retain 

its catalytic power even though a num­
ber of hydrogen ions have escaped, 
because the octahedral aluminum cat­
ions play much the same catalytic role 
as they do in the amorphous catalyst 
(and as rare earth ions play in Unde X 
and the previous version of Unde Y). 

Ute in the 1950's several of us 
at Mobil began experiments that 

would lead in the mid-1960's to 
the commercial release of still anoth­
er synthetic zeolite, called ZSM-5. (The 
last two initials stand for Socony Mo­
bil, part of the company's name at the 
time.) This zeolite has several appli­
cations and has recently become im­
portant in the conversion of methanol 
(wood alcohol) to gasoline. 

The creation of ZSM-5 was the cul­
mination of a series of discoveries 
that began when I thought of sub­
stituting so-called quaternary ammo­
nium cations for all "or some of the 
conventional alkali metal ions in the 
reaction mixtures that give rise to syn­
thetic zeolites. These are normal am­
monium ions in which all four of the 
hydrogen atoms are replaced by or­
ganic groups. Their typical sources­
quaternary ammonium hydroxides, or 
the ions bound by hydroxyl groups­
are as strongly basic in solution as are 
sodium and potassium ions, but the 
quaternary ammonium cations are ap­
preciably larger than either sodium or 
potassium cations. I therefore antici­
pated that the larger ions might in­
duce the formation of zeolites whose 
structures were quite different from 
any others. 

One ion I chose (tetramethylammo­
nium, or TMA ) resulted in a zeolite 
that George T. Kokotailo of Mobil then 
showed had the same crystal struc­
ture as Unde A, except that the unit 
cell was smaller and the silicon-to­
aluminum ratio was a bit higher. We 
named it ZK-4, with the "K" referring 
to both of us. (At about the same time, 
Barrer and his student Patrick]. Denny 
described a similar structure prepared 
with the same cations.) Encouraged 
that the work was moving in the right 
direction, we then tested a more com­
plex ion and succeeded in producing 
the first truly new zeolite structure 
synthesized with quaternary ammoni­
um ions: ZK-5. 

In collaboration with Rosinski and 
our colleague Robert L. Wadlinger, I 
then tried yet another ion: tetraethyl­
ammonium, or TEA. The result, zeolite 
beta, astounded us: it had a silicon­
to-aluminum ratio that ranged from 
about 15 to 50, far surpassing the 5.5 
ratio of mordenite, the most silicon­
rich zeolite mineral. It was also some-
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what hydrophobic (water-repellent), in 
stark contrast to natural zeolites and 
to the earlier synthetic varieties, all of 
which attract water strongly. 

Many years later, in 1976, N. Y. Chen 
of Mobil related the two findings. He 
showed that as the silicon-to-alumi­
num ratio of zeolites increases (with a 
concomitant decrease in the number 
of aluminum ions and therefore of the 
cations available to attract water) the 
crystals become increasingly hydro­
phobic. Only within the past year has 
beta's structure been deciphered; not 
surprisingly, it has no known counter­
part in nature. 

In 1963 George R. Landolt, who 
worked with me for a few years, and 
Robert j. Argauer (also of Mobil) decid­
ed to see if they could further increase 
the silicon-to-aluminum ratio to pro­
duce a very silicon-rich zeolite. They 
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could indeed, by substituting in the 
reaction mixture a quaternary ammo­
nium ion that is three times as large 
as TMA. Thus, the zeolite ZSM-5 was 
invented. The selected ammonium 
ion, tetra-n-propylammonium (TPA), 
worked precisely because it was big. 
Only a limited number of large cations 
can fit into a zeolite framework; be­
cause of the need for charges to be 
balanced, this limitation severely con­
strains the number of associated alu­
minum ions that can be present, and 
the result is a silicon-rich structure. 

Several years afterward Francis G. 
Dwyer and Edwin E. Jenkins of Mobil 
managed to go still further, prepar­
ing varieties of ZSM-5 that had van­
ishingly small amounts of aluminum. 
Indeed, the framework of certain sam­
ples proved on careful chemical analy­
sis to be more than 99.99 percent pure 
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CATALYTIC CRACKING, or breaking, of hydrocarbons by zeolite crystals to produce 
gasoline and other products is done after crude petroleum is separated by distilla­
tion into a range of products from methane (which has small molecules) to tar (which 
has large ones). Some of the products are listed at the left. The gas-oil fraction is va­
porized by contact with hot particles (dots) containing the zeolite Linde Y. Togeth­
er with the particles, the vapor moves up a tube called a riser, where the hydrocar­
bons (which diffuse into the zeolite's pores) are cracked. Above the riser the vapor is 
passed into a distillation tower that separates the resulting fragments by size: small­
er molecules form gasoline, and heavier ones form diesel fuel and what is called 
heavy oil, some of which is recycled. Meanwhile, the catalytic particles themselves 
are prepared for recycling. They are steam-treated to remove hydrocarbons and 
passed to a regenerator, where hot air burns off a carbonaceous deposit called coke. 
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silica. Some of these extremely hy­
drophobic crystals have been eI1listed 
to remove hydrocarbon contaminants 
from water. 

O n first inspection, the fact that 
ZSM-5 zeolites have few alu­
minum atoms and few cations 

might seem to preclude their acting as 
effective catalysts. Indeed, David H. 
Olson, Rudolph M. Lago and Werner 
O. Haag of Mobil have shown that in 
the hydrogen form of ZSM-5 (which 
is analogous to the hydrogen form of 
Linde Y discussed above) catalytic ac­
tivity decreases in direct proportion to 
decreases in the amount of aluminum 
present (by weight) in the crystal. Pre­
sumably the catalytic activity and alu­
minum content are related because 
the number of aluminum atoms con­
trols the number of protonic, or hy­
drogen-ion, sites. 

Yet Olson, Lago, Haag, I and other 
Mobil workers-Richard j. Mikovsky, 
Stuart D. HeUring, Kirk D. Schmitt­
have shown that, in fact, the ZSM-5 
zeolites can be transformed into su­
peractive catalysts. In particular, we 
have found that by exposing the hy­
drogen form of ZSM-5 to mild steam­
ing we can generate new catalytic sites 
that are from 45 to 75 times more 
active than normal protonic sites. 

Such steam-treated zeolites are not 
exploited for the catalytic cracking of 
gas oil, because their elliptical chan­
nels are too small to accommodate 
the large hydrocarbons in gas oil; the 
chords of their minor and major axes 
measure only 5.4 and 5.6 angstrom 
units. The size is perfect, however, for 
the catalysis of certain smaller, cyclic 
hydrocarbons. For example, toluene, a 
by-product of conventional petroleum 
refining, can be upgraded by ZSM-5, 
which transforms it into two relat­
ed, but more valuable hydrocarbons, 
benzene and para-xylene. Benzene is a 
ubiquitous solvent that is found in 
paints, varnishes and cleaning agents; 
para-xylene is converted into tereph­
thalic acid, which in turn is exploited 
in the production of a variety of syn­
thetic materials. 

The synthesis of large quantities of 
pure para-xylene is accomplished by 
an increasingly important zeolite trick 
that was first postulated by Vincent j. 
Frilette and Paul B. Weisz of Mobil in 
1961: shape-selective catalysis. In this 
process the products yielded by catal­
ysis are controlled in part by the size 
or shape (or both) of the zeolite's chan­
nels. Toluene molecules, which are 
small enough to penetrate the ZSM-5's 
channels, are passed through a bed of 
the zeolites and simultaneously heat-
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ed to approximately 520 degrees C. At 
this temperature the zeolites catalyze 
changes in the toluene, yielding ben­
zene and three different forms of xy­
lene (dimethylbenzene). 

Benzene and para-xylene both es­
cape from the crystals readily, but the 
other two xylenes (ortho- and meta-), 
which are shaped differently than 
their cousin, have difficulty making 
their way out through the channels. 
While they are "stuck," they are likely 
to be converted into the para form, 
whereupon they escape. Thus, ZSM-5 
selectively ensures that most of the 
xylene molecules diffusing out of it 
will be of the para variety. 

How does ZSM-5 catalyze the shape­
selective conversion of methanol to 
gasoline? This process is most Signifi­
cant for countries, such as New Zea­
land, that have no oil deposits but do 
have an abundant supply of methane 
( CH4), or natural gas, which can readi­
ly be converted to methanol ( CH3 OH). 
After the methanol is partially broken 
down into a compound called dimeth­
yl ether and water, the ether is passed 
through the zeolite catalyst, where it 
is further converted to water and a 
complex mixture of hydrocarbons. As 
is true in the production of para-xy­
lene, molecules larger than the de­
sired gasoline hydrocarbons become 
trapped in the crystal's channels, dif­
fusing out only when the catalytic 
process yields molecules that are ap­
propriately small. 

S ome of the most interesting zeo­
lites developed since ZSM-5 be­
came available are not zeolites 

at all, at least not in the strict sense 
of the term, which generally requires 
that the crystalline framework con­
sist exclusively of silicon, aluminum 
and oxygen. The new materials, all 
of which are still laboratory curiosi­
ties, are based on phosphorus rather 
than on silicon. Some workers consid­
er them to be zeolites, however, be­
cause they have uniform intracrystal­
line channels that are very similar to, 
and in some cases identical with, those 
of some zeolites. Several of the new 
materials also have classical zeolite 
structures and adsorptive properties. 

The promise of these materials-as 
well as ones that are altered to re­
semble more closely the chemistry of 
true zeolites-arises from the fact that 
some of them have novel structures 
that may enable them to be applied 
as catalysts, molecular sieves, adsorb­
ents or ion exchangers in situations 
where no zeolite has yet proved espe­
cially helpful. 

For instance, Mark E .  Davis and his 
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VPI-5, a newly synthesized crystal, is similar in structure to true zeolites, but its 
framework has little silicon; instead it consists primarily of phosphorus, aluminum 
and oxygen. Only the oxygen atoms (red spheres) are clearly visible in this model. 
VPI-5's channels are some 12 to 13 angstrom units (lO-millionths of a millimeter) 
in diameter, bigger than those of any known natural or synthetic zeolite. At that size 
the channels are able to accommodate rather large hydrocarbons, which suggests 
that catalytic forms of VPI-5 may one day prove valuable for the cracking of petro­
leum fractions heavier than gas oil. Mark E. Davis of the Virginia Polytechnic In­
stitute and State University, whose research group invented VPI-5, made the image. 

colleagues at the Virginia Polytech­
nic Institute and State University have 
synthesized a zeolitelike aluminum 
phosphate crystal, VPI-5, whose chan­
nels are larger than any found in natu­
ral or synthetic zeolites: some 12 to 13 
angstrom units in diameter. The large 
size raises the possibility that some 
version of the crystal may one day be 
exploited as a catalyst to crack larger 
hydrocarbons than Linde Y can han­
dle, thereby enabling manufacturers 
to extract more gasoline from their 
petroleum sources. 

What does the future hold? In ad­
dition to the surprises still to be re­
vealed by experiments with aluminum 
phosphate "zeolites" and their deriv­
atives, I suspect that important new 
structures may emerge from other 
experimental strategies. Recently, for 
example, investigators have prepared 
zeolites from organic, nonaqueous sol­
vents instead of from the usual inor­
ganic, aqueous solutions. 

What is still needed, though, is in­
sight that will enable chemists to pre­
dict the structures and other prop­
erties that will emerge when various 
starting ingredients are mixed togeth­
er in speCific ratios at particular tem­
peratures and pressures. Until then 
trial and error will prevail. Fortunate­
ly, that approach has served industry 
rather well so far. 

FURTHER RFADING 
ZEOLITE MOLECULAR SIEVES: STRUCTURE, 

CHEMISTRY AND USE. Donald W. Breck. 
John Wiley & Sons, Inc., 1974. 

ZEOLITE CHEMISTRY AND CATALYSIS. Jule 
A. Rabo. ACS Monograph 17 1, American 
Chemical Socieiy, 1976. 

HYDROTHERMAL CHEMISTRY OF ZEOLITES. 

R. M. BaITer. AcadeInic Press, 1982. 

THE ZEOLITE CAGE STRUCTURE. J. M. New­
sam in SCience, Vol. 23 1, No. 4742, 

pages 1093-1099; March 7, 1986. 
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THE AMATEUR 
SCIENTIST 

What do phonograph records 
have in common xndShield wipers? 

� 
by lear! Walker 

Position an ordinary phonograph 
record and a small desk lamp on 
a table so that the light from the 

lamp shines on the record from the 
side opposite you in an otherwise dark 
room. With the center of the record 
about midway between you and the 
lamp, view the record with one eye 
closed and from the height of the bulb 
in the lamp. The entire record is illu­
minated, but does its entire surface 
appear bright? Or is there a single 
bright spot like the one you would see 
in a mirror? 

Neither of the above. Instead there 
are bright, narrow lanes in the form of 
a cross. The rest of the record is dim 
(it would be dark but for the light that 
is scattered to it from the walls and 
ceiling and objects in the room). One 
arm of the cross runs along the line 
between you and the lamp, and the 
other arm passes through the first at a 
right angle [see drawing at top right in illustration below]. The figure assumes 
that the center of the record lacks the 
usual label and central hole and that 
it is covered with grooves just as the 

Reflection patterns from a phonograph record 
106 SCIENTIFIC AMERICAN July 1989 

rest of the record is. If that were ac­
tually the case, you would see an es­
pecially bright spot at the center of 
the record. 

If you shift the record to the left, the 
bright lane between you and the lamp 
begins to curve slightly, but the other 
lane remains straight and still extends 
horizontally through the center of the 
record, as is seen in the top left draw­
ing. Provided that the record is not 
shifted too much, the especially bright 
spot lies on the straight lane, near the 
other lane. One end of the curved lane 
points toward the lamp (that end is 
labeled L in the illustration), and the 
other end (labeled 0 for "observer") 
points toward you. If  instead you shift 
the record toward you from its origi­
nal central location, it is the left-to­
right lane that curves gently; the other 
lane remains straight, as in the bottom 
right drawing. The bright spot now lies 
on the straight lane on the opposite 
side of the record from you. 

When the record is moved both 
toward the left and toward you, the 
lanes separate into shapes that resem­
ble hyperbolas, as in the bottom left 
drawing. One lane still passes through 
the center of the record; if the record 
is not shifted too much, the bright 
spot is still on that lane. The second 
lane lies near an edge of the record; it 
enters at one point on the edge, heads 
for the center and then swerves to­
ward another point on the edge. The 
pointing is now divided between the 
lanes: one end of the first lane points 
toward the lamp, and one end of the 
second lane points toward you. If the 
record is shifted farther, the second 
lane shrinks toward the edge and then 
finally disappears. 

The width of the lanes depends on 
the size of the bulb and the nearness 
of the lamp. A large bulb in a lamp 
close by creates wide, rather indistinct 
lanes. You can improve the visibility of 
the patterns if you cover the opening 
of the lamp with a sheet of aluminum 
foil through which a small hole has 
been punched. Then the lanes are nar­
row and clear. (Take care that the lamp 
does not overheat.) 

What accounts for these patterns? 
The answer was provided in 1963 in 
an impressive study by J. B. Lott, who 
had just graduated from the Felsted 
School in Essex, England. It was clear, 
of course, that the patterns are reflec­
tions from the grooves on the record; 
the problem was to determine which 
parts of which grooves have the prop­
er orientation to reflect light to an 
observer. Lott's solution was to im­
agine that the lamp and the observer 
are inside an ellipSOid: a dirigiblelike 
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structure generated when an ellipse is 
rotated about one of its axes. Wher­
ever part of a groove happens to co­
incide with the side of an ellipsoid, 
light reflects to the observer. I have 
found that the analysis also explains a 
more common observation: the bright 
streak produced by a streetlamp seen 
at night from a car through a wind­
shield that is being swept clear of rain 
or snow by the wipers. 

To follow Lott's analysis, you first 
must understand how light reflects 
from a flat surface. Suppose that the 
record lacks grooves. Also suppose 
that the bulb in the lamp is small 
enough to be considered a point. Light 
rays from the lamp spread over the 
record and reflect from the surface. A 
line that is perpendicular to the sur­
face at a point of reflection is called a 
normal, and the angle of the ray from 
the lamp is measured relative to it [see top left illustration on this page]. The 
ray is called the incident ray, and its 
angle is the angle of incidence. The ray 
that leaves the surface is called the 
reflected ray, and its angle with the 
normal is the angle of reflection. 

The reflection obeys two simple 
rules. The normal, the incident ray and 
the reflected ray must lie in a plane, 
and the angle of reflection must equal 
the angle of incidence. If the center of 
a smooth record lies halfway between 
you and the lamp, you intercept a ray 
that reflects from the center. All the 
other rays reflect from the record sur­
face but not in the direction of your 
eye. What you perceive is a single spot 
of light at the center of the record, as 
if the spot, rather than the lamp, were 
the source of the light. 

I shall call the spot the "mirror im­
age" of the lamp, because in producing 
it the record functions as a mirror. 
When your eye is at the height of the 
lamp, the mirror image is always half­
way between you and the lamp. You 
can control its location on the record 
by shifting the record over the table 
or (equivalently) by moving your posi­
tion. For example, if you shift the rec­
ord to the left and also toward you, 
the mirror image appears in the upper 
right quadrant of the record. (The mir­
ror image is, of course, the especially 
bright spot that, as I mentioned above� 
is seen in the pattern of reflections 
from a grooved record.) 

The rules of reflection also apply to 
a surface that is smoothly curved, but 
in this case the normal is perpendic­
ular to a line that is tangent to the 
surface at the point of reflection, as 
is shown in the top right illustration 
on this page. Lott assumed that the 
grooves on a record are a series of 

Normal 
I 

Angle of I Angle of 
reflection i incidence 

rJ ___ ! Reflectedv-----· i . �InCident roy roy 

A reflection (rom a flat surface 
smoothly varying hills and valleys that 
form circles around the center of the 
record. If a radial cross section is tak­
en through any one of the hills, and if 
normals are erected at points along 
the hillsides in the section, the hill 
bristles with normals-somewhat like 
the quills on an angry porcupine. The 
normal at the top of the hill is vertical. 
All the others are tilted radially from 
the vertical, either toward the center 
of the record or away from it. 

How light reflects to an observer 
from the grooves can be described in 
terms of the normals. If a ray is to 
reach the height of the observer's eye, 
the normal at the point of reflection 
must have a particular tilt. Lott argued 
that this requirement is easily met by 
every groove. Pick a spot around the 
circle of a groove, and then consider 
the normals along the sides of a cross 
section through the hill. At least one of 
the normals will have the proper tilt 
for the light reflecting at the foot of 
the normal to be sent to the height 
of the eye. The requirement that a ray 
be sent to.a certain height, then, is 
not responsible for the patterns seen 
on a record. 

Lott reasoned that another, more 
restrictive requirement is responsi­
ble: the reflected ray must be di­
rected properly, left or right, toward 

Circular 

Normab�i // 
\�V/ 

\ "V 
Tangent 

line:, 

Reflections (rom a curved surface 
the eye. Only certain spots on certain 
grooves meet that requirement. The 
argument greatly simplifies the anal­
ysis, because it reveals that only the 
horizontal orientation of the normals 
to the circles formed by the grooves is 
important. The analysis is further sim­
plified by the fact that horizontally 
the normals are radial: they can be ex­
tended through the center of the rec­
ord. In what follows I shall ignore the 
vertical aspect of the normals and con­
centrate on their radial aspect. 

To find which segments of which 
circles produce the patterns, Lott re­
lied on a special property of an ellip­
soid. If a light ray originates at one of 
the two focal points in an ellipSOid 
and reflects from the interior, it must 
pass through the other focal point. 
Lott imagined that when an observ­
er receives a reflection from a rec­
ord illuminated by a lamp, the lamp 
is effectively at one focal point of an 
ellipSOid and the observer at the other 
focal point. The record cuts horizon­
tally through the lower part of the 
ellipsoid, and in the slice that is cut 
out, the wall of the ellipSOid forms an 
ellipse [see illustration below]. 

If the light is to reflect from the 
ellipsoid, it must reflect from the part 
of the wall that forms the ellipse. Be­
cause it must also reflect from the 

Ob5e.rve.r 

through e\\ip50id 

The light is reflected (rom an elliptical section of an ellipsoid 
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'if .. Ellipses left by ellipsoids 
circle of a groove, the circle and the 
ellipse must coincide at the point of 
reflection. That in turn means that the 
circle and ellipse share a common nor­
mal there. Because the normal to any 
part of a circle is radial to the center of 
the record, the point on the ellipse 
that reflects light to an observer is a 
point with a radial normal. 

To account for a full pattern of re­
flections on a record, one needs to 
consider a family of ellipsoids of dif­
ferent sizes. The record's slice through 
some of the ellipSOids leaves a large 
ellipse, and its slice through others 
leaves a small ellipse. In each case the 
points on an ellipse that are respon-

sible for the reflection patterns are 
points with radial normals. These con­
ditions were sufficient for Lott to solve 
equations for ellipses, circles and radi­
al normals in order to find the points 
on a record that reflect light to an ob­
server's eye. He restricted the situa­
tion to the one in which the lamp and 
the eye are at the same height above 
a horizontal record. The composite of 
the reflection points forms the lanes 
seen on the record. 

I found that the general shape of the 
lanes could be predicted with a series 
of sketches without the need of equa­
tions. An example is shown in the il­
lustration above, in which the record 

Streaks and patches of light in a wet windshield 
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has been shifted from its initial cen­
tral location directly to the observer's 
left. The top figure in the illustration is 
an overhead view of the ellipses that 
are left by ellipsoids in the plane of 
the record. The y axis runs to the ob­
server's left and right, and the x axis 
is perpendicular to the y. The bottom 
figure is a vertical cross section taken 
along the y axis. Included in it are the 
lowest parts of cross sections through 
two of the ellipsoids. 

To construct the overhead sketch, 
you begin with the mirror image, 
which is the especially bright spot 
in the reflection patterns. Recall that 
when the observer's eye and the lamp 
are at the same height the mirror im­
age is halfway between them. In the 
present case, that condition puts it on 
the y axis to the right of the record's 
center. The image is associated with 
an ellipSOid that just barely touches 
the top surface of the record, and so 
it leaves an ellipse that is as tiny as 
a point in the plane of the record. 
A segment of that ellipSOid is shown 
in the bottom figure in the illustra­
tion. Draw that point on an over­
head sketch. 

Around the point draw a small el­
lipse centered on the point and with 
its long axis parallel to the x axis. The 
ellipse is associated with an ellipsoid 
that is larger than the first one and 
extends through the record; this el­
lipsoid and its ellipse have the same 
orientation. Now consider the normals 
at points around the ellipse. (Keep in 
mind the fact that a normal is per­
pendicular to a tangent to the ellipse.) 
Mark those points that have a normal 
that is radial-that is, one that can 
be extended through the center of the 
record. There are four such points: 
two are on the y axis (one on each side 
of the mirror image), and two are near 
the sharply curved ends of the ellipse. 

Now repeat the procedure with sim­
ilar but progressively larger ellipses 
derived from progressively larger el­
lipsoids. Each ellipse has four points 
with radial normals. After you have 
located a number of the points, con­
nect them with lines; the lines repli­
cate the bright lanes in a reflection 
pattern. If you tilt the record or bend it 
gently, the reflections are more diffi­
cult to explain, but the shapes of the 
patterns are similar. 

When I came across Lott's paper and 
first took notice of the reflection pat­
terns on a record, I suddenly felt I had 
seen one of the patterns in a different 
setting. Then I realized that whenever 
I drive through rain or snow at night 
and look at a streetlamp or the head­
lamp of an oncoming car through a 
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wiper-cleared area of the front wind­
shield the lamp has a streak running 
through it [see bottom illustration on opposite page). Might that streak be 
related to one of the bright lanes on 
a record? 

The streak of light in a windshield 
was discussed in 1954 in a brief note 
by Paul Kirkpatrick of Stanford Univer­
sity. He attributed it to the fact that 
when the rubber blade of a windshield 
wiper rubs across the glass it scrapes 
furrows in gummy road debris that 
tends to adhere to the glass. Because 
the wiper moves in an arc, the furrows 
form circles around the pivot point 
of the wiper ; the furrows may persist 
long after the windshield is dry. 

When you look through the array of 
circles and toward a lamp, you inter­
cept light that reflects from the sides 
of the furrows. In daytime the light is 
too dim to be visible, but at night it 
can be so apparent as to be annoying. 
The streak is often straight, with one 
end pointing toward the wiper's piv­
ot. As your angle of view of the light 
source changes, the direct image of 
the lamp slides over the windshield, 
and the streak rotates around the im­
age so that one end continues to point 
toward the pivot. Kirkpatrick men­
tioned that sometimes the streak is 
noticeably curved, with the lower end 
still pointing toward the pivot. Sensi­
tized by Lott's analysis, I wondered 
whether the streak might be related to 
a bright lane on a record-the one on 
which the mirror image is seen. 

After a little thought I realized that 
the situations were almost identical. 
The display I see in the windshield is 
essentially the one I see on the far side 
of a record when I move the record 
toward me and thus shift the mirror 
image to the far side, as in either of the 
bottom drawings in the illustration on 
page 106. In both cases a bright line 
extends through the center of the cir­
cles, or at least points there, and the 
line can be straight or curved depend­
ing on the circumstances. Somewhere 
along the line there is an especially 
bright spot. With the record, the bright 
spot is a mirror image and the light 
source is on my side of the circular 
array. With the windshield, the bright 
spot is a direct image and the light 
source is on the opposite side of the 
array. I concluded that Lott's analysis 
applies also to a windshield streak. 

Still, one detail nagged me. With the 
windshield, the lack of "near quad­
rants" (corresponding to the near side 
of a record) apparently eliminated the 
second bright lane or streak; any sec­
ond streak (which would run left to 
right or would be strongly curved and 

separate from the first one) would 
presumably be below the pivot point 
of the wiper. Was there some way I 
could bring the second lane into sight? 
I tried and failed several times to 
make the streak appear. Then one day, 
with the setting sun seen through the 
curved section of the windshield on 
the passenger's side, I saw both bright 
streaks near the sun; they resembled 
the bottom left drawing in the illustra­
tion on page 106. ( If you watch for sun 
streaks, be careful about looking di­
rectly toward the sun for more than a 
second because of the obvious danger 
to your eyes.) I found that by altering 
my perspective I could make them join 
or separate at will-and in the proc­
ess I almost drove off the road. I still 
do not know exactly why that second 
streak appeared. 

During the past winter I enhanced 
the visibility of the streaks by allowing 
the salt that is spread to clear roads of 
snow and ice to build up on my wind­
shield. The furrows ground out by the 
windshield wiper were then quite ap­
parent. The streaks from them were 
probably due more to a complex scat­
tering of the light than to simple re­
flections as envisioned by Kirkpatrick, 
but the results were similar. Once I 
noticed a novel feature of the streaks. 
As I drove in the direction of a low sun, 
the bare limbs of trees blocked part 
of the sun's image and radiated dark 
lines down through the sun streak. 

When a car approaches you at night, 
the extension of the streaks from its 
headlamps toward the pivot point of 
your wiper forces the streaks to con­
verge. Each streak also narrows as it 
nears the pivot, because the circles 
nearer the pivot are more strongly 
curved than the circles farther out. 

Kirkpatrick mentioned an illusion of 
depth that can be perceived in the 
streak from a streetlamp. Because of 
the separation of your eyes, each eye 
sees its own streak. The separation 
between the streaks is greatest near 
the pivot and is least at the direct 
image of the lamp. You might perceive 
both streaks, but if your brain suc­
cessfully merges them into a compos­
ite, their actual separation creates the 
illusion of depth : you perceive a single 
streak that appears to be a lit path 
extending from you to the lamp. If the 
streaks are gently curved, the path is 
curved too, as if it leads over an invisi­
ble valley and then up an invisible hill 
to the lamp. ( Similar depth can some­
times be seen in a reflection pattern 
on a record.) 

Most windshields are curved, par­
ticularly at the sides. The curvature 
alters the shape of the streaks just 

Scattering 
ond re.f l e.ct io_n-f./_�+ __ W_in_d_5-fh ie.!d 

ADi re.ct ray 
The momentary entrapment of light 

as the bending of a record changes a 
reflection pattern. The curvature also 
allows regions of gummy material to 
scatter light to you that would miss 
you if the glass were flat. It also mo­
mentarily traps some of the light from 
a lamp, as is shown in the illustration 
above, before the light is sent in your 
direction. During the entrapment the 
light reflects and scatters many times 
inside the glass, moving away from 
the direct image of the lamp. What you 
see is a bright streak that extends 
from the direct image. If you reach out 
the car window and block the direct 
image with a finger, the streak disap­
pears. Similar streaks arise from cor­
rective eyeglasses, but in a car they 
can be distinguished from the wind· 
shield streaks if you tilt your head : the 
streaks from the glasses rotate. 

Here are a few more questions 
raised by reflections from circular 
arrays. If you shift a record enough 
in the light of a lamp, why does the 
bright lane through the center develop 
an end at which the reflection dims 
and then disappears? (A hint : recalling 
Lott's assumption that there is always 
a normal on a groove that sends a 
ray to the height of your eye, consid­
er just how tilted a normal can be at 
the juncture of a hill and valley.) What 
sort of reflections are seen in a "laser 
disk" ? Why are the reflections on both 
a record and a laser disk colorful when 
the lamplight is white? 

FURTHER READING 
A BINOCUlAR ILLUSION. Paul Kirkpatrick 

in American Journal of Physics, Vol. 2 2 ,  

No. 7, page 493;  October, 1 9 5 4.  
REFLECTIONS ON A GRAMOPHONE REc· 

ORD. J. B. Lott in the Mathematical Ga­zette, Vol. 47, No. 3 60, pages 1 1 3 - 1 1 8; 
May, 1 9 6 3 .  

SCIENTIFIC AMERICAN July 1989 109 

© 1989 SCIENTIFIC AMERICAN, INC



COMPUTER 

RECREATIONS 
Catch of the day: biomorphs on Truchet 

tiles, served with popcorn and snails 

by A. K. Dewdney 

"Sometimes I consider myself a fish­
erman. Computer programs and ideas 
are my hooks, rods and reels. Comput­
er pictures are the trophies and deli­
cious meals." 

-CLIFFORD A. PICKOVER, 
Computers, Pattern, Chaos 

and Beauty 

O
n a number of occasions in 
recent years I have been sore­
ly tempted to mention one 

or more of the strange and beauti­
ful graphic concoctions of Clifford A. 
Pickover, a well-known investigator at 
the International Business Machines 
Corporation's Thomas ]. Watson Re-

search Center in Yorktown Heights, 
N.Y. In addition to his more serious 
research endeavors, he has a box full 
of fun programs-his "fishing tack­
le"-that generate chaotic but oddly 
aesthetic forms. I cannot resist Pick­
over's delectable catches any longer 
and have decided to describe in this 
column how readers can go angling 
for three simple but savory recrea­
tions of his: biomorphs, Truchet til­
ings and fractal popcorn. Readers will 
also get just a taste of the three-di­
mensional logarithmic snails captured 
by this soulful but sober man. 

What is a biomorph? The term has 
appeared before in this department. In 

A microscopic view of some biomorphs and their respective generating (unctions 
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February, 1988, I described the lifelike 
forms created by a computer program 
of Richard Dawkins, a biologist at the 
University of Oxford. Starting with a 
collection of tree-shaped figures, a hu­
man operator selects one, from which 
the program develops another collec­
tion of figures-all varying somewhat 
from the one chosen. The operator 
selects figures in this way again and 
again. Eventually quite odd but dis­
tinctly organic forms may emerge. 

Pickover developed his biomorphs 
independently and nearly simulta­
neously, but their method of genera­
tion and appearance are entirely dif­
ferent. Unlike Dawkins' biomorphs, 
Pickover's look distinctly microbial, 
which has prompted Omni magazine 
to characterize Pickover as "van Leeu­
wenhoek's 20th-century equivalent." 
(Anton van Leeuwenhoek, a 17th-cen­
tury Dutch draper and lens grinder, 
was one of the first microscopists.) 

Pickover's biomorphs inhabit the 
complex plane, site of the famed Man­
delbrot set (discovered by Benoit B. 
Mandelbrot, a colleague of Pickover 
at the ffiM research center). The bio­
morphs are produced by an abbreviat­
ed version of the process that traces 
the delicate fractal geometry of Julia 
sets, close relatives of the Mandelbrot 
set that were described here in No­
vember, 1987. Each biomorph is gen­
erated by multiple iterations, or repe­
titions, of a particular function, or se­
quence of mathematical operations. 
Each iteration takes the output of the 
previous operations as the input value 
for the next iteration. 

For example, the 12-spiked radiolar­
ian biomorph in the bottom left part 
of the whimsical microscopic view at 
the left was generated by the iterated 
function 

An initial value for a complex-number 
variable (designated zo) is raised to 
the third power, and a fixed complex 
number, c, is added to it. The same 
arithmetic operations are then per­
formed on the resulting sum, zl> to 
yield Z2 and so on. 

A complex number consists of two 
numbers of the ordinary kind; one 
is called the real part, and the other 
is called the imaginary part. The two 
numbers are best regarded as Carte­
sian coordinates on a two-dimension­
al plane. Traditionally a complex num­
ber is written as a sum of its two parts. 
For example, the complex number 
3 + 5 i has 3 as its real part and 5 as its 
imaginary part. (The i acts as a kind 
of marker to remind mathematicians 
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A Truchet tile's two orientations (left) 
and a random Truchet tiling (above) A cyclic system generates fractal popcorn 

which part is which.) To avoid any 
further digression, I show in a box on 
page 113 how to add, multiply and 
cube complex numbers. 

To generate a biomorph, one first 
needs to lay out a grid of points on a 
rectangle in the complex plane. The 
coordinates of each point constitute 
the real and imaginary parts of an 
initial value, zo, for the iterative proc­
ess outlined above. Each point is also 
assigned a pixel, or picture element, 
on the computer screen. Depending 
on the outcome of a simple test on the 
"size" of the real and imaginary parts 
of the final z value, the pixel is colored 
either black or white. 

All the biomorphs pictured in the 
illustration on the opposite page were 
found in a 20-by-20 square centered 
on the origin of the complex plane. 
How many others can intrepid read­
ers find? I shall provide the necessary 
viewing apparatus: a program I call 
BIOMORPH that follows Pickover's ba­
sic algorithm. The version I list below 
generates the radiolarian. 

u- .S+ .Oi 
for j� 1 to 100 

for k� 1 to 100 
compute Zo 
z� zo 

for n � 1 to 10 
Z�Z3+C 
if 1 real( z) 1 or 1 imag( z) 1 
or I z l > 10 

then jump out of loop 
if 1 real( z) 1 or 1 imag( z) 1 < 10 

then plot ( j,k) black 
else plot ( j,k) white 

The seemingly simple instruction 
"compute zo" is actually not so trivial. 

It requires the conversion of each pair 
of pixel coordinates ( j,k) into a com­
plex number. This is done by dividing 
the length and the breadth of an area 
on the complex plane by the number 
of j values and the number of k values, 
respectively. The quotients then serve 
as the increments by which the real 
and imaginary parts of Zo are syste­
matically increased in each of the al­
gorithm's cycles. 

For example, the radiolarian is actu­
ally found in a square "window" of the 
complex plane delineated by the fol­
lowing ranges for the real and imagi­
nary parts of zoo 

-1.S < real( zo) < 1.S 
-1.S < imag( zo) < 1.S 

Because j and k both run from 1 to 
100, both the real and imaginary parts 
of Zo are systematically increased in 
steps of .03.  The version of BIOMORPH 
given above must therefore rely on 
statements of the type 

real( zo) � -1.S + .03j 
imag( zo) � -1.S + .03k 

to compute 10,000 values of zo, each 
of which is iterated and tested. 

Within the innermost loop of 10 
iterations, the size of z ( 1 z l ) as well 
as the size of its real and imaginary 
parts ( 1 real( z) 1 and 1 imag( z) 1 ) is con­
tinually monitored. The size of a com­
plex number is simply the square root 
of the sum of the squares of the num­
ber's real and imaginary parts, and the 
size of its component parts is given by 
their respective absolute values. (The 
absolute value of a number is its nu­
merical value irrespective of sign.) 

If the size of z or of its component 
parts ever exceeds 10, the program 
must promptly leave the loop-even if 
it is before the 10th iteration-and 
proceed to retest the size of z's real 
and imaginary parts. ( When compar­
ing the size of z with 10, it is actually 
simpler to compare the sum of the 
squares of z's real and imaginary 
parts with 100 than to compare the 
square root of the sum with 10; the 
result would be the same in either 
case.) Regardless of the number of 
iterations, if the size of either the real 
or imaginary part of the final z value is 
less than 10, the pixel having coordi­
nates Uk) is colored black. Otherwise 
it is colored white. 

In most personal computers the pix­
els whose coordinates range between 
1 and 100 will lie in one corner of the 
screen. To center the image, the initial 
and final values of j and k may have to 
be altered. For example, j and k may 
have to run from SO to ISO instead of 
from 1 to 100. 

All other details about BIOMORPH 
will have to be worked out by the ad­
venturesome. I shall only remind read­
ers that z, Zo and c are all complex 
numbers and must be added and mul­
tiplied as such. For that same reason 
every assignment statement in the al­
gorithm involving z, Zo and c repre­
sents two assignment statements in 
ordinary computer languages-one for 
the numbers' real parts and one for 
their imaginary parts. 

How are the other creatures made 
visible through Pickover's imaginary 
microscope produced? Actually, BIO­
MORPH can produce them as well. One 
only has to substitute a different itera­
tive function at the heart of the algo-
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A logarithmic function yields a snail shell 

rithm. In other words, one merely re­
places Z3 + c in the above program by 
another function. 

Those who write the BIOMORPH pro­
gram may well want to fish for other 
creatures that inhabit the central 20-
by-20 area of the complex plane. The 
simplest search would entail scanning 
the entire area; one can then zoom in 
to inspect the graphic details of what­
ever creatures the preliminary search 
turns up. Any small value of c will 
normally serve as bait. 

Some alternative biomorph-generat­
ing functions make use of a strange 
power of z, zZ; others rely on trigono­
metric operations. Pickover has kind­
ly agreed to send those who ask a 
short primer on the mysteries of com­
plex-number trigonometry and self­
powered complex numbers. Armed 
with that knowledge, one can write 
versions of BIOMORPH that yield the 
protozoan morphologies shown. 

Biomorphs began for Pickover as a 
bug in a program intended to probe 
the fractal properties of various for­
mulas. He aCCidentally used an OR 
instead of an AND in the conditional 
test for the size of z's real and imagi­
nary parts. That unintentional change 
colors a great many more pixels black 
than would otherwise be the case. The 
cilia that project from the biomorphs 
consist solidly of such pixels. 
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Although they were serendipitously 
created, the biomorphs seem to have 
taken on a life of their own. As Pick­
over puts it: "In some sense the math­
ematical creatures exist. These objects 
inhabit the complex plane, though 
they resemble microscopic organisms 
that we could easily imagine flourish­
ing in a drop of pond water." In what 
sea might we fish for more advanced 
forms of life? Pickover also finds it 
meaningful that the complexity of 
both natural and artificial organisms 
results from the repeated application 
of simple dynamic rules. 

Pickover's current work at the re­
search center revolves around new 
ways of rendering complex data mean­
ingful at a glance. For example, ordi­
narily it is quite difficult to detect reg­
ularity or randomness in a page full of 
O 's and l's, which is a fundamental 
way to depict bits of data. Yet Pickover 
can make the data's degree of random­
ness clear by means of a simple graph­
ic device based on Truchet tiles, which 
get their name from the 18th-century 
French monk and polymath P. Sebas­
tien Truchet. Pickover has modified 
Truchet's original tiles to consist of 
two quarter-circles in a square, each 
centered at opposite corners and in­
tersecting two of the square's sides at 
their midpoints. The resulting tile [see 
illustration at left on preceding page] 

exhibits only two distinct orientations. 
If one paves a flat area with .Pick­

over's Truchet tiles, strange sinuous 
curves appear. There are no loose 
ends, except at the edges of the area. 
Each curve is guaranteed to be con­
tinuous because the midpoints of the 
sides of adjacent squares (which is 
where the quarter-circles begin and 
end) abut. 

Any array of O 's and l's can be con­
verted into a Truchet tiling merely 
by arranging the individual tiles in the 
same order as the binary digits, orient­
ing a tile one way wherever there is a 0 
and the other way wherever there is a 
1. If the data bits are random, Pickover 
maintains, one discerns no particular 
pattern in the tiling: the curves loop 
and meander in a perfectly confusing 
(albeit fascinating) way. 

Introduce a slight element of regu­
larity in the data, however, and defi­
nite patterns of curves are perceived. 
For example, if one generates an array 
of bits in each row of which a 0 is 
slightly more likely to be followed by 
another 0 than a 1 and a 1 is slight­
ly more likely to be followed by anoth­
er 1 than a 0, the curves in the corre­
sponding tiling would show a distinct 
diagonal trend. Readers may enjoy dis­
covering for themselves why this is so. 

Actually, I prefer the tiling patterns 
created by random bits, such as the 
one shown in the illustration. They 
suggest a host of recreational pas­
times. Are they mazes, for instance? 
Try to find a channel that leads from 
the top of the tiling all the way to the 
bottom or from one side to the other. 
In the course of tracing channels, one 
often comes across "islands" -curves 
that rejoin themselves. Any curve that 
does not strike the edge of the square 
must of course come back to itself 
sooner or later. Some of these curves 
are small circles; some are dumbbell­
shaped, and some are more compli­
cated still. Readers are encouraged 
to classify the other types of closed 
curves. What are their average num­
bers per tile? 

Writing a program that turns bits 
into Truchet tilings is easy. Assuming 
that one has an array of binary digits 
to begin with, one merely sets up a 
double loop that scans each element 
of the array and draws the corre­
sponding Truchet tile at the appropri­
ate place on the computer screen. This 
much explanation will have to suffice 
so that I can turn to another Pickover 
graphic recreation: fractal popcorn. 

Pickover's popcorn stands out, curi­
ously tactile, in the illustration at the 
right on the preceding page. It is ac-

© 1989 SCIENTIFIC AMERICAN, INC



tually a tracery generated by the so­
ll\tion of a pair of iterated differ­
ential equations in discrete form. The 
x coordinate of a solution point is 
computed by subtracting the value of 
a function of y from the x coordinate 
of the previously calculated solution. 
Likewise the y coordinate of a solution 
point is computed by subtracting the 
value of a function of x from the y 
coordinate of the previously calculat­
ed solution. Such a set of equations 
is called a cyclic system. Cyclic sys­
tems based on trigonometric func­
tions seem to be a particularly rich 
source of spectacular graphics. 

The crossed-variable iteration proc­
ess in the program POPCORN is de­
scribed by the pair of equations: 

xn + 1 = Xn - hsin(Yn + tan(3Y n)) 

Yn + I = Yn - hsin(xn + tan(3xn)) 

A small constant, h, multiplies the 
trigonometric functions so that a new 
value of x or Y is never far from the 
previous one, regardless of how long 
the iteration continues. Pickover gives 
h a value of .05 in his program. 

As the following algorithmic outline 
indicates, POPCORN iterates the formu­
las 50 times for each of 2,500 initial­
pair values (xo,Yo), each time plotting a 
pixel on the computer screen. 

for j� 1 to 50 
for k� 1 to 50 

Xo �-6 + .24j 
Yo�-6+ .24k 
x�xo 
Y�Yo 

forn�l t050 
xx � x - hsin( Y+ tan(3y)) 
YY�Y - hsin(x+ tan(3x)) 
x�xx 
Y�YY 
compute jp and kp 
plot ( jp,kp) 

(The variables xx and YY are tempo­
rary variables that serve to keep track 
of the current values of x and Y within 
an iteration cycle.) 

The initial values for both coordi­
nates are chosen from points within a 
square area of 12-by-12 units centered 
on the origin of the x-y plane. In other 
words, initial values of x are between 
-6 and +6, as are the initial values of y. 
Like BIOMORPH, POPCORN relies on a 
nested loop structure to compute a 
set of initial values. In POPCORN, how­
ever, both loops run from 1 to 50. 

Finally, the points speCified by the 
50 (x,y) pairs generated for each initial 
pair (xo,Yo) must be plotted as pixels 
on the screen. That is done by a simple 

formula that scales and shifts x and y 
to jp and kp. 

jp�4.166x+ 25 
kp�4.166y+ 25 

Pickover's fractal popcorn therefore 
consists entirely of pixels whose co­
ordinates are given by the iterations. 
Readers are free to zoom in on indi­
vidual pieces of popcorn to discover 
quite beautiful and completely unex­
pected detail. They can also "dye" the 
popcorn, as Pickover does, by plotting 
the pixels in a different color each 
time the inner loop begins anew. 

Pickover's graphics have caught the 
public eye on more than one occasion. 
His work has been discussed not only 
in various magazine articles but also 
in television shows; it has even been 
shown at exhibitions in Switzerland, 
Japan and at the Computer Museum 
in Boston. 

I shall end this column by draw­
ing the reader's attention to one of 
Pickover's latest creations: a beautiful 
snail shell, complete with stunningly 
realistic coloring and highlights. The 
image, shown in the illustration on the 
opposite page, is constructed from a 
sequence of spheres whose centers 
track a gentle, logarithmic spiral. The 
highlights are generated by a ray-trac­
ing technique that mimics various 
kinds of light reflections. 

To obtain the guidelines on complex 
arithmetic or to receive a special bib­
liography of Pickover's papers, read­
ers may write to Pickover at the IBM 
Thomas J Watson Research Center, 
Yorktown Heights, N.Y. 10598. 

T
he subject of this department 
in March was vandalware: ma­
licious programs that replicate 

themselves and do damage to benign 
software. The plague of such comput­
er "viruses" and "worms" continues. 
Rumors of a new virus that attacks 
spread-sheet programs have been cir­
culating for more than a year, but now 
they have been confirmed. Virus ex­
pert Harold J Highland, who edits the 
journal Computers and Security, calls 
the new infection a macrovirus, be­
cause it consists of special commands 
called macros. 

Reports of the macrovirus are diffi­
cult to track down, apparently because 
it has struck corporations that are re­
luctant to release details to the pub­
lic. One version of the virus appears to 
be spreading on Lotus 1-2-3 software. 
Every time a user runs an infected 
program, the virus calls up a work 
sheet from memory at random, alters 

Two complex numbers are added by 
summing their respective real and im­
aginary parts separately. In other words, 
the sum of the complex numbers repre­
sented by a + bi and c + di is (a + c) + 
(b+ d)i. 

The product of the two numbers is 
slightly more complicated. It is 
(ac - bd) + (ad + bc)i. That formula can 
be applied in order to derive a formula 
for the square of a + bi, which is 
(a' - b') + 2abi. The square's real 
part is (a' - b') and its imaginary part 
is 2ab. 

One further application of the mUltipli­
cation formula yields another formula, 
one for the third power of a + bi. The 
real part of (a + bi)3 is a(a' - 3b'), and 
the imaginary part is b(3a' - b'). 

Complex-number arithmetic 

the numerical content of a single cell 
by a small amount and puts the al­
tered work sheet back in memory. The 
damage the virus can do is potentially 
great, since small changes in data can 
go unnoticed for months, significant­
ly affecting the results of the spread­
sheet calculations. 

In spite of such evidence, Tom Pitt­
man of Spreckels, Calif., thinks the 
March column was an overreaction on 
my part. According to Pittman, one 
must be careful to distinguish be­
tween useful and destructive viruses. 
The difference may be semantic. There 
are certainly useful programs that 
lead a viral or even wormlike exis­
tence. They have jobs that range from 
file compression to input scanning, 
but they are not normally called virus­
es or worms. 

Edwin B. Heinlein of Mill Valley, 
Calif., would press for the establish­
ment of a Center for Computer Dis­
ease Control modeled after the Cen­
ters for (Human) Disease Control in 
Atlanta. Such a center would be part of 
a broader effort for studying and cate­
gorizing viruses and for drawing up 
new laws pertaining to the reporting 
of incidents and the punishment of 
offenders. The research undertaken in 
such an effort might also yield new 
filters and virus-detection schemes. 

FURTHER READING 

BIOMORPHS: COMPUTER DISPlAYS OF 

BIOLOGICAL FORMS GENERATED FROM 

MATHEMATICAL FEEDBACK LooPS. Clif­
ford A. Pickover in Computer Graphics 
Forum, Vol. 5, pages 313-316; 1986. 

MATHEMATICS AND BEAUTY: TIME-DIS­

CRETE PHASE PLANES AsSOCIATED WITH 

THE CYCLIC SYSTEM. Clifford A. Pick­
over in Computers and Graphics, Vol. 
11, No. 2, pages 217-226; 1987. 
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BOOKS 
Cats and people, algorithms and Crays, 

spicules and wheels, goonch and neem tree 

by Philip Morrison 

THE DOMESTIC CAT: THE BIOLOGY 

OF ITS BEHAVIOR, edited by Dennis 
C. Turner and Patrick Bateson. Cam­
bridge University Press ($59. 50; paper­
bound, $22.95). 

Cats have dwelt amongst us for 
some 4,000 or 5,000 cat generations­
enough to select out a new subspecies 
even though there was not always a 
systematic control over breeding. The 
cat fancy has maintained that control 
tightly for a few hundred years at 
most. Here in the U.S. there are about 
50 million cats in and about our 
homes, barns and fields; the cat is fast 
becoming the favorite pet of a busy 
urban population in most countries of 
the industrialized world. 

Cat behavior is the topic of plenty of 
many widely read books, most of them 
anecdotal and personal, their insights 
more artful than scientific. This vol­
ume sets out the status of our knowl­
edge-and our ignorance-as docu­
mented for many cats in many places, 
the behavioral research of a score of 
experts from Switzerland to New Zea­
land. They are professional students 
of pet, farm and feral cats, bringing 
to bear all the techniques and exper­
tise of contemporary ethology, from 
cat-by-cat and moment-by-moment re­
cording to radio location. The chap­
ters have been worked into an over­
all account, from the individual devel­
opment of kittens and their mothers 
to cat societies large and small (with 
their classes of membership) and on 
to the hunting behavior of a deft pred­
atory carnivore. There is some untan­
gling of the well-woven skeins that 
have come to link cats and people: the 
present of a rubber ball, the generous 
cat gift of a half-dead mouse or the 
friendly rubbing of cat cheek on hu­
man nose. Those events and more are 
shown in attractive and authentic line 
drawings by Melissa Bateson. 

The dog has shared the fireside with 
us since cave days. The circumstances 
of the imperfect domestication of the 
cat remain a little speculative. It was 

114 SCIENTIFIC AMERICAN July 1989 

much more recent, maybe later than 
3000 B.C., with the tabby-coated wild 
North African subspecies of Felis sil­
vestris libyca as the chief ancestor of 
the present somewhat hybridized do­
mestic cats. That first subspeCies is 
clearly more docile than its intractable 
northern European counterpart. An 
Egyptian tomb of 1900 B.C. holds the 
bones of 17 cats, along with little pots 
for offered milk. By 1600 B.C. cats were 
fully domesticated in Egypt, often 
painted in family and hunting con­
texts. They were adored pets and cult 
objects for five centuries before He­
rodotus wrote of the cat goddess and 
her priesthood and of the great tem­
ple that was visited in spring by 700,-
000 festive and bawdy pilgrims. Cats 
came still later to Rome and then to 
India and the Far East. 

Both in Christian Europe and in me­
dieval Japan, cats have encountered 
times of popular love and of fierce 
hate. Hatred of the cat is associated 
with witchcraft and demonic posses­
sion, an imputation whose roots cer­
tainly include a negative perception of 
active female sexuality and the "sexual 
insecurities of . . .  males. " Popular as 
cats are today, there is evident public 
ambivalence (on the hard evidence of 
polls) about the cat who walks by 
herself in the wet, wild woods. Dogs, 
so loyal and so deferential, do not 
share such antagonism. All the same, a 
10th of the cat and dog populations 
alike are put to death every year in the 
U.S. as unwanted and expendable. 

All cats hunt, hungry or not, when 
they can. Mothers bring dead prey 
to their kittens very early, and then 
during weaning they release live prey 
near the kittens, letting them learn 
how to capture and kill. Kittens follow 
the mother's choice, preying lifelong 
mostly on the same strains of mouse 
or rat. It is plain that there are par­
ticular developmental stages during 
which the kitten is open to a variety of 
lessons through trial and play; once 
each stage is passed, the kitten is quite 

resistant to change in the learned be­
havior. Preference for social compan­
ions, in particular human beings, is 
largely fixed in the time between two 
and seven weeks of age. 

The diet of cats, as measured both 
by stomach contents and by animals 
brought home, shows that among the 
small mammals cats prefer voles, then 
young rabbits and hares, then mice 
and rats, with insectivores last. Birds 
are less important items of diet on all 
continents; insects and reptiles are 
eaten as well. Cats given milk as a 
supplement can keep buildings free of 
Norway rats within a distance of about 
50 meters from the place where the 
cats dwell, "once existing infestations 
[are] eliminated by other means. " Be­
cause cats prey mainly on young rats 
of under 100 grams, a full rat popula­
tion will survive the cat onslaught a 
long time. This is the supposed basis 
for early domestication: it is argued 
that the cats "domesticated them­
selves" by hunting in the pest-ridden 
Egyptian granaries, to be lured and 
rewarded by observant and grateful 
farmers. Yet the scenario ignores the 
Egyptians' fondness for taming ani­
mals, demonstrated with monkeys, 
hyenas, mongooses, crocodiles, lions 
and many horned beasts. They would 
never have overlooked cats, even if 
cats could not pay their way by catch­
ing mice. 

Cat society is wonderfully reported 
here, from solitary cats (who yet from 
time to time hear and scent others) to 
bands of feral cats on uninhabited 
islands, where they live by predation 
on seabird nesting colonies. Here are 
the scandalous affairs of the cats of 
the Roman ruins (observable only by 
day), with scores of cats to a band, fed 
daily by cat lovers, and tales of even 
larger groups in a Japanese fishing 
village living on the rich dumps of 
fishing waste. There are careful stud­
ies of numbers and kinds of interac­
tion, pair by pair in colonies of vari­
ous sizes. 

The matter is far from Simple, but 
it is hard to avoid the conclusion that 
all cat society is based on the "so­
cial matriline, " the group consisting of 
one female and the generations of her 
offspring. Stable cat society is a set 
of female kin groups, around which 
loosely circle some adult males, young 
and old, who come and go. Food sup­
ply fixes denSity, whether it is the 
regular feeding by Swedish nonfarm 
rural households or the abundant 
young rabbits taken as prey out in the 
wild grasslands of Australia. The best 
"reproductive strategy" for a species 
given to multiple mating is not easy to 
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fix, despite considerable effort. There 
are no such studies yet of the wild 
ancestral subspecies, but here there is 
an echo of the pride of lions, if not the 
dark lair of the tiger. 

The genetics of behavior is surpris­
ingly absent from this account. There 
is mention of the deafness of blue­
eyed white cats, whose females are 
often unusually timid. Siamese cats 
have a serious wiring error in the cir­
cuitry between the retina and a junc­
tion box and processor along the op­
tic nerve. The mix-up is believed to be 
the consequence of a single enzyme 
deficiency. Somehow the Siamese can 
compensate well enough to see almost 
normally. The special behavior pat­
terns of selected breeds of cat are 
mentioned here only in passing. 

The volume is a fine example of 
behavior study; it is a proper study for 
humans, for surely we share the cat's 
mammalian heritage. The plasticity of 
cat behavior, built of a modest number 
of modules that can be arranged to 
suit the widely varied environments 
we have taken them into, is worth our 
keen attention. Our primate-derived 
and culture-overlain nature is certain­
ly no less adaptable; we shape our 
tame and wild selves more freely even 
than we have formed the cats, if with­
in still dimly seen constraints of our 
own evolutionary legacy. One gath­
ers that not all the sociobiologist au­
thors of this lively and readable book 
would agree. 

IDEAS AND INFORMATION: MANAG­
ING IN A HIGH-TECH WORLD, by Arno 
Penzias. W. W. Norton & Compa­
ny ($17.95). SUPERCOMPUTERS AND 

THEIR USE, by Christopher Lazou. Re­
vised edition. Oxford University Press 
($55; paperbound, $27.50). 

How would you find all the ana­
grams in a piece of text-say, in "Can 
cane sugar lead to a good deal of 
acne? " Matching the letters of the first 
word against those in each of the fol­
lowing words is a brute-force method, 
fine for a line or even a page, hardly 
for a bookful. Better to spend your 
comparison effort only with words of 
matching length, still better to sort the 
words by length before comparison, 
better yet to alphabetize the words 
first in order to avoid repetitive com­
parisons. A winning scheme is rather 
to alphabetize the letters within each 
word and then to arrange those re­
spellings in alphabetical order: "a, 
acen, acen, acn, adel, adel. . . .  " The two 
anagram pairs now match easily. That 
is an instance of a sensible algorithm, 
or sequence of elementary steps re­
quired to gain an end: the intellec-

tual module of computer program­
ming. "In my view, the ability to find 
such creative solutions comes clos­
er" to computer literacy than mem­
orizing keyboard commands, Penzias 
concludes. 

This demystifying, modestly pre­
dictive brief book in a personal and 
conversational tone, innocent of jar­
gon, equations and even diagrams (one 
simple logical circuit does appear), is 
the general reader's highroad into the 
modern world of computers and their 
consequences. The author is a famed 
radio astronomer now become the re­
flective research head of the AT&T Bell 
Laboratories, one of the world's old­
est and most successful industrial re­
search establishments. 

Sound-recording companies do not 
keep analog libraries of sweet sounds 
any more. Instead they sample the 
amplified signal of any performance 
every few microseconds and measure 
its amplitude, recording all "the 'wig­
gles' in numerical form. " A cookie cut­
ter is a homely example of analog 
information; an old cutter will form 
cookies in its own marred image to 
share its dents and nicks. But the digit­
al text of an old cookbook recipe, like a 
digital compact disk, will continue to 
prescribe cookies just as good as they 
ever were until the creases and stains 
lie so heavily on the page that whole 
words become uncertain. Digital infor­
mation is resistant to noise, although 
not totally immune. 

So runs Penzias's account, with es­
says on numbers, rules, technology, 
ideas, the implications of computing; 
on it goes to the human element of 
the new technology, the hierarchies 
of good and bad organizations, and fi­
nally a small biography of Theodore 
N. Vail, the executive who created the 
modern Bell system between the times 
of Teddy Roosevelt and Warren G. 
Harding. Along the way one hears of 
the formidable chess-playing comput­
er Belle, the pseudopsychiatrist ELIZA 
and the rise of optical-fiber communi­
cations. The virtue of rough estimates, 
the inordinate increase of permuta­
tion possibilities with the number of 
elements, and the productive integra­
tion of diverse individual expertise 
are strong motifs here, with a neat 
summary of the rise of Apple from 
surging innovator to a "big, boring" 
and brilliantly successful corporation. 
This is not surprising from the view­
point of a man at home within AT&T, 
but the argument is in place for dis­
senting readers to reflect on. 

One cautionary anecdote of many 
must suffice. At Holmdel, N. ]. . the big 
radio horn-the one with which the 

author first detected the afterglow 
of the big bang-was never used for 
transmission. Yet even during idle sea­
sons a neighbor complained that its 
presence ruined his TV reception. In 
vain the Bell Labs people explained 
how that could not be, and finally 
the engineers accepted his despairing 
challenge to come see for themselves. 
It was all true; the innocent viewer, not 
the experts, was right. The big immo­
bile structure reflected one particular 
TV signal only at his receiving loca­
tion, to cancel and break up the good 
picture once enjoyed! Offered as an 
example of the open-minded tests re­
quired by the method of science, the 
tale echoes with wider implications­
natural enough given the author's own 
openness and good humor. 

The second of these books is by no 
means meant for the computer-inno­
cent. It is a tour de force of savvy 
epitomizing and appraisal. The vol­
ume reminds a reader very much of 
the genre of books that picture and 
compare the warships or the aircraft 
of the world. Neither the technically 
uninformed nor the directly engaged 
specialist can use such books very 
well; rather they fascinate and support 
a culture of the curious, the critics and 
those who want to come to know not 
so much the trees as the forest. To 
bring out the aptness of this compari­
son, it is enough to look at one page of 
this lively book. There side by side are 
scaled line drawings, one from the top 
and one from the side, of Cray-2 and 
Cray-3. Cray-2, a sculptural beauty 
with a C-shaped plan five feet across, 
first was flown at NASA Ames in late 
1985. Its faster, more powerful broth­
er, a yard-high octagon, was in proto­
type last year at Chippewa Falls, Wis., 
where Lazou admired its robot assem­
blers working in their crowded clean 
room, its new and faster gallium arse­
nide chips and its intense miniaturi­
zation. Cray-3 should reach its first 
users within a year, giving them five 
or 10 times the speed and memory 
of Cray-2. 

Supercomputers are as old as digital 
computing itself: the name is simply 
given to the fastest and most powerful 
general-purpose computers extant at 
a given time. They are primarily "num­
ber crunchers," 100 times faster than 
commonplace big mainframes. They 
are thought of as scientific computers 
even though they are put into play 
far from the research lab or design 
department-for decryption, commu­
nications traffic analysis and the mov­
iemaker's digital special effects. Per­
haps 70 supercomputers, half of the 
population, were government-operat-
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ed in 1985. In 1990 there will be many 
more in industrial and university use: 
predicting fluid flow for aircraft, auto­
mobiles, reactors and plasmas; solv­
ing many-body problems; doing 3-D 
seismic mapping; and analyzing com­
plex structures, ocean currents and 
real-time weather. The world's super­
computer census should rise by the 
early 1990's to 450 machines. Six cor­
porations in three continents are now 
in the market; they expect as much as 
$20 million for each machine. 

The main text here is a few years 
old; its account of the history, the 
chief players and the main technolo­
gies, issues and applications is still 
fully useful. The final fourth of the 
revised version is a very knowing up­
date to the spring of 1988. There is 
a brief appendix on the features of 
modern FORTRAN for array processing. 

The ticks of the supercomputer's 
clock are fast: it beats every couple of 
nanoseconds. Operation is concurrent 
as well as sequential; parallel flows 
of data and operations stream down 
scores of channels all at once to mul­
tiple central-processing units, 16 of 
them in the new Cray. The fast ma­
chines are physically small, because 
subunits must communicate and long 
paths carry two-way signals slowly. 
These dense, active machines neces­
sarily run hot: 150 kilowatts in well 
under a cubic meter of intricate elec­
tronics is comparable to the power 
of an automobile engine, one made 
not of aluminum and steel but of the 
most delicate materials. Cooling is in­
sistent and even determining; a fluo­
rocarbon coolant pours through ev­
erywhere. Memory is vast, a couple of 
gigawords of 64 bits each. 

What comes clearest is that su­
percomputing success is a matter of 
many-sided balance. Multiple parallel 
processing is needed (it has been used 
for a generation at a low level of mul­
tiplicity), but so too is swift one-by­
one operation, capable of executing a 
dozen floating-point logical steps be­
tween clock ticks. Interlinking many 
parallel streams takes time, exactly 
as waiting for step after step takes 
time. A chain of events is no faster 
than its slowest links. Ingenious new 
"massively parallel" architectures, with 
many small, slow central-processing 
units of modest power interconnected 
(as if along the many edges of a mul­
tidimensional hypercube, for exam­
ple), promise good cheap specialized 
machines-minisupercomputers, now 
in the making by a hundred smaller 
firms. They are not yet the top of the 
line; someday, perhaps. Rumor has 
one famous designer now quietly at 
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work on a million-processor machine. 
Fiber-optic speed beckons: imagine a 
cluster of 16 Cray-3's serving a super­
fast shared central memory, all opti­
cally linked. 

Somewhere ahead convergence lies. 
More multiple but still fast-working 
conventional architecture will encoun­
ter speeded-up massively parallel ar­
rangements somewhere on this side 
of infinite speed and of the new mil­
lennium. Software, now based on 30-
year-old FORTRAN (to be sure in its 
new standard 8x avatar), is growing 
in richness. Out there on the expand­
ing horizon the giant shadow of liM 
can be made out clearly: Cray-4 will 
one day be matched against a new liM 
counterpart and possibly some multi­
megawatt monster of multiple proc­
essing as well, called liM TF-l for its 
hoped-for teraflops. The subculture is 
in luxuriant blossom. 

LIFE'S DEVICES: THE PHYSICAL WORLD 

OF ANIMALS AND PLANTS, by Steven 
Vogel. Illustrated by Rosemary Anne 
Calvert. Princeton University Press 
($49.50; paperbound, $17.95). 

Security is not always to the strong. 
The bull kelp in its cold, wave-tossed 
forest is held to the bottom on a long, 
tensed stem, but the strength of that 
stem is "orders of magnitude below" 
tendons or cuticle. Only its tensile­
energy storage is at a respectable mag­
nitude; the rubbery stuff could recov­
er from extensions of almost 50 per­
cent. It endures by giving way for a 
while, since it is a rare single wave that 
lasts long enough to reach the break­
ing strain. 

Steven Vogel is a Duke zoologist 
whose special study is biomechaniCS, 
the engineering of organisms mostly 
at a macroscopic scale. His own "in­
fantile prejudice" in favor of fluids, 
relict of the universal nursery-school 
delight in pouring water, led him to an 
earlier volume that was narrower and 
deeper than this, if still a wonderfully 
broad introduction to the physics of 
life in moving fluids. Here he offers 
readers a more basic and wider look at 
life for the sheer delight of winkling 
out from its diversity the "constraints 
and opportunities" directing that pa­
tient engineer, evolution. He writes 
with unusual recognition of the needs 
of the inexpert reader, in a personal 
and lighthearted style, seasoned per­
haps a little too strongly with punning 
and word play. 

It would not be easy to cite a better 
brief introduction to literacy in phys­
ics than the first four chapters of this 
volume, along with the notes on num­
bers at the end of the book. Graphs 

and tables, with very few equations, 
lead a novice through the needed ge­
ometry and mechanical understand­
ing, mainly the big ideas of conserva­
tion, variables and ratios, and dimen­
sions. They are all given concreteness 
by illustrative tables and nifty exam­
ples. It is not all pat, either; there are 
plenty of surprises. "Just as you can 
guess the size of the animal from a 
picture of its skeleton," expliCit with 
bony drawings of cat and elephant at 
equal size, "you can guess the size of 
an animal from a photomicrograph of 
one cell of its liver." Animal cells are 
pretty much all of a size, but their 
internal biochemical plant adapts to 
overall metabolic needs; Vogel does 
not mention mitochondria, although 
later he does enter the microworld for 
muscle fibers and micro tubules. 

The remainder of the book builds 
chapter by chapter on that strong base 
of physics. Comparative biomechanics 
is pursued through fluids, materials, 
structures and support on to mobility 
and a wise little final essay on energy. 
It is not that there are many direct 
lessons for human engineers in the 
works of the natural one, but where 
else is there any technology to com­
pare with what we have? " Ships don't 
wiggle their sterns, cars aren't . . .  
equine, and airplanes don't flap," all 
for very practical reasons. Even if 
sponge-spicule networks superficially 
evoke the tensegrity nets of Kenneth 
Snelson and R .  Buckminster Fuller, 
sponges are not at all the "Fuller­
on-earth" that Vogel once expected. 
Sponge networks are highly deform­
able, almost the opposite of Fuller's 
cleverly won and wiry stiffness. (Vo­
gel reminds us that the bath sponge 
is an aberrant form, almost without 
spicules-all soft stuff.) Some of the 
grand tents of the designer Frei Otto 
lie closer to many pressurized struc­
tures of life. 

Wheels are a second example. Ufe at 
macro scale does not roll, whereas so 
many of our machines do, inside and 
out. Some evolutionary authors have 
dilated on how hard it is to evolve 
organic free-spinning wheels, but Vo­
gel cites his "fractious friend" Michael 
LaBarbera on how much the utility of 
wheels depends on roads: "The gener­
al superiority of wheels as a mode of 
transport is false." Consider the nar­
row, winding streets of the Casbah, 
welcoming camels, donkeys and por­
ters but not carts or cars. 

A reader from New Mexico might 
be forgiven some skepticism toward 
both rationalizations. See the vision 
of some large prairie plant blowing 
across the wide, undulating land in a 
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steady wind, rolling swiftly on a few 
wheels made of its dried and much­
branched outer twigs, now loosely 
held by the sturdy dried stem that 
once fed them. The dried tumbleweed 
is visibly all wheel; evolution is surely 
capable of such a design, given need. 
When we see life on other planets, look 
out for wheels. Meanwhile, this de­
lightful volume leads to the only com­
parable technology around, almost ev­
erywhere instructive, though hardly 
the same. 

ENCYCLOPEDIA OF INDIAN NATURAL 

HISTORY, R. E. Hawkins, General Ed­
itor, Doris Norden and Bittu Sah­
gal, Illustrations Editors. Published on 
behalf of the Bombay Natural Histo­
ry Society by Oxford University Press 
($49.95). 

The grand subcontinent that con­
tains India and half a dozen neighbor­
ing nations is home to wildlife whose 
scope and variety would dazzle us, but 
for the fact that the glow of the diverse 
human cultures is so bright. For the 
people of the region, though, the nat­
ural legacy is pervasive: the animals 
and plants of snowy mountains and 
hot desert, of deep forest and wide 
shores, support their lives and inform 
all their expression. What would be 
left of our image of that world without 
tiger and peafowl, falcon and cobra, 
banyan and lotus? 

A century back "eight gentlemen of 
Bombay" formed the Natural History 
Society there; it has grown to nation­
al stature, a leader not only in field 
research and collection but in the ur­
gent movement for nature conserva­
tion. Convinced that broad public un­
derstanding is essential to the preser­
vation of wildness, the society decided 
that its centenary celebration should 
take the form of this book, the socie­
ty's most ambitious publication: a ref­
erence work in language open to gen­
eral reader and young student and a 
reliable first resort for the expert. This 
thick volume presents 550 articles, 
from Accentors to Zoological Survey 
of India, with plenty of visual matter, 
including a very well made endpaper 
map, 40 full-page plates and an ingen­
ious set of decorative initials, each one 
bearing some half-dozen sketches of 
animals and plants with names that fit 
the letter in English, Hindi or taxo­
nomical Latin. 

The articles, some concise and some 
extended, are by many authors. They 
center on regional natural history. But 
what would any curious reader think 
of an encyclopedia so provincial that it 
did not discuss chlorophyll or the gi­
ant panda? Both are here, with many 

more in the same spirit. A review does 
better to extract the particular. The 
work is clear and usually satisfying 
at an introductory level. The language 
is quite free of confusing usages, and 
the content is free of those folkloric 
whoppers that beset even careful writ­
ers in this vein. 

Game fish are taken widely in India; 
the largest is the goonch, a freshwa­
ter catfish that may run to more than 
500 honest pounds in weight. Torna­
does are rare; one in Delhi in 1978 
was viewed as exceptional. But the 
tracks of hurricanes (colorlessly called 
severe cyclones) enter the peninsula 
from one coast or the other a few 
times each year, mostly before and 
after the monsoon period. Severe cy­
clones in the Bay of Bengal are twice as 
frequent as those on the Arabian Sea 
and are disastrous to the Bengal low­
lands. The lofty poonspar tree is a 
glory of the wet evergreen forests of 
the Western Ghats. For hundreds of 
years it was felled to provide masts for 
seafaring dhows; "the price paid was 
the number of rupees laid edge to 
edge along the length," which was of­
ten 45 meters. 

In the Deccan lava flows, a million 
cubic kilometers of basalt, there is 
a famous pile of hexagonal columns 
no less remarkable than those of the 
Hebrides or of Wyoming. Elsewhere in 
those wide, steplike formations are 
the "railway diamonds," geodes filled 
with gemmy quartz found abundantly 
during the boring of the railway tun­
nels near Pune. The commonest gar­
den spider in India weaves an orb web, 
raises its center into a dome, builds 
an open-meshed deck below the top 
of the dome and waits there upside 
down for prey; often one finds several 
such spiders side by side in a thorny 
bush. Two hundred thousand Olive 
Ridley sea turtles nest each year on 
one beach on the Bay of Bengal; in 
good years many thousands of pink 
flamingos nest on the salt flats of the 
Great Rann of Kutch; every day in the 
parks of New Delhi, and indeed all over 
the north, the thrushlike birds they 
call in Hindi the "seven sisters" quietly 
hop along the leaf-strewn ground, al­
ways in amiable little parties. 

For such other renowned Indian 
topics as falconry, elephants, tigers, 
the greater rhino, the king cobra 
("most intelligent of all snakes" and 
the only snake that nests) or the won­
derful neem tree, whose beautiful 
deep-green antimalarial leaves are in 
universal daily use as good for the 
gums-for all these you will have to 
explore this unusually attractive book 
on your own. 
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ESSAY 
From Descartes 

to neural networks 

by Patricia Smith Churchland 

R
eflex behavior, Descartes rea­
soned, could be explained in 
terms of the physical connec­

tions of nerves and muscles. But for 
nonreflexive behavior, behavior pro­
duced by intelligence and planning, 
he could not imagine a physical ex­
planation. In his famous summation 
"I think, therefore I am," the "I" was 
considered a nonphysical thing, a soul 
existing independently of the physical 
brain but in some kind of causal in­
teraction with it. The Cartesian idea 
of two very different substances-the 
mental and the physical-has endur­
ing appeal. The subjective phenomena 
of which we are introspectively aware 
when we see or think seem to be en­
tirely different from the physical activ­
ity of brain cells. 

Yet how things seem is often not 
how science discovers them to be. The 
earth does in fact move even though it 
seems not to; "solid" matter is in fact 
mostly empty space; living things 
were not created but evolved from 
simpler structures. Descartes and in­
trospection notwithstanding, those of 
us who are physicalists expect that by 
discovering the nature of the brain 
and the principles governing how it 
works we can understand perception, 
learning and other "mental" functions 
in neurobiological terms. 

How fares the physicalist program? 
Within this decade progress in neuro­
science has been spectacular, and a 
great deal is now known about the 
properties of neurons and about the 
complex molecules that affect the re­
sponses of neurons. At the same time 
experimental psychology and clinical 
neurology have yielded behavioral 
data that reveal much about the scope 
and character of such psychological 
capacities as visual perception and 
memory. These data are essential if 
neuroscientists are to know exactly 
what the functions are for which they 
are seeking mechanisms. 

If we already understand much about 
the nature of cells and about the gen-
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eral character of psychological capaci­
ties, is that not sufficient to explain 
how we learn, see or talk? No: neces­
sary these data surely are, but suffi­
cient, alas, they cannot be. The reason 
is that the brain is a kind of comput­
er, and to understand how the brain 
works we need also to understand the 
computational principles that nervous 
systems employ. To be sure, neurons 
are the basic units, but they intercon­
nect to form networks and systems. If 
we are to understand how the brain 
enables us to see and learn, we must 
understand how networks of cells in­
teract to represent, transform and 
store information. 

The hard part is to figure out what 
kind of computer the brain is. The 
problem would be easier if the brain 
resembled the familiar von Neumann 
computers, with their serial, digital ar­
chitecture, unrnodifiable connections 
and memory banks. The resemblance 
is very feeble, however; the brain 
seems to be a computer with a radi­
cally different style. For example, the 
brain changes as it learns, it appears 
to store and process information in 
the same places, its elements are ana­
log rather than digital and it is com­
paratively fault-tolerant. Most obvi­
ously, the brain is a parallel machine, 
in which many interactions occur at 
the same time in many different chan­
nels. Moreover, natural selection being 
what it is, there is a premium on solu­
tions that are fast and approximate 
rather than slow but exact. 

The dramatic conceptual break­
through has been the invention of 
computer models that to a first ap­
proximation are brainlike. Neural-net­
work models (also called connection­
ist models or parallel distributed-proc­
essing models) attempt to capture, at 
some appropriate level of abstrac­
tion, the computational principles gov­
erning networks of neurons in ner­
vous systems. Typically the models 
have neuronlike units, axonlike lines 
connecting the units, and modifiable 
synapselike weights on the connec­
tion lines. 

A major discovery has been that 
these model networks can learn. Rath­
er like organisms with a nervous sys­
tem, they can extract commonalities 
from examples and generalize to new 
cases. The key to their learning is that 
their synapselike weights can be mod­
ified incrementally so that the answer 
the network gives to a question gets 
closer and closer to the correct answer. 
How do the weights know in what di­
rection and by how much to change? 
Various algorithms have been devised 
to adjust the weights of synapses-

as a function of error on the previous 
input-output trial, for example. . 

By means of such algorithms a 
network can be trained-as opposed 
to Simply being programmed-to per­
form surprisingly complex tasks. For 
example, it can be trained to distin­
guish the sonar echoes of rocks from 
those of metal objects. It is teclmolog­
ically important that simple network 
systems can thus learn to solve prob­
lems of such complexity; the find­
ing is also illuminating theoretical­
ly, because real nervous systems too 
must learn by using various strategies 
for the modification of synapses. Just 
what algorithms the brain actually 
uses for synapse modification is not 
known, but the hope is that conver­
gent research from neuroscience and 
from network modeling will be able to 
discover them. 

Other seminal ideas emerging from 
neural-network modeling have provid­
ed insight into what the brain could be 
doing. The general problem of the na­
ture of computations and representa­
tions in nervous systems is now more 
approachable because cognitive rep­
resentations in model networks sim­
ply are patterns of activity across a 
large population of units; computa­
tions are synapse-mediated transfor­
mations from one pattern to anoth­
er. All of this means that represen­
tations must typically be distributed 
across large neuronal populations 
rather than being assigned to individ­
ual "grandmother" cells. Motor control 
is likewise distributed rather than em­
anating from "command" neurons. 

Although the modeling of nervous 
systems is still in its infancy and we 
do not yet have any model that exact­
ly explains how we see or learn, there 
is a gathering conviction that current 
lines of research, like the network 
models themselves, are converging on 
answers. Progress so far does provoke 
educated speculation about the neu­
robiological basis of our mental lives. 
Descartes' was a 17th-century vision: 
pre-Darwin, pre-Turing and pre-neu­
roscience. Informed by neuroscience 
and computer science, we can moder­
nize his vision and begin to discern 
the shape of a new theory about the 
nature of the mind-of what it is for 
the physical brain to see, learn, and 
understand itself; of what it is to be a 
human being. 

PATRICIA SMITH CHURCHlAND, pro­
fessor of philosophy at the University of 
California, San Diego, is the author of 
Neurophilosophy: Toward a Unified Sci­
ence of the Mind-Brain. 
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LX 800 180 CPS ................... $179 
FX 850 264 CPS ................ .. CALL 
FX 1050 264 CPS ................ CALL 
DFX 5000 533 CPS ............. CALL 
LO 500 180 CPS ..................... 275 
LO 850 264 CPS .................. CALL 
LO 950 264 CPS .. ....•.. ...... ... CALL 
LO 1050 264 CPS .... ............ CALL 
LO 2550 NLO 324 CPS .. ... .. CALL 
TOSHIBA PRINTERS 

P321 SL ................................ CALL 
P321 SLC (color) ....... .......... CALL 
P341 SL ................................ CALL 
P351 SX ............................... CALL 

Logitedl 
Serial Mouse •.............................• $88 
Hi·Res Bus II ....................... ........ .... 88 

Microsoft 
Paint brush Bus or Serial ....•......•... 98 
Easy CA Bus or Serial ....•............ 127 

Paintbrush wlWindows 

Bus or Serial ................................ 135 

Mous.Syst_ 
MotJsel&1I 
W/Autosketch Bus or Serial ........ 107 
Pop·Up Menus Bus or Serial ......... 87 
PS/2 .......................... ................. . ..... 80 
Omni Mouse (Serial only} •...... 34.98 
MIUI uE-MouseH .................... 75 
Mou .. Met .......................... 3.98 

TOSHIBA EPSON 

OKIDATA PRINTERS 

320 ............. .......................... $350 
321 ........... .... ... . ...... ... .. ...... ... .. .. 499 
390 .............. ......... .......... ........ 499 
391 ..........................•.. • . ............ 699 
393 .................... ..................... 999 
393 (color) ............................ 1099 
182 Plus/Paraliel .......... . .... ..... 239 
SWITCH BOXES 

ROTARY 
488024 2 pos. 25'pin AB ........ $15 
488058 2 pos. 36-pin AB .......... 18 
448028 3 pos. 25'pin ABC ........ 25 
448060 3 pos. 36-pin ABC ........ 28 
448078 4 pos. 36-pin ABCD . . ... 30 
Other Switch Boxes ........... CALL 
PRINT BUFFERS 

PRACTICAL PERIPHERALS 
64K parallel or serial .......... $145 
256K parallel or serial .......... .. 219 
64K parallel interface for 
Epson printers ........... ... ........... . 75 
32K serial interface for 
Epson printers .......... ......... ....... 75 
SMG 
P B36 256 parallel ......... 199 

VIDEO CARDS 
Paradise Short color RGB . .......... . 59 
Paradise Mono Graphics .......... ..... 79 
Paradise EGA 350 .... ....... ............. 159 
Paradise EGA 480 ........ ................ 179 
Paradise VGA Plus ....................... 249 
Paradise VGA Plus 16 .................. 288 
Paradise VGA Professiona l ......... 398 

Generic Hercules compatible ........ 80 

Generic color compatible .............. 79 
Hercules color . .......... .................. 149 
Hercules Graphics PLUS ......... ... 179 
Hercules inColor card ............... 255' 
Hercules VGA ...................... ....... . 189 
Vega Deluxe EGA ......................... 219 
Orchid Pro Designer VGA ........... 325 
'"$139 with purchase of any monitor. 

BOARDS & CHIPS 
MULTIFUNCTION BOARDS MATH COPROCESSORS 
AST Intel 8087 math (5 MHz) ... ....... 590 
Six Pak Plus 384 XT .. . .............. 5279 Intel 80871 math (8 MHz) . ......... 175 
Rampage 286 w/512K ........ 399 Inte180872 math (6 /8 MHz) ........ 129 
Rampage/2 PS/2 50&60 ............. ..... 549 Intel 80287 math (6 /8 MHz) ..... 139 
Advantage/2 PS/2 50&60 . .... 499 Intel802878 math (8 MHz) ........... 205 
XFormer/286 ........................ ..... .. . ... 599 Intel 8028710 math (10 MHz) . . 239 
ORCH/D Intel 8038716 math (16 MHz) ....... ... 375 
Tiny Turbo 286 . .. ... .... .... . ....... 235 Intel 8038720 math (20 MHz) .. 419 
Ramquest PS/2 50 /60 w/2 MB .. 645 Intel 8038725 math (25 MHz) ......... 530 
INTEL ABOVEBOARD Intel80 C287 for 80 C286 . ............ .. 295 
Above Board Plus w/512K 399 NEC V-20-8 .......................... ... .. ..... 9.99 
Above Board Plus 110 w/512K . .. .... 450 CHIPS 
Above Board 2 Plus 

256K 80 Nanoseconds $7.50 
for PS/2 models 50 & 60 ... .. 475 256K 100 Nanoseconds ........ 7.50 
Inboard 386 PC w/l MB .................. 599 256K 120 Nanoseconds ... .. ........... 6.50 
Inboard 386 PC 1MB Piggyback ...... 345 256K 150 Nanoseconds ................. 6.50 

DIskettes 3 M ca����es 
3'ho" SSOO 12,00 
l'f..O 0500 14.00 

3',,-
OSDOHD 32.00 
5'1." 0500 8.00 

OC1OOA 
OC300A 
OC300XlP 
OC600A 
OC6OOHC 
OC615HC 

$13.50 
17.50 
21.50 
23.00 
25.50 
19.00 

sv." 
OCl000 14.50 

DSOO96TPI 17.00 OC1OOO alOha 20MB' 15.50 
OC1OOO della 20MB" 15.50 

1-1,.:::% :::J:.:;:� :...._n _,,_.oo-l �=tledt.a'mdge$ 
17.00 

8" 5500" 20.00 Quanllry o,scovn/s Availilble 
rosoo" 24.00 
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lEIGI I Diablo 

MODEMS 
HAYES and HAYES compatible 
HAYES Internal (incl. software) 
1200B Baud ........ .................... $279 
2400B Baud ............ ................. 429 
Compatible (including software) 
Practical Peripherals 1200 baud 59.99 
Practical Peripherals 2400 baud 129 
Practical Peripherals 2400 MNP 175 
Hayes 1200 Baud ................. .... 289 
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Everex 2400 baud ............ ...... .. 139 
FOR TOSHIBA PORTABLES 
2400 Baud /nternal Modems 
For T1000 . .... .. ........................ $209 
For 1100+, 1200,3100,5100 . ...... 199 

MONITORS 
ZENITH 
Zenith Z M-1490 at screen 
14" VGA color monitor ................ $598 
SAMSUNG 
Samsung Flat-screen Amber ............. 115 
NEC 
Multlsync 2A color ........................ 498 
MUltisync 3D ............ .. ....... ............ 885 
AMDEK 
410A, 410G, 410W 12" ...... .............. 1 50 
432 14" Mono Analog .............. .... .. 159 
632 WVGA ............................ ...... . 375 
732 12" Color ... ...... ........................ 399 
735 14' Smartscan ........... ...... ....... 498 
SONY 
CPO 1303P Multiscan .. ....... ........... 435 
PACKARD BELL 
12"Amber . .................................... . 79 
14PEGA Color .... ........................... .. 335 
14"CGA Color ........................... ...... 229 
14"Amber Fl at Screen ................... 98 
14"White Flat Screen .. ................... 1 05 

TRIPPLITE & PERMA POWER 
Surge Protector Strips 
Isobar 4·6 4 outlet . 
Isobar 8-15 outlet ... 
Isobar 8·15RM 8 outlet 
Line conditioners/stabilizers 
LS600 2 outlet 600 watt . 
LC 1200 4 outlef1200 watt . 
LC1800 6 outlet 1800 watt 
Command consoles 

............. $42 
.. ... 57 

wlremote 65 

.. 85 
. .......... 145 

..... 199 

Perma PD200 2 outlet .. . ......... 25 
Perma Power 6 outlet .. ... .......................... 28 
Perma RS562 Power C mdr ...... .................. 65 
Perma RS610 .. . 50 
CCI612.. . . ................. ....... 69 
CCI6·Plus built· in modem prot. . . ..... 75 
Standby power systems 
BC325 325 watt system. . . .... 269 
8C450 450 watt system . ...... ...... ........ ...... 299 
BC750 750 watt system . .. ......... 499 
BC1200 1200 watt system. . . ... 650 
BC2000 2000 watt system.. . ................ 1199 
Adapter 
PT209 .. . .................... 19.99 
ALL TRIPPLITE & PERMA POWER SUPPLIES 

IN STOCK AT DEEP DISCOUNTS 

External (no software included) 
U.S. Robotics 1200 baud . : ....... 179 
U.S. Robotics 2400 baud ..... ... 299 
U.S. Robotics 2400E ................ 385 
U.S. Robotics 9600HST ........... 599 
Prac. Peripherals 2400 baud Mini 79 
Practical Peripherals 2400 baud 179 
Practical Peripherals 2400MNP 199 

SEA GA TE 
Internal Hard Disk Subsystems 

20 Megabyte w/Contr. XT . $275 
20 Megabyte 3.5" w/Cont. .... 319 
30 Megabyte RLL. XT ........... 299 
40 Megabyte 40 MS '/,HT .... 389 
40 Megabyte 28 MS 'hHT .... 445 
80 Megabyte 28 MS ............. 649 
123 Megabyte 28 MS 

with controller .................. .... 899 
MIN/SCRIBE 
30 Megabyte RLL XT ........ ... . 299 
40 Megabyte 28 MS 'hHT .... 450 
70 Megabyte 28 MS 'hHT .... 599 
HARD DRIVE CARDS 
Western Digital 30 PS 

30MB and 40MB ...... ...... ... CALL 
PLUS DEVELOPMENT 
20MB Hard Card .............. ..... 499 
40MB Hard Card ...... ............ 599 
TAPE BACKUPS 
Mountain Internal 
40MB XT or AT ..................... 379 
60MB AT .......... ..................... 899 
60MB PS/2 ................... .. .... ... 975 
Mountain External 
40MB XT or AT .. .. .. ............. .. 575 
150MB or AT PS/2 ..... .. ....... 1499 
Full Line of Mountain PC & PS/2 
Tape Drives Available 

DISK DRIVES 
TOSHIBA 
ND 04D 'hht. 360K OSOO 

IPC/XT) ....... ........ .... ... .. ............ $79 
NO 040EG V,ht. 360K DSDD 

IPC/AT) . ... ... . ............ . .. ..... ...... .. ... 79 
NO 080EG 1.2MB IPC/AT) .... .... 90 
ND 352KU 3.5" 720K (XT/AT) ... 90 
NO 356 T 1.44MB (PC/AT) .. ...... 115 

FAX MACHINES 
ATIltT 
34100 .. ........... ...................... ......... 999 
35100 ....... ................................ ... .... 1399 
35200 .............................................. 1299 
SHARP 
UX 180 .............................................. 999 
UX'350 ............................ ........ ... .. "389 

RICOH 
RF800 ............... .... .. ........................ . 679 
TOSHIBA 
Model 3300 ......... ...... ...................... $799 
Model 3700 .................. ................... 1199 
PERMA POWER STRIP FOR FAX 
Perma RTD 410 ...... ........................... $45 

6557 North Lincoln Avenue, Chicago Illinois 60645 Call in IL 312·982-5765 
Call Toll Free 800·621 ·1269 - Except IL, AK Canadian Toll Free 800·459·9133 

Prices subject to change, all products subject to availability. 
ALL ELEK-TEK MERCHANDISE IS BRAND NEW, FIRST QUALITY AND COMPLETE. 

RETURN POLICY All sales are final except defectives which Will be replaced With Identical 
merchandise only wlthm 30 days. (computers and large penpherals - 3 work days) after 
which manufacturer s warranty applies 
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