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LETTERS 
To the Editors: 

In "Chernobyl, U.S.A.?" [" Science 
and the Citizen," SCIENTIFIC AMERI­
CAN, July] Thomas B. Cochran, a sci­
entist at the Natural Resources De­
fense Council, is given as the source 
of the information that "hydrogen was 
released during the 1979 accident at 
the Three Mile Island-2 reactor near 
Harrisburg, Pa. There was no chemi­
cal explosion because little or no free 
oxygen was present." 

According to an article that was 
published in the 1985 Annual Review of 
Energy by Richard S. Denning of the 
Battelle Memorial Institute's labo­
ratory in Columbus, substantial 
amounts of hydrogen were released by 
the reaction of steam with the zirconi­
um-alloy tubes containing the reactor 
fuel; the hydrogen subsequently ex­
ploded. Denning states: "Hydrogen 
produced while the core was uncov­
ered was released to the containment 
[building] ... rapid combustion of the 
hydrogen (deflagration) occurred in 
the containment building, rapidly in­
creasing the containment pressure .... 
The sound of the explosion was heard 
in the control room, but not until a day 
later was the significance of the event 
fully recognized." 

Your article gives the impression 
that because there was no hydrogen 
explosion in the reactor vessel, there 
was no such explosion during the 
Three Mile Island accident. On the 
contrary: there was a significant hy­
drogen explosion, whose severity can 
be judged from Denning's description: 
" Approximately 50 percent of the zir­
conium in the core was oxidized in the 
accident, resulting in the release of 
hydrogen to the containment atmos­
phere. It is estimated that approxi­
mately 700 pounds of hydrogen were 
consumed in the combustion event, 
introducing an overpressure of 28 
pounds per square inch gage on the 
containment. Although the resulting 
pressure was close to the design pres­
sure of the containment, it was well 
below the containment's expected fail­
ure pressure." 

This aspect of the Three Mile Is­
land accident does not seem to be 
well known. In fact, your observation 
that "there is little reason to believe 
U.S. reactors are immune to hydro­
gen-oxygen explosions " would seem 
to be rather understated. 

LARRY CLIFFORD 

Lake Hiawatha, N.J. 
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To the Editors: 
"Modern Windmills," by Peter M. 

Moretti and Louis V. Divone [SCIEN­
TIFIC AMERICAN, June], is a very inter­
esting article about ancient and mod­
ern windmills. I believe, however, that 
the authors erred in assuming that "the 
old mills, pumping water and grind­
ing grain, had to start up under load, 
and to do so they req uired a strong 
torque, or twisting force, from the 
blades in order to turn the grindstones 
or lift the water." 

Actually the only power old grain 
mills required to start was the power 
needed to accelerate the moving parts. 
The millstones in a grain mill were 
separated by an adjustable gap, and as 
long as no grain was milled no work 
was being done. 

Once the mill was turning, the mill­
er gauged its speed by counting the 
tips of the blades as they whizzed 
by. "Eighty ends " (20 revolutions per 
minute) was about the allowable top 
speed; at higher speeds the danger of 
the blades' being thrown off became 
quite real. 

As the wind picked up, the miller 
could increase the amount of work 
being done, and thereby control the 
speed of the mill, by adjusting the gap 
between the stones and changing the 
flow of grain. If the wind became too 
strong, furling the sails and turning the 
head of the mill more or less out of the 
wind were the next steps. It hurt the 
pride of the old Dutch millers to stop a 
mill because of a strong wind, and it 
was always a game to see who could 
keep his mill going the longest. Millers 
whose mills pumped water or pressed 
oil always lost that game, since they 
could not control the top speed of the 
mill by making it do more work. 

CORNELIS LANGEWIS 

Walnut Creek, Calif. 

To the Editors: 
Mr. Langewis is correct in pointing 

out our oversimplification of a com­
plex issue. In some kinds of mills, 
unlike unattended American water 
pumpers, the load can indeed be re­
duced for startup. Historical wood 
windmills, however, had to contend 
with a great deal of friction in bear­
ings and mechanisms, and so the min­
imum load was still a substantial 
fraction of the maximum load. A 
paddle-wheel rotor or a high-solidity 
propeller can handle such heavy start­
ing loads. A high-speed, low-solidity 
turbine, in contrast, has low start­
ing torque; indeed, a Darrieus rotor 
yields zero torque at rest. 

We enjoyed Langewis' description 
of the work of a Dutch miller. We 
might add that the task of furling the 
sails entailed stopping the mill with a 
blade straight down so that the miller 
could reef the cloth from the ground 
or from a gallery. If the miller had not 
foreseen a rising wind and had wait­
ed too long, this could be a difficult 
task! In a storm the brake could prove 
insufficient to bring the mill to a stop 
and would then overheat. There are 
records of a number of Dutch wind­
mills catching fire as a result and 
burning down. 

Another reader asked us to men­
tion that the ancient paddle-wheel mill 
design described in our article is still 
used in some remote areas. He ob­
served mills of that type while he 
was traveling in 1971 near Herat in 
Afghanistan. 

PETER M. MORETTI 

LOUIS V. DIVONE 

Oklahoma State University 
Stillwater 

Editorial correspondence should be ad· 
dressed to The Editors, SCIENTIFIC A�IERICAN, 
415 Madison A venue, New York, NY 1.0017. 
Manuscripts are submitted at the authors' risk 
and will not be returned unless they are ac· 
companied by postage. 

Advertising correspondence should be ad· 
dressed to Advertising Manager, SCIENTIFIC 
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NY 1.0017. 

Subscription correspondence should be 
addressed to Subscription Manager, SCIENTIFIC 
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corner of each month's mailing label. For 
change of address notify us at least four weeks 
in advance. Please send your old address (if 
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Pleasure Trip 
Don't let radar spoil it: Remember your Passport 

Imagine setting out on a long day's 
drive and not having to worry about 
radar. Seeing America might be fun 
again if you didn't have to watch it 
unfold in the rearview mirror. 

PASSPORT means 
low-profile protection 

PASSPORT has exactly what the 
vacationing driver needs: advanced 
radar protection, yet none of the 
nuisances you've come to expect 
of ordinary radar detectors. 

The experts at Car and Driver 
magazine gave us a rave review: "In 
a word, the Passport is a winner:' 

Our customers agree, even 
though we allow them ample oppor­
tunity to do otherwise. Every Passport 
is sold with the promise that it will 
live up to the customer's highest 
hopes, not just our claims. If it doesn't 
satisfy within the first 30 days, it can 
be sent back for a full refund. 

PASSPORT has been on the 
market just over a year and already 
our money-back offer has been 
declined a quarter of a million times. 
So we'll stand on our record. 

$295 (OH res. add $16.23 tax) 
Slightly higher in Canada 

©1986 Cincinnati Microwave, Inc. 

PASSPORT means 
the size of a cassette tape 

PASSPORT provides superhetero­
dyne performance in a package the 
size of a cassette tape. This miniatur­
ization is possible only with SMDs 
(Surface Mounted Devices), micro­
electronics common in satellites but 
unprecedented in radar detectors. 

All you do is clip PASSPORT to 
your dash top, windshield or visor, 
plug it in, and adjust the volume. Upon 
radar contact, the alert lamp glows 
and the variable-pulse audio begins 
a slow warning: "beep" for X band 
radar, "brap" for K band. Simulta­
neously a bar graph of Hewlett -Packard 
LEDs shows radar proximity. 

PASSPORT comes complete with all accessories. 

PASSPOR'P 
RADAR'RECEIVER 

As you get closer, the pulse 
quickens and the bar graph lengthens. 
PASSPORT watches for radar so you 
can watch the road. 

PASSPORT comes with a leather 
travel case and everything necessary 
to get you on the road in seconds, 
no miltter what car you drive. And one 
more convenience - we deliver. We 
make PASSPORT in our own factory 
in Cincinnati and we sell direct to you. 

PASSPORT means 
an easy fit in your travel case 

Call toll free. We'll answer your 
questions. If you decide to buy, 
we'll ship by UPS the next business 
day at our expense. For $6.00 extra, 
Federal Express will deliver to you 
within two business days of shipment. 

And once again, we make this 
promise: if you're not satisfied within 
30 days, return PASSPORT We'll refund 
your purchase and your shipping 
costs. There are no hidden charges. 
Moreover, PASSPORT is backed by 
a one-year limited warranty. 

Next time you set out on a pleas­
ure trip, don't forget your PASSPORT 

Call Toll Free 800-543-1608 
Cincinnati Microwave 
Department 9169 
One Microwave Plaza 
Cincinnati, Ohio 45296-0100 
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The Masterpieces of Science Fiction is being created 
with the active participation of today's greatest 
science-fiction writers. Three of these writers -
Isaac Asimov, Ray Bradbury, and Frederik Pohl­
will each sign his greatest masterwork! 

Others - including James Gunn, Poul Anderson, 
Philip Jose Farmer, Robert Silverberg, Gregory 
Benford, Brian Aldiss, Jack Williamson, and C.J. 
Cherryh - have agreed to write the introductions 
to favorite works by their fellow authors. All of 
these writers and more are helping to make this 
the definitive science-fiction library! 

Behold ... the ultimate library of science fiction! For the first 
time, the greatest masterpieces by the greatest science-fiction 
writers will be issued in luxurious leather-bound editions. 

Timeless, towering works of the imagination, that invite you 
to explore new worlds, encounter strange phenomena, enter­

tain new possibilities. For the first time all these masterpieces 

will appear in fine collector's editions. Permanent, leather­
bound editions to be treasured ... and to be read again and 
again - truly a collection that has been long overdue. 

A complete collection - from the Originators 
to the most recent Award winners! 

The Masterpieces of Science Fiction will comprise the entire history 
of the genre. The library will include heirloom editions of 
works by Jules Verne, H.G. Wells, Edgar Rice Burroughs, and 
Sir Arthur Conan Doyle. Superb editions from the inventors 
of science fiction, classics from the 1940's and 1950's, as well 
as many recent award winners. 

There will be splendid editions of Arthur C. Clarke's 2001: A 
Space Odyssey ... Fred Hoyle's The Black Cloud ... Robert A. 
Heinlein's Stranger in a Strange Land ... Ursula K. Le Guin's The 

The ultimate library 
bound in genuine 

Including edi 
Isaac Asimov, Ray 

Dispossessed ... John Brunner's Stand on Zanzibar ... Sam Delany's 
The Einstein Intersection ... Frank Herbert's Dune ... and Roger 
Zelazny's This Immortal. Many of the works included have 

received the Hugo Award, the Nebula Award ... or both! These 
are the highest honors in science fiction! 

Personally signed editions of today's most 
celebrated science-fiction classics! 

Recognizing the importance of this collection, three of today's 
greatest science - fiction writers will hand-sign their greatest 

masterpieces for each subscriber. Isaac Asimov will sign © 1986 SCIENTIFIC AMERICAN, INC© 1986 SCIENTIFIC AMERICAN, INC



;ience-fiction classics -
'ith accents of 22kt gold! 
?rsonally signed by 
�adbury and Frederik Pohl! 

The Foundation Trilogy. Ray Bradbury, The Martian Chronicles. 
Frederik Pohl, Gateway. 

The editions themselves are masterpieces! 
Each volume will be fully bound in genuine leather - spine, 
entire front cover, and entire back cover. The spine will be 
decorated with precious 22kt gold. Each book will be printed 
on acid-free paper that will last for generations. Pages will be 
gilded along all three edges for beauty and durability. And 

each volume will come with its own permanently affixed rib­
bon page marker. Altogether, these will be among the finest 
leather-bound books available anywhere. 

Convenient acquisition and satisfaction guaranteed! 
The Masterpieces of Science Fiction will be available only by 
advance reservation directly from The Easton Press. You will 
receive one book each month at the original issue price of just 
$32.00 per volume. 

Your satisfaction is guaranteed: you may return any volume 
within 30 days for a full refund; and you may cancel your 
subscription at any time. To reserve the library, simply com­
plete the Reservation Application and mail it today. 

MASTERPIECES OF SCIENCE FICTION 
The Easton Press 
47 Richards Avenue 
Norwalk, Conn. 06857 

No Payment Required. 
We will bill you. 

Please enroll my subscription to The Masterpieces of Science Fiction. Send me 
the first volume and reserve a collection in my name. Further volumes will 
be sent at the rate of one book per month at $32.00'. This price will be 
guaranteed to me for the next two full years. I need send no money now. I 
will be billed for each book prior to shipment. 

I understand that I may return any book within 30 days for a complete 
refund and that either party may cancel this subscription at any time. 

'Plus $2.50 shipping and halldlillg. 

o As a convenience, I wish to pay for my first volume now. I am enclosing 
$32.00 (plus $2.50 shipping and handling - a total of$34.50") payable 
to The Easton Press. 

o Please charge each monthly shipment to my credit card, starting when 
my first volume is shipped. 0 VISA 0 MasterCard 

Card Number Expiration Date 

Name _______________________ _ 

Address 
______________________ _ 

City, State ________________ Zip 
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50 AND 100 

YEARSAGO 

SCIENTIFIC 
AMERICAN 

SEPTEMBER, 1936: "The past 
twelve months and the next to come 
may well be marked in science texts of 
the future as the crucial period in the 
development of cosmic ray theory. 
Within the past year the controversy 
over the nature of cosmic rays has re­
solved itself into a more or less general 
agreement. At least the greater part of 
the original ray consists of charged 
particles. There are three chief compo­
nents: alpha particles, found only high 
in the stratosphere, electrons and posi­
trons, which are more penetrating, and 
protons, the most penetrating of all. 
Where the rays come from and how 
they acquire their great energy are 
questions for the future." 

"A unique method of 'finger-print­
ing' chemical substances through the 
use of X-ray-diffraction patterns has 
been worked out by the Dow Chemi­
cal Company. The molecules of any 
given compound are arranged in a def­
inite geometrical structure, which is a 
characteristic of this compound only. 
Equally characteristic of the given 
compound is the photographic pattern 
that results from the interaction of 
X-rays with this definite geometrical 
structure. The pattern consists of a se­
quence of lines of definite positions 
and intensity. It is these lines that give 
the key to accurate classification." 

"Chief among the external aids that 
the modern archeologist has called to 
his assistance is air photography. Pho­
tographs taken from a vertical point of 
view will reveal all the markings left 
on the soil by man's agency. Photo­
graphs taken obliquely in a slanting 
sun will show, even in the growing 
crops, the outlines of long-vanished 
foundations and the darker patches 
left by disturbances of the soil." 

"The crowded contents of a large 
library can now be duplicated on a 
microscopic scale and yet rendered 
optically available when desired. By 
means of micro-photography an origi­
nal full-size page can be reduced from 
150 to 400 times, registered well-nigh 
imperishably on film and then encased 
in sealed cartridges ready to be insert­
ed in a suitable magnifying reading 
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machine. A pound of film will carry 
micro-copies that are the equivalent of 
a ton of printed matter." 

"The deep-seated conviction of al­
most every red-blooded American 
motorist that other drivers are less 
competent can now be exploded. The 
Bureau of Street Traffic Research at 
Harvard University has developed a 
comprehensive group of instruments 
and tests for measuring driving ability. 
With the means for grading drivers, 
the day is not far off when the hope­
lessly unfit will be taken from behind 
the' wheel, the average driver provided 
with aids toward increasing his skill 
and the superior one perhaps given 
certain privileges as long as they are 
respected." 

"Light from practically all scenes 
commonly viewed contains a large 
proportion of polarized light. With po­
larizing glasses it is possible for the 
polarized surface light to be prevent­
ed from reaching the eye, whereas the 
light carrying the underlying detail is 
not polarized and is readily trans­
mitted to the eye. In other words, the 
glare reflected from surfaces viewed is 
eliminated." 

SEPTEMBER, 1886: "One of the 
most remarkable and also interesting 
events pertaining to Egyptology was 
the recent unrolling of the mummy of 
the ancient monarch Rameses II. The 
unrolling took place at Boulak under 
the direction of Prof. Gaston Mas­
pero, Director-General of the Excava­
tions of the Antiquities of Egypt, by 
order of and in the presence of the 
Khedive of Egypt and a large compa­
ny of officials and learned men from 
various countries. The corpse is that of 
an old man, but of a vigorous and ro­
bust old man. We know, indeed, that 
Rameses II reigned for 67 years, and 
that he must have been nearly 100 
years old when he died." 

"At the recent convention of the Na­
tional Electric Light Association no 
little time was occupied in a discussion 
of the expediency of burying the wires. 
The sense of the convention was decid­
edly opposed to the project at the pres­
ent time. When we consider the fact 
that air is the best insulation and the 
ground the worst, it is scarcely reason­
able to look for an expeditious and 
easy conquest in the struggle for a sim­
ilar service underground as the public 
has become accustomed to receive 
over the aerial lines. To put all the 

wires in the metropolis underground is 
a great and costly undertaking, and to 
proceed with it without the most con­
clusive evidence of the practicability 
of the means employed would be haz­
ardous, to say the least." 

"We have several times alluded to 
the fact that it is possible to obtain fair 
negatives by arranging a sensitive dry 
plate in one end of a suitable box, 
while in the center of the opposite end 
was a fine needle hole through a thin 
piece of metal attached to the outer 
surface of the box. Practically this idea 
has just been carried out in a small 
camera recently put upon the market, 
which, for its compactness, simplicity 
and novelty, will be likely to lead a 
great many, young and old, into taking 
up photography as a pastime." 

"At the Baldwin Locomotive Works 
there are in course of construction 
four locomotives, designed to be run 
by soda, which takes the place of fire 
under the boiler. Inside the boiler will 
be placed five tons of soda, which, 
upon being dampened by a jet of 
steam, produces an intense heat. When 
the soda is thoroughly saturated (in 
about six hours), the action ceases, and 
then it is necessary to restore the fuel 
to its original state by forcing through 
the boiler a stream of superheated 
steam from a stationary boiler. That 
drives the moisture entirely from the 
soda, when it is again ready for use. 
The engines, which are to be run on 
the streets of Minneapolis, will readi­
ly draw four light cars." 

"Further experiments have been 
made to determine the depth to which 
light penetrates the water of lakes and 
seas. The place was the Gulf of Nice 
in water about 550 meters deep. Dur­
ing April the limit of the penetration 
about midday, in fine weather, ,'",; 
found to be about 400 meters. There is 
a penetration of about 300 meters all 
the time the sun is above the horizon, 
and of 3 50 meters during eight hours 
of the day." 

"An exhibit at the National Muse­
um shows what a 154-pound man ap­
pears like from the chemist's point of 
view. The suppositious man has been 
divided into his ultimate elements. 
There stand all these elements and 
chemical compounds in glass jars, 
properly labeled. After the gases, the 
carbon, the phosphorus and the sul­
phur have been extracted from the 
man, there is nothing left of him but 
metals. One would be surprised to 
look into this case and see how much a 
man is weighted down with various 
metallic substances." 
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TANDY.:. Better AgairiM 

Welcome to the next generation 
of personal computing. 

Introd Icing four 
Tandy PC compatibles 
that redefine the term 
"industry standard" 

Meet our new line of MS-DOS® 
based personal computers. Each 
one was designed with a different 
user in mind. And yet each has one 
thing in common: the Tandy com­
mitment to excellence. When you 
buy a Tandy computer, you get 
mote. More power, more speed, 
more options, more support. All at a 
lower price than the so-called "in­
dustry standard:' 

The Tandy 1000 EX 

Only $799 for a true MS-DOS 
based computer? It's true. T he 
Tandy 1000 EX runs the same pow­
erful software as an IBM® PC-at 
up to twice the speed! And every 
Tandy 1000 EX comes with our 
new graphics-oriented Personal 
DeskMate™ software with six user 
applications. T he 1000 EX is also 
the perfect classroom computer. 

The Tandy 1000 SX 

Here's a high-performance ver­
sion of America's #1 PC 
compatible-the Tandy 1000. T he 

new Tandy 1000 SX is still compati­
ble with industry-standard MS-DOS 
software. But it can now run many 
of these programs 50% faster. T he 
1000 SX comes with 384K and two 
built-in disk drives-standard. You 
even get our enhanced six-in-one 
DeskMate® II applications software. 
All for just $1199. 

The Tandy 3000 HL 

If you've already invested in IBM 
PC/XT ® software and hardware, and 
would like to expand, the Tandy 
3000 HL gives you four times the 
power of the XT ... for less. The 
3000 HL can process twice the 
data, thanks to its advanced, 16-bit 
80286 microprocessor. Plus, the 
3000 HL operates at twice the 
speed of the XT. With a Tandy 
3000 HL, you're getting much 
more than an XT compatible-and 
for only $1699. 

The Tandy 3000 HD 

Unmatched in performance, the 
Tandy 3000 HD is a powerful work­
station with both networking and 
multiuser capabilities. It's compat­
ible with the IBM PC/ AT ®, offers 
greater disk storage (40 megabytes), 
yet is priced at $4299. 

American-made quality 
T hese four new computers are 

built in our own manufacturing 
plants right here in the U.S.A. 
T hey're designed to meet our rigid 
quality standards, and backed with 
the best support in the industry. 
We're proud of our new line, and 
we want you to see why. Come in 
for a demonstration. 

Available at over 1200 
Radio Shack Computer Centers and at 

participating Radio Shack stores and dealers. 

!ladle IhaeK 
COMPUTER CENTERS 

A DIVISION OF TANDY CORPORATION 

I! ••••• _. 

Send me an RSC·17 Computer Catalog 

I Radio Shack, Dept. 87·A·294 I 
300 One Tandy Center. Fort Worth. TX 76102 

I I 
I Name I 
I 

Company 

I Address ________ _ 

I City I 
I State ZIP I 
.p;-.-.-.--.-.-.-.. 

Prices apply at RadioShack Computer Centers and participating stores and dealers. Monitors not included. IBM, IBM PC/XT and IBM PC/AT/Registered TM International Business Machines Corp. 
MS·DOS/Registered TM Microsoft Corp. 
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THE AUTHORS 

KENNETH R. FOSTER and AR­
THUR W. GUY ('The Microwave 
Problem") are interested in the inter­
action of electromagnetic fields and 
living tissue. Foster received a Ph.D. 
in physics from Indiana University in 
1971. He began his research on the 
biological effects of microwaves while 
serving in the U.S. Navy and has pur­
sued it since 1976 as associate profes­
sor of bioengineering at the University 
of Pennsylvania. Guy has been at the 
University of Washington since his un­
dergrad uate days, with the exception 
of seven years spent doing research 
on antennas for the Boeing Aerospace 
Company. He is now professor of 
bioengineering and director of the 
bioelectromagnetics laboratory. From 
1970 to 1982 he was chairman of the 
American National Standards Insti­
tute committee that wrote guidelines 
for human exposure to microwaves. 
One of his hobbies is operating a ham 
radio, which he uses for a daily""rag 
chew" with his father in Montana. 

DENNIS H. ROUVRA Y ("Predict­
ing Chemistry from Topology") is as­
sociate research scientist in the chem­
istry department of the University of 
Georgia. Trained as a chemist at the 
Imperial College of Science and Tech­
nology in London, he became interest­
ed in applying topology and graph the­
ory to chemistry while on sabbatical in 
1970 at the Mathematical Institute of 
the University of Oxford. Mathemati­
cal chemistry was not then an orga­
nized discipline; now, he reports, some 
500 papers a year are published on the 
subject, and he has recently founded a 
new journal dedicated to it. Rouvray 
held positions in Africa, Asia and Eu­
rope before going to Georgia in 1984. 

MICHAEL B. GREEN ("Super­
strings") is professor of physics at 
Queen Mary College of the University 
of London. His interest in string theory 
began at the Institute for Advanced 
Study in Princeton, where he spent two 
years as a fellow after getting his Ph.D. 
from the University of Cambridge in 
1970. He returned to Cambridge in 
1972 to work at the Cavendish Labo­
ratory, went to Oxford in 1977 and 
then to London in 1978. He is a fre­
q uent visitor to the California Institute 
of Technology, where he collaborates 
with John H. Schwarz, an early pio­
neer of string theory. 

GARY W. GOLDSTEIN and 
A. LORRIS BETZ ("The Blood-Brain 
Barrier") began working together in 

12 

1977, when Betz was a postdoctoral 
fellow in Goldstein's laboratory at the 
University of California at San Fran­
cisco Medical Center. In 1979 they 
both moved to the University of Mich­
igan Medical Center, where Goldstein 
is now professor and Betz is associate 
professor in the departments of pediat­
rics and neurology. Goldstein got his 
B.A. and MD. from the University of 
Chicago; he was a resident in pediat­
rics and neurology at several universi­
ty hospitals before taking a faculty po­
sition at San Francisco in 1973. Betz 
has a B.S., an M.D. and a Ph.D. in 
physiology and biochemistry from the 
University of Wisconsin at Madison. 

PHILIPPE BROU, THOMAS R. 
SCIASCIA, LYNETTE LINDEN 
and JEROME Y. LETTVIN ("The 
Colors of Things") collaborate under 
Lettvin's leadership at the Massachu­
setts Institute of Technology. Brou re­
ceived a PhD. in computerized vision 
from M.LT. and now works in the 
Artificial Intelligence Laboratory on 
problems in graphics, financial analy­
sis, manufacturing and oil drilling. 
Sciascia is staff neurologist at the Vet­
erans Administration Court Street 
Clinic in Boston and instructor in neu­
rology at the Boston University School 
of Medicine. He got his B.S. in biology 
at M.I.T. and his M.D. from Columbia 
University's College of Physicians and 
Surgeons. Linden is assistant professor 
of manufacturing engineering at Bos­
ton University; she has also taught at 
M.LT., and at both institutions she has 
received awards for the excellence of 
her teaching. Lettvin himself embod­
ies the diversity of his group: he has an 
M.D. from the University of Illinois 
and has practiced as a psychiatrist, but 
for the past 35 years he has been affili­
ated with the electronics laboratory at 
M.LT., and for the past 20 he has been 
professor in both the biology depart­
ment and the department of electrical 
engineering and computer science. He 
has done extensive research on the 
transmission of nerve impulses in 
the brain. 

FRANCESCO PARESCE and 
STUART BOWYER ("The Sun and 
the Interstellar Medium") share an in­
terest in ultraviolet astronomy. Par­
esce is senior astronomer at the Space 
Telescope Science Institute in Balti­
more. In 1968 he left his native Italy to 
attend the University of California at 
Berkeley. After obtaining his Ph.D. he 
stayed on as a research astronomer un­
til he moved to Baltimore in 1983. At 

Berkeley he worked with Bowyer, who 
is professor of astronomy. Bowyer got 
his PhD. at Catholic University with a 
thesis in X-ray astronomy. In the late 
1960's he started developing instru­
ments for extreme-ultraviolet observa­
tions. At the time, he writes, "no as­
tronomy had been carried out at these 
wavelengths. Hence I started a pro­
gram to identify diffuse sources. It 
turns out that one of the strongest 
components of the diffuse background 
is provided by inftowing interstellar 
helium-the topic of this article." 
Bowyer is the principal investigator 
for a NASA spacecraft that will survey 
the extreme-ultraviolet sky. 

JOYCE R. RICHARDSON 
("Brachiopods") became interested in 
brachiopods while at the New Zealand 
Oceanographic Institute. "The brachi­
opods were of particular interest," she 
writes, "because they provide the best 
record (in length, continuity, abun­
dance, detail) of life on the earth." She 
is now resident scholar at the Museum 
of Victoria in Melbourne, but she has 
retained an attachment to the fjords of 
New Zealand: "My free time has been 
spent in planning a commercial enter­
prise-a project that my partner (an 
engineer) and I hope will protect a spe­
cial environment by making it self­
supporting. We have produced plans 
to construct an underwater observa­
tory (to a depth of 80 feet) within Mil­
ford Sound as a resource for tourists 
(to view the astonishing range of life 
within a sheltered fjord basin) and sci­
entists." Richardson has an M.A. in 
zoology from the University of New 
Zealand and a Ph.D. in geology from 
the UniversitY'of Melbourne. 

VERNARD FOLEY and WER­
NER SOEDEL ("Leonardo's Contri­
butions to Theoretical Mechanics") 
have often pooled their scholarly 
resources-Foley is associate profes­
sor of history and Soedel is professor 
of mechanical engineering at Purdue 
University-to study topics in the his­
tory of technology. They have writ­
ten three earlier articles for SCIENTIF­
IC AMERICAN: "Ancient Catapults" 
(March, 1979), "Ancient Oared War­
ships" (April, 1981) and "The Cross­
bow" (January, 1985). Foley's PhD. 
(from the University of California at 
Berkeley) was in European history 
with an emphasis on science and tech­
nology. Soedel was born in Prague and 
belonged to the Sudeten German mi­
nority that was evicted to Germany in 
1945. There he took a degree in engi­
neering and worked as an automotive 
engineer before coming to the U.S. in 
1963. He received his Ph.D. from Pur­
due in 1967. 
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Q. Would you buy 
a pair of shoes 
from this man? 

A. Thousands of 
Lands'End 
customers do, 
for reasons 
this interview 
makes clear. 

Above is a rare photo of Jim 
Jennings, the "old shoe dog" who 
governs the buying and selling of 
Lands' End shoes. Rare, because 
Jim is seldom caught in repose. 
But Carol Sadtler, one of our 
resourceful creative people, 
cornered him one day, and what 
follows are excerpts from an 
interview that may lead you to 
rethink whatever prejudice you 
may have against ordering shoes 
from a catalog. Even ours. 

Carol: How long have you been in the 
business, Jim? And how does that affect 
your buying shoes for your customers? 

Jim: Let's see ... about 20 years, I 
guess. W hen you've been around that 
long, you see a lot of companies come 
and go. You get to know the good, 
reliable ones. The ones that make the 
Lands' End kind of shoe. 

Carol: And what kind of shoe is that? 

Jim: The kind of shoe that goes with 
the clothing we sell. Not "high fashion", 
or a "hot seller". But classic. We offer 
casual shoes, as you know, and a very 
controlled line of dress shoes. Always 
in style. And as well made as possible. 

Carol: What steps do you take to get that 
kind of quality? 

Jim: Extra steps, frankly. W hen we 
look at a shoe, we'll see what we can 
add to it to give it more quality. Like a 
leather lining instead of vinyl, so the 
shoe wears longer and breathes better. 
Or a wool lining instead of acrylic in a 
pair of slippers. Or we'll add a better 
sole. 

(JIM PAUSES, RUMMAGING 
AROUND IN SOME SHOE BOXES 
AND COMES UP WITH A PAIR OF 
LANDS' END "DUSTY BUCKS".) 

Here's a perfect example. We took 
these traditional Bucks. Nice suede 
leather, but the rubber soles wore out 
in a big hurry. And they were heavy. 
So we added a lightweight Vibram" sole, 
with a real tough skin to make it long­
lasting. Now, instead of a Buck, we give 
you a Buck-and-a-quarter. 

Carol: They warned me about your 
puns, Jim. Let's get serious again. I'm 
told you visit manufacturers quite often. 
Right? What do you look for? 

Jim: Actually, as a company we 
probably do make more factory visits 
than most. That's really the only way to 
maintain quality. You just can't run our 
business from an "ivory tower". 
And when we do visit, we look to see 
how things are organized. And at how 
many points the shoes are inspected. 
After a while, you can tell how neat and 
careful the work is at every step. 

Carol: Do you literally look over a 
hands ewer's shoulder? 

Jim: You bet. You look to see how neat 
and even the stitches are. 

Carol: That kind of quality control must 
take a lot of travel. 

Jim: It does. But we're fortunate in 
having built up a very strong domestic 
structure of suppliers. W hich means 
for the customer that we can keep an 
eagle eye on quality, and keep the 
shoes they want in stock too. 

Carol: But you buy shoes overseas, too? 

Jim: Yes, indeed. We go where we can 
get the best shoe. Italy, for example, 
for the fine leathers and excellent crafts­
manship for some of our dressier shoes. 

Carol: How do you do all these extra 
things and still keep prices as low as 
they are? 

Jim: We have several things going for 
us. We don't operate on the normal 50% 
retail mark-up. We're direct merchants, 
with no middlemen to raise costs. Also, 
we order in large quantities. And we 
have long-standing relationships with 
our suppliers, which helps. 

Carol: What would you say to the person 
who hesitates to order shoes from a 
catalog because of fit? 

Jim: We make an extra effort to 
standardize sizes within our offerings. 
We've used the same lasts-which 
determine fit-for ten years or more in 
many of our shoes. And we fit-test a 
shoe on 20 to 25 people before we offer it. 

Carol: Gee, you seem to have things all 
worked out. Don't you have (1JJ1problems? 

(LONG PAUSE. JIM LAUGHS A 
LITTLE NERVOUSLY. FINALLY, 
HE ANSW ERS.) 

Jim: Frankly, the hardest thing to do is 
managing the variety of sizes and colors 
we offer in each style. We try our 
damdest to fit everybody, and that 
means we have to keep track of 
something like 1863 offerings. 

Carol: That ought to keep you busy. 
And your customers happy. 

Jim: Well, Carol. .. that's the idea! 

* * * * * 

It is, indeed. W hether it's Lands' End 
shoes you're buying, or any one of our 
other catalog items. All quality offer­
ings, all priced to reflect remarkable 
value, all GUARANTEED. PERIOD. 

Call our toll-free number for a free 
catalog. Or send in the coupon below. 
We'll tell Jim Jennings he can expect to 
hear from you. Okay? 

,--------------------------

Please send free catalog. 

Lands' End Dept.Q-71 

Dodgeville, W I  53595 

Name ___________ _ 

Address __________ _ 

City ____________ _ 

State _____ Zip _____ _ 

Or call Toll-free: 

800-356-4444 
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COMPUTER 
RECREATIONS 

Wallpaper for the mind: computer images 

that are almost, but not quite, repetitive 

by A. K. Dewdney 

O
rdinary wallpaper is printed by 

a rotating cylinder engraved 
with a design. As the cylinder 

turns it prints the same design over and 
over again. Only a computer, however, 
can reproduce certain richly embroi­
dered patterns I call wallpaper for the 
mind. These patterns do not repeat 
themselves, at least not exactly; in­
stead each pattern continually mani­
fests itself in new contexts and config­
urations, left and right, up and down. 
From one apparition to the next, what 
is changed and what is preserved? 

The color swatches in my current 
sample book demonstrate the results 
of three widely differing techniques. 
The computer programs responsible 
for the images range in difficulty from 
the extremely simple to the merely 
easy. They come from three readers: 
John E. Connett of the University of 
Minnesota, Barry Martin of Birming­
ham, England, and Tony D. Smith of 
Essendon, Australia. 

Connett's program is based on the 
circle, but it celebrates the varieties of 
design based on the sq uare. The appar­
ent conundrum compels me to name it 
CIRCLE2. In a nutshell, it applies the 
formula for the graph of a circle, 
x2 + y2, to assign a color to the point 
that has the coordinates x and y. I shall 
give the details below. In the meantime 
you may be boggled, as I was, to dis­
cover that there is much more to this 
wallpaper than a set of concentric cir­
cles; specifically, if you back away 
from the wall, intricate patterns of del­
icate squares may also emerge [see il­
lustrations on opposite page]. There are 
mysteries here. 

It is perhaps not surprising that CIR­
CLE2 was inspired by the Mandelbrot 
set, which I described here in August, 
1985. The set is the discovery of Be­
noit B. Mandelbrot of the IBM Thom­
as J. Watson Research Center; the riot 
of form and color that surrounds the 
Mandelbrot set is based on a sin­
gle mathematical function, applied re-
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peated1y to its own output for each 
complex number in a region of the 
plane. Whenever the iterated value 
of the function reaches the magnitude 
2, the number of iterations needed to 
reach that magnitude determines the 
color of the corresponding point. 

Connett, who had no color monitor 
at his disposal, assigned black to points 
that reach 2 after an even number of it­
erations and white to points that reach 
2 after an odd number of iterations. 
Creditable images of the Mandelbrot 
set appeared, but Connett was led to 
explore other formulas. He selected 
the formula x2 + y2 and discarded it­
eration altogether. His program sys­
tematically scans a gridded section of 
the plane; at each point (x,y) it com­
putes the formula and then truncates 
the resulting value to an integer. If the 
integer is even, the point (x,y) is col­
ored black; if it is odd, the point is col­
ored white (left blank). 

I fear I have just lost half of my au­
dience. They already understand the 
program, and they have rushed off to 
type it into a nearby computer. It is 
that simple. In algorithmic shorthand 
CIRCLE2 is an input section followed by 
a double loop: 

input corna, cornb 
input side 

for i <-1 to 100 
for j <-1 to 100 

x <-corna + (side Xi/I 00) 
Y <-cornb + (side X j /100) 
Z<-X2 + y2 

C <-int(z) 
if c is even, then plot (i,j) 

First the program causes the com­
puter to call for the coordinates 
(corna,cornb) for the lower left corner 
of the square to be examined. The 
variable side is the length of the side of 
the square of interest. For example, if 
the user types - 15 and -20 for the 
corner coordinates and 87 for the side, 

the program plots a 1 00-by-100 array 
of points within a square region of the 
plane 87 units on its side, whose lower 
left corner is the point (-15, -20). In 
my outline of the program I have as­
sumed the iteration limits run from 1 
to 100, but they must be adjusted so 
that the square lies within the bound­
aries of the output device to be used. 
On my monitor these limits outline a 
smallish sq uare on the screen. 

The double loop marches through 
the square grid and for each index pair 
(i,j) computes the coordinates of the 
point (x,y) to which the pair corre­
sponds. The loop then sq uares x and y, 
assigns the sum of the two squares to 
the variable z and truncates the sum. 
The largest integer less than or equal 
to the sum is stored as the variable c. If 
c is divisible by 2, the point (x,y) is plot­
ted, presumably as a colored pixel on a 
monitor or as a black dot in printed 
output. If c is odd, no point is plotted. 

Readers who want to re-create Con­
nett's wallpaper need not get too 
anxious about whether they have the 
colors right. Most patterns are equal­
ly striking with the colors reversed. 
Indeed, even more than two colors 
are possible: instead of determining 
whether c is even or odd, divide it by 
the number of colors you want. The re­
mainder after the division can then be 
assigned to a distinct color. For exam­
ple, two, three and four colors were 
chosen to generate respectively the 
top, middle and bottom images in the 
illustration on the opposite page. 

The smaller the square under exami­
nation is, the closer the plane appears 
to the viewer and the greater the mag­
nification of CIRCLE2'S image is. Unlike 
the procedure for coloring neighbor­
hoods of the Mandelbrot set, however, 
Connett's program does not yield an 
infinite regress of progressively small­
er patterns. At high magnifications 
about the origin (0, 0) a set of concen­
tric circles appears. At still higher 
magnifications there is a large black 
disk in the middle of the screen: the 
truncated-integer value of every point 
in the disk is zero. Then all the screen 
is blackness. 

You can better appreciate the beau­
ty of Connett's wallpaper by reducing 
the magnification: back away from the 
wall. The concentric circles dissolve 
into an intriguing arrangement of pri­
mary and secondary circles resem­
bling a moire pattern. New wallpaper 
designs appear like magic, seemingly 
different with every lower magnifica­
tion. Is there an infinite regress lurking 
here? It seems a vexing question, but I 
am confident readers will be able to 
shed some light on it before I publish 
the most interesting responses three 
months from now. 
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At Aston University in Birming­
ham, Barry Martin was also inspired 
by the Mandelbrot set. Martin adopt­
ed Mandelbrot's idea of iterating a for­
mula from a numerical seed, but it is 
there that the similarity ends. Where­
as Mandelbrot's patterns emerge from 
complex numbers, Martin's wallpa­
per is based on iterations of ordinary 
real numbers. Moreover, the numeri­
cal seeds for the Mandelbrot set are 
the points, infinite in number, found 
throughout a region of the plane; Mar­
tin's program grows its patterns from 
only one seed. 

For example, Martin suggests trying 
the following pair of formulas, which 
can generate stunning, highly detailed 
images in many colors [see the cover of 
this issue and the illustrations on the next 
page and pages 17 and 19]. 

x..- y - sign(x) X [abs(b X x - c)J I!2 

y..-a-x 

Here the function sign(x) takes the val­
ue 1 or -1, depending on whether x 
is positive or negative; the function 
abs(b X x - c) is the absolute value of 
the expression b X x-c. The patterns 
can vary widely according to the val­
ues assigned to the letters a, band c, 
which are numerical constants in the 
formula. 

The formulas themselves are writ­
ten in a form of mathematical short­
hand: it is understood that one set of 
values is used for x and y in the formu­
las to the right of the arrows and a new 
set of values is computed from them 
on the left. The new values for x and y 
then replace the old values to the right 
of the arrows, and the calculation is re­
peated. In this way the program I call 
HOP ALONG hops from one point to an­
other. It begins at the point for which x 
and yare both equal to 0, namely at 
the origin. The next point might be 
at the upper right, the one after that 
at the lower left. A computer draws 
the points so quickly that one has the 
impression miniature electronic rain 
is falling on the screen: hundreds and 
then thousands of points drop onto 
the monitor. Soon a pattern begins to 
emerge. For example, if a is set equal 
to - 200, b to . 1  and c to - 80, a broad­
ly octagonal pattern is formed [see bot­
tom of illustration on next page]. If the 
pattern is magnified and each point is 
colored according to the number of 
hops needed to reach it, the pattern be­
comes a wonderful cartouche [see top 
of illustration on next page]. For other 
values of a, band c new designs ap­
pear: try setting a to .4, b to 1 and c to 0 
[see top illustration on page 17], or set a 
to - 3.14, b to . 3  and c to . 3  [see bottom 
illustration on page 17]. 

The algorithm for HOP ALONG is al-
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Circles and squares modulo 2, 3 and 4, from John E. Conllett's program CIRCLE' 
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"Fractal" wallpaper from Barry Martin's program HOPALONG 
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most as easy to appreciate as the one 
for CIRCLE2: 

input num 
input a, b, C 

x<-o 
y<-o 

for i<-l to num 
plot (x,y) 
xx<-y -sign(x) X [abs(b X x -C)] I!2 

yy<-a -x 
x<-xx 
y<-yy 

Another stampede of readers rush­
es off to type in the program. Your re­
wards for lingering here are a more 
detailed explanation of Martin's pro­
gram and a description of the third 
kind of wallpaper program. 

In order to run HOPALONG one enters 
the total number of iterations as the 
variable num; one also enters values 
for a, band c. The larger the value of 
num, the finer the detail of the pattern. 
For example, if num is 10,000, the pro­
gram will plot 10,000 points on the 
screen, but for some values of a, band 
c that is only the beginning. If a is 
-1,000, b is . 1  and cis -10, the pat­
tern at low magnification resembles 
the rind of a four-lobed lemon [see bot­
tom 0/ illustration on page 19]. When 
the run of the program is extended 
from 10,000 points to 100,000 and 
then to 600,000, the filigree becomes 
increasingly ornate [see top 0/ illustra­
tion on page 19]. 

The algorithm can work as it stands, 
but it can also be enhanced; for exam­
ple, one might add a facility for mov­
ing off-screen points or compressing 
off -screen regions into the visible re­
gion. If such features are added, three 
more parameters for determining po­
sition and scale must be specified at 
the start of the program. The body of 
the main loop must then be modified: 
just after x and yare computed the en­
hanced version of HOP ALONG adds the 
position changes to x and y and multi­
plies the result by the scale factor. 

The wallpaper analogy was not lost 
on Martin: "It seems to me we are on 
the verge of a pattern-generating ex­
plosion that has great commercial im­
plications, e .g ., we can expect to see 
'designer' wallpaper and textiles with­
in the next few years. Patterns will be 
produced by the customer merely by 
the selection of a few numbers." Mar­
tin is equally sanguine about the im­
plications for mathematical biology. 
Look once again at the four-lobed 
lemon. The enlargements show details 
strongly reminiscent of vascular bun­
dles: could it be the outer rind of 
a monocotyledon in cross section? 
About these and other patterns Martin 
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writes: "Clearly these curious config­
urations show us that the rules respon­
sible for the construction of elabo­
rate living tissue structures could be 
absurdly simple." 

Readers might enjoy exploring the 
patterns generated by a different pair 
of iteration formulas, also suggested 
by Martin: 

x..-y - sin(x) 
y..-a-x 

In these formulas only the variable a 
must be specified. Martin has discov­
ered a most interesting series of pat­
terns when a lies within .07 of the 
number pi. 

The third kind of mental wallpaper 
must be reserved for rooms devoted 
to heavy thinking . The patterns range 
from Persian complexities to Incan ri­
ots [see illustrations at bottom a/page 20 
and on page 22]. The methods that lead 
to them could hardly be less like the 
techniques described above. Tony D. 
Smith of PICA Pty. Ltd. in Australia 
has devised intricate variations of the 
self-replicating cellular automaton in­
vented in 1960 by Edward Fredkin of 
the Massachusetts Institute of Tech­
nology [see "Computer Recreations," 
by Brian Hayes; SCIENTIFIC AMERI­
CAN, October, 1983]. There is astonish­
ing potential for pattern in this idea, 
and Smith has begun to explore an 
amusing corner in the vast space of 
possibilities. 

What is the Fredkin cellular autom­
aton? Imagine an infinite, two-dimen­
sional grid of sq uare cells. At any giv­
en moment each cell is in one of two 
possible states: living or dead, so to 
speak. Somewhere an imaginary clock 
ticks away. The fate of each cell is de­
termined by its four edge-adjacent 
neighbors: if the number of living 
neighbors is even for one tick of the 
clock, the cell will be dead at the next 
tick regardless of its previous state. On 
the other hand, if the number of living 
neighbors is odd, the cell will be alive 
at the next tick . The same rule is si­
multaneously applied to every cell on 
the planar grid . 

Fredkin's automaton is closely relat­
ed to the game of Life, invented by 
John Horton Conway of the Universi­
ty of Cambridge and often discussed in 
this department . Fredkin's automaton, 
however, was discovered earlier than 
Conway's, and it is much simpler. 
Moreover, it has an amazing property 
not shared by Life: any initial configu­
ration of live cells grows through a se­
ries of generations (ticks of the clock ) 
into four copies of itself. After several 
more generations there are 16 copies, 
64 copies and so on. The finest wallpa­
per appears during intermediate gen- Malldalas 011 the Ilumber 7, generated by Martin's iteratioll formula 
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Tandem technology sets the new standard 
for large applications in on-line transaction processing. 

More transactions per second 
at a lower cost per transaction than any system in the world. 

1HE CIRCUITRYS FAST 
We designed the system in our own laboratory, 
right down to our own unique VLSI chips. The 
result is more circuitry in less space. With fewer 
components than our next largest system, the VLX 

delivers twice the 
performance and 

three ti mes the 
reliability. 

PROCESSORS WITII LARGE APPE1ITES. 

The VLX processors move transactions in 32-bit 
chunks. They reach into main memory in 64-bit 
chunks. Because this happens in parallel, more 
work gets done in less time at a lower cost per 
transaction. 

1HE SERVICE IS EASY. 
All critical components are field replaceable. 
When service is required, it's faster. You 
don't even have to stop an operation 
to add or replace components. 

mE DAlA EXPRESSWAY 

In a conventional database, I/o requests must 
be handled sequentially This creates queues 
that slow response time. In the VIX system, there 
are multiple paths to multiple disks. Data enters 
and leaves the database Simultaneously. No time 
is wasted, and all disk space gets used. 

DIAGNOSTICS FROM A DISThNCE. 

An integrated microprocessor allows us to monitor 
tlle system environment from anywhere in the 
world. We can even run stress tests remotely. If a 
lailure does occur, the VLX has the capability to 
automatically dial out to remote centers any­
where in our worldwide network. 

1HE SYSTEM KNOWS 1HE SYMPTOMS. 

Expert systems software, using fault analysis, di­
rects the problem diagnosis systematically It also 
allO\>f.i us to analyze it and shorten service time 
even more I 1\--'---'!11�� 

I i i' 
r 

.�, 
L • ' ";�::t 

�., .. "",,"j I :�:::!�j 
SECRETS ARE SAFE. 

• 

NO GROWING PAINS. 

1b add power, just add processors. You can grow 
fium a base lour-processor system to 16. From 
tllere, you can expand in whatever increments you 
choose, all the way to 255 systems. You never buy 
more than you need, and you'll never have to 
rewrite a line of applications code. 

100 

100 

NO-FAULT INSURANCE. 

Tandem systems achieve fault-tolerance with a 
unique, parallel processing architecture. There 
are no idle back-up components. Instead, multiple 
components share the workload. If one goes down, 
the others pick up the slack, and application 
processing is uninterrupted. 

HERE TODAY HERE TOMORROW 

The VlX is compatible with any Tanclem system 
and with all major communications standards­
SNA, X.25, MAP and 0.s.1. And by acting as a 
gateway to other vendors' systems, the VLX can 
link them and enhance their value as well. 

WE HAVE EXCELL ENT REFERENCES. 

'J;lI1dem s)�tems are already at work for Fortune 
500 companies in banking, telecommunications, 
manufacturing, transportation, retailing 
and ener!,,),, as well as several branches of the 
u.s. Government. 

1b find out what we can do for you, call 800-
482-6336 or write to us. Corporate Headquarters: 
'1;lIldem Computers, Incorporated, 19191 Vallco 
Parkway, Loc. 4-31, Cupertino, CA 95014 We offer software that will protect the security of 

your data whetller it's in tlle VLX, in another 
11lIldem system or in transmission. �TANDEMCOMPUTERS 
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erations: in the generations between 
the ones in which the original popula­
tion of live cells is replicated. 

Smith's program for printing gener­
alized Fredkin wallpaper is a highly 
versatile one called PATTERN BREEDER. 
The rules that determine the fate of a 
cell in PATTERN BREEDER need not de­
pend solely on the state of the four 
edge-adjacent cells. In fact, before run­
ning the program one can specify the 

configuration of surrounding cells that 
will constitute the active neighbor­
hood of each cell. The program then 
applies the same even-odd rule that 
was chosen in Fredkin's original au­
tomaton. At each tick of the clock if 
the number of living cells in the active 
neighborhood is even, the target cell 
will be dead in the following genera­
tion. Otherwise, the cell will be alive. 

PATTERN BREEDER goes to work on 

, . 

j. . .�, 

any initial configuration of cells sup­
plied by the user. For example, the 
initial configuration designated a in 
the top illustration on the next page 
gives rise to the red part of the pattern 
shown in the illustration immediately 
below it: for each target cell and for 
every stage in the evolution of the pat­
tern the active neighborhood is the 
same. It is a complex pattern itself, 
which includes all the colored cells 

A model plal/t stem alld itsl.ascular bulldles.gellerated by BOPALONG 
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INITIA L CONFIGURATION 
a 

L&.'! 
� 

ml 

�' 

ACTIVE NEIGHBORHOOD 

b 

a b 

/ / 
TARGET CELLS 

c 

/ 
/ 

TARGET CELLS 

Rules for gelleratillg cellular automatolls ill TOllY D. Smith's program PATTERN BREEDER 

a,b 

Two images gellerated by PATTERN BREEDER alld superposed 
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within a 5-by-5 matrix, also designated 
a in the top ill ustration at the left. Note 
that the active neighborhood in this 
case incl udes the target cell itself. To 
apply the rule, count the number of 
live cells that coincide with the cells in 
the active neighborhood; if the target 
cell is currently alive, it too is included 
in the count. Initial configurations and 
the active neighborhood associated 
with each of them are also shown for 
two other images. The ones labeled b 
correspond to the blue part of the pat­
tern in the bottom illustration at the 
left and the ones labeled c correspond 
to the illustration on page 22. There is 
an added complexity' for active neigh­
borhood c: the target cell itself oscil­
lates in succeeding generations from 
left to right and back again in the cen­
ter of the neighborhood. 

Readers impatient to generate their 
own magnificent patterns may forgo 
the algorithmic struggle by writing to 
Smith at P.O. Box 256, 38 Ardoch 
Street, Essendon, Victoria 3040, Aus­
tralia. Smith's program incorporates 
a library of initial configurations and 
active neighborhoods from which the 
user can choose; the program is cur­
rently available only for Apple Mac­
intosh computers. 

I am not about to outline PATTERN 
BREEDER in its full sophistication, but 
I shall describe a simpler program 
called FREDKIN. Readers with a bit of 
additional programming acumen can 
then convert FREDKIN into a more gen­
eral program with some of the features 
of PATTERN BREEDER. 

input initial pattern 
S for each cell in the screen array 

count <-0 
for each neighbor of that cell 

if neighbor alive 
then count <- count + 1 

if count even 
then cell <-- 0 
else cell <-- 1 

inputgo 
go to S 

plot cell 

One of the great joys of writing al­
gorithms is that so many levels of 
description are available. The line 
between descriptive generality and ir­
responsible vagueness is a fine one. 
Readers will note that FREDKIN, as 
specified above, occupies a slightly 
more rarefied stratum than the algo­
rithms I outlined previously. For ex­
ample, the instruction "Input initial 
pattern" will take several instructions 
to implement in any practical pro­
gramming language. Any such instruc­
tions would involve a double loop, 
with two indexes i and j. Another dou­
ble loop is concealed in the instruction 
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All you asked was to go faster and farther. 
With more power. And less fuel. 

In many of the finest American cars, Bosch fuel injec­
tion components help deliver precisely the amount offuel 
needed for any driving condition. 

And those American cars are going faster and farther. 
Producing up to 20 percent more horsepower. Using less 

fuel. And reducing exhaust emissions. 

Power as you need it. 
Bosch multi-point systems inject fuel right at the 

individual cylinders. 
A microcomputer reads thousands of engine opera­

tions and driving conditions every second, and dictates 
the most efficient mix. 

So Bosch fuel injection not only gives you more power 
when you need it It can boost mileage by up to 15 percent 

Traveling in the best of companies. 
Bosch fuel injection arrived in the US. in imported 

cars over 30 years ago. It's since evolved from a curiosity 
to a high-technology must for today's best perfonning 
machines. 

Today, every US. manufacturer uses Bosch fuel injec­
tion systems or components. 

Virtually every European model sold in the US. is 
equipped with Bosch fuel injection. And every fuel-injec­
ted Japanese model uses systems or components produced 
under Bosch license or using Bosch patents. 

Bosch breaks ground. 
Sophisticated problem solving is what Bosch is all 

about 
We supply every major US. and European automaker 

with an array of advanced products, from high-performance 
spark plugs to anti-lock braking systems. But our expertise 
isn't limited to automotive. 

We're a leading manufacturer of high-technology 
products, such as Bosch assembly systems, power tools, 
packaging machinery, TV studio equipment and video 
graphics, home appliances, and medical equipment 

In fact, we've pioneered literally thousands of the 
world's most sophisticated electronic and electro­
mechanical advances. 

As a result, we're an international corporation with 
manufacturing facilities in 16 countries. And with sales 
and service in 137. 

But more important are 144,000 Bosch people-9,000 
in R&D alone-who are capable of finding the right answer 
to the toughest challenges. 

Including yours. 

BOSCH 
Bringing high technology down to earth. 

© 1986 SCIENTIFIC AMERICAN, INC



"For each cell in the screen array." 
Here the two indexes supply the coor­
dinates of points on the display screen 
or the printer. 

Inside the main program loop FRED­
KIN simply carries out the rule for 
the evolution of a given pattern. It 
counts the number of living neighbors 

c 

for each cell (i,j); then, if the number is 
odd, it plots or prints the cell as a sin­
gle point . The last instruction of the 
main loop calls for input of the vari­
able go. The user may type any num­
ber at this stage in order to get FREDKIN 
to generate the next pattern. In this 
way the execution of the program can 

be halted at will if a particularly pleas­
ing pattern appears. Sometimes a bit 
of trickery and a go-to statement are 
useful. This strategy is not structured 
programming, but it works just fine . 

I shall be pleased to print, in three 
months' time, the finest mental wall­
paper that readers are able to supply. 

A 111ayall abstraction from Smith's wallpaper program 
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The rest will make up a new sample 
book to be presented if and when I re­
turn to this topic. 

Tast month's column on computer 
L magic left the inner logic of two 
tricks unrevealed. The first of them 
was based on the well-known "Stop!" 
trick of Harry Lorayne, a New York 
magician. A volunteer chooses a card 
from the middle of a well-shuffled 
deck and then replaces it . The volun­
teer deals the deck into six smaller 
hands and finds the hand that includes 
the chosen card. The computer then 
instructs the volunteer to deal out the 
hand; after each card is dealt the com­
puter tells the volunteer whether to 
continue dealing or to stop, thereby 
indicating the position of the chosen 
card in the deck. 

How does the computer stop at the 
chosen card? The answer is that when 
the volunteer deals out the six hands, 
one card from the central six cards of 
the original deck is dealt into each of 
the six piles. Each of the six cards 
occupies the same relative position in 
its pile, namely the fourth. Because the 
volunteer deals only from the pile that 
includes the chosen card, the computer 
can always pick the card by stopping 
the deal after the fourth card. 

The second unexplained trick was 
based on the key pad of an ordinary 
calculator . A volunteer enters two 
three-digit numbers into the calcula­
tor, multiplies them and calls out all 
but one of the digits . How does the ma­
gician guess the missing number? 

According to the magician's instruc­
tions, each three-digit number selected 
by the volunteer must come from the 
digits along a row, a column or a main 
diagonal of the key pad. Such a num­
ber has the mystical property of "3-
ness" after casting out 9's . When the 
digits of the numbers are added to­
gether, their sum can be a one- or a 
two-digit number. If the sum is a two­
digit number, the sum of the two digits 
is a one-digit number. In either case 
the final one-digit result is a multiple 
of 3. For example, along the first col­
umn the number 47 1 is reduced to 12 
and then to 3, which is a multiple of 3. 
On the other hand, when the two three­
digit numbers selected by the volun­
teer are multiplied and the product is 
subjected to the same peculiar treat­
ment, the result is 9. The procedure is 
eq uivalent to multiplication modulo 
9-hence the term "casting out 9's." If 
one of the digits in the product, say x, 
is missing, the result of casting out 9's 
for the remaining digits is 9 - x. This 
number is computed by the magician 
as the volunteer reads off all but one of 
the digits. In most cases knowing 9 - x 
makes x instantly computable . 

Scientific Study Ranks 
NordIc/rack #1 

In tests of exercise efficiency at a 
major university. NordicTrack burned 
more calories and provided greater 

"",ClI�£IUUIIl,; workouts. 
Rank of Efficiency 
1. NordicTrack X-C Ski Exerciser 
2. An Exercise Bike 
3. A Rowing Machine 
4. A Shuffle-Type Ski Exerciser 

Scientific Abstract available upon request. 
NordicTrack's higher oxygen usage test 
scores show that more muscle mass is 
involved in the exercise and more calories 
are being burned. 

It's Only Logical that NordicTrack 
Would Get the Highest Scores. 

Nordic Track Pro 
With Adjustable 
Elevation 

• 
NordicTrack has Inertial 
Resistance Not Available on a 
Shuffle-Type Ski Exerciser. 
Other ski exercisers use less

' 
effective fric­

tional resistance with a resulting calisthenics­
like feeling. NordicTrack's unique flywheel 
provides more effective inertial resistance 
for a life-like feeling of smoothness and 
continuity matched only by real skiing. 

NordicTrack is More Complete 
Than an Exercise Bike 
NordicTrack adds important upper body 
exercise and more uniform leg muscle usage. 

Cross Country Skiing Is More 
Efficient Than Rowing 
NordicTrack's standing position exercises 
the lower body muscles more uniformly. 
Nordic Track's arm resistance is separately 
adjustable-allows a more ideally propor­
tioned exercise. Rowing machines use only 
one resistance setting for both arms and legs. 

Burns Up To 600 Calories 
per 20 Minute Workout 
For effective weight control. 

Free Brochure. Call 

800-328-5888 
Minnesota 612·448·6987 

NordIc/rack 
141F Jonathan Blvd. N., Chaska, MN 55318 

WE'RE 
FIGHTING FOR 

YOUR LIFE 

Americanvt 
Heart 

Association 
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BOOKS 

A positive-sum strategy for productivity 
that, Thurow says, does not quite add up 

by Lester C Thurow 

THE POSITIVE SUM STRATEGY: HAR­

NESSING TECHNOLOGY FOR ECONOMIC 

GROWTH, edited by Ralph Landau 
and Nathan Rosenberg. National 
Academy Press ($35). 

C
learly this book is intended to be 

a major statement about both 
economic policy and economic 

reality. Its distinguished and powerful 
roster of 43 authors includes chief ex­
ecutive officers of several major U.S. 
corporations and financial institu­
tions, the president of a major univer­
sity, leading economists and natural 
scientists from Harvard, Stanford and 
other centers of learning, and Govern­
ment officials. The editors are Ralph 
Landau, a vice-president of the Na­
tional Academy of Engineering, con­
sulting professor of economics at Stan­
ford and former chairman of the 
board of the Hakon SD Group, and 
Nathan Rosenberg, chairman of the 
economics department at Stanford. 
The essays taken together offer a diag­
nosis of the peculiar plight that has af­
flicted the U.S. economy like a persis­
tent cold since the end of the Vietnam 
war. Although many of the authors of­
fer genuine insight, collectively they 
have, I think, got the diagnosis more 
wrong than right. 

When it comes to one central theme 
of the book, the authors are certainly 
accurate: technology can be harnessed 
to raise living standards, while min­
imizing the use of labor and raw ma­
terials, so that we can escape from a 
zero-sum society in which every per­
son's income gain must be matched by 
someone else's income loss. 

With the replacement of some cop­
per by fiber optics in telecommunica­
tions, the miniaturization of electrical 
eq uipment by microelectronics and 
the use of aluminum in long-distance 
power transmission, copper has gone 
from being a high-priced element in 
short supply 15 years ago to selling to­
day for less in real terms than it did at 
the bottom of the Great Depression. 

By aggressively harnessing technol­
ogy the Japanese are fast closing the 
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eight-to-one gap in living standards 
that existed between Japan and the 
U.S. in the 1950's; they may well suc­
ceed in their announced goal of having 
the world's highest real standard of liv­
ing by the year 2000. 

There is no argument about the de­
sirability of a more rapid advance 
in what engineers know as technical 
change and economists know as pro­
ductivity growth. The authors and edi­
tors run into difficulty when they 
explain why technical change seems 
to have slowed down in the U.S. The 
difficulty grows as they attempt to 
fashion a remedy that will accelerate 
growth in American productivity. 

Productivity growth (the advance in 
output per hour of work) is the econo­
mist's measure for how rapidly new 
and more efficient technologies are be­
ing embedded into economic activity. 
When they are examined, the produc­
tivity growth statistics form a dismal 
picture of America's technological 
progress. From 1948 to 1965 prod uc­
tivity increased at a rate of 3.3 percent 
per year. After 1965 a grad ual but 
very persistent decline began. From 
1977 to 1985 prod uctivity growth av­
eraged only .7 percent per year. In 
1985 nonfarm business productivity 
actually fell .3 percent. Prod uctivity 
often falls during recessions (red uc­
tions in overhead labor are slower than 
reductions in output), but 1985 was 
not a recession year. It marked another 
kind of ominous event: it was the first 
year since the data have been kept in 
which a fall in productivity was not ac­
companied by at least one quarter of 
economic decline. 

Furthermore, 1985 was marked by 
intense international competition in 
which virtually every American indus­
try lost market share to foreign pro­
d ucers. Low-prod uctivity firms were 
driven out of business. Given such 
pressure to become more efficient, 
1985 should have seen rapidly rising 
productivity. It did not. Why? 

Whatever is happening, it is hap­
pening only in America. Productivity 
growth rates in every market economy 

fell after the first OPEC oil shock in 
1973. (The conventional explanation 
is that investments were focused on 
saving energy rather than on raising 
labor productivity.) Yet the rest of 
the industrial world rebounded after 
the second OPEC oil shock in 1979 and 
since then has enjoyed prod uctivity 
growth rates that are four to six times 
those the U.S. has posted. 

Although The Positive Sum Strategy 
is written as if the slowdown in U.S. 
productivity growth is a complicated 
mystery, a simple, straightforward di­
agnosis leaps out at the reader. As the 
editors state in their overview, "the 
truly fundamental factors which can 
increase the rate of growth permanent­
ly are the rate of technical change 
(change resulting primarily from ex­
penditures upon R&D) and the in­
crease in the quality of the labor 
force." Harvey Brooks, professor of 
applied physics and of technology and 
public policy at Harvard, elaborates 
the theme. He points out that America 
currently invests less in civilian re­
search and development than its major 
ind ustrial competitors do-I. 7 per­
cent of the G.N.P. for the U.S. versus 
2.5 percent for West Germany and 2.3 
percent for Japan. 

Nor does the quality of the Ameri­
can work force measure up. The U.S. 
has more functional illiterates (13 per­
cent of the adult population), gradu­
ates a smaller percentage of its popula­
tion from high school, has a greater 
percentage of high school graduates 
who are undereducated in mathemat­
ics and produces a smaller percentage 
of engineers among its college gradu­
ates than any of its main competitors 
do. The result is a work force low in 
quality when it is judged against any 
that existed in this nation'S past, or any 
existing today in nations that are ma­
jor competitors of the U.S. Given low­
quality inputs, why should anyone ex­
pect high-quality output? 

Yet, as the authors point out, this 
simple story is only part of the answer. 
Investment in plant and equipment is 
also a factor. Most new technologies 
require new capital equipment; a labor 
force whose skills have been improved 
usually requires new tools to exploit 
its enhanced abilities. Nations or in­
dustries that invest more usually adopt 
newer technologies faster. The U.S. is 
simply investing less in acquiring new 
tools than its competitors do. It seems 
obvious that the U.S. will have to in­
vest more. 

Throw in both entrepreneurs willing 
to take risks and ample market oppor­
tunities, other points mentioned by 
several of the authors, and America is 
home free. Or is it? 

If one looks at the authors' views of 
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Your Premier Volume 

EINSTEIN'S LEGACY 
Julian Schwinger 

EINSTEIN'S LEGACY 

NObel laureate Julian SchWinger tells the story of 
one of the twentieth century's greatest achievements­
the theory of relatiVity-which is largely the work of one 
man: Albert Einstein. 

The groundwork was laid in the seventeenth cen­
tury by Isaac Newton, who unified motion on Earth and 
in the heavens in a framework of absolute space and 
time; then, in the nineteenth century by James Clerk 
Maxwell, who unified electricity, magnetism, and light. 
But it was left to the sixteen-year-old Einstein to glimpse, 
for the first time, that the theories of these two giants 
were incompatible. 

Schwinger makes a lively narrative of Einstein's 
quest for the reconciliation of this conflict, a quest that 
led to the unification of matter and energy, and of space 
and time in his special and general theories of relativity. 

The special theory has had its awesome confirma­
tion in mankind's command of the nuclear force. 
Schwinger shows how the general theory, in turn, has 
stood up for 70 years to experiments drawn from the 
theory by Einstein, himself, and by his successors, em­
ploying ever more ingenious instrumentation and car­
rying the proofs ever farther beyond the decimal point. 

In the last chapter, Schwinger describes space-age 
experiments made possible by the technologies that in­
corporate the theory itself. Their outcomes may not only 
secure further confirmation of Einstein's legacy, but face 
it with difficulties that lead on towards a still more 
comprehensive theory 

Julian Schwinger was awarded the Einstein Prize in 
1951, the National Medal of Science in 1964, and the Nobel 
Prize for physics in 1965. 

He is currently University Professor of the University 
of California, Los Angeles. He received his Ph.D. from 
Columbia University and has been on the faculty at 
Purdue University and Harvard University. Through the 
years, he has done theoretical work in various areas of 
both classical and quantum physics. 

"J am happy to report, that his book makes for de­
lightful and instructive reading. Technical demands on 

the reader do not exceed the most elementary algebra. 
'1t is particularly gratifying that the subject's intri­

cacies, including glimpses of non-Euclidean and Rie­
mannian geometries, and the theory's early successes, 
... are so well conveyed here in simple language. Alto­
gether, tbis well printed and pleasing(v illustrated book 
is an ideal gift for the curious non-expert." -NATURE 
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In a lifetime of scientific adventure on the broad 

reaches of the Pacific Ocean, H.W Menard discovered in 
the Earth's most romantic islands new insights into the 
forces deep in the Earth's interior. 

His central contributions to plate tectonics, the unify­
ing theory of geology, explain the layout of the island arcs, 
the atolls and the seamounts on the map of our globe. He 
also tells the story of the evolution of life, of human 
settlement and of the exploration, in the latest centuries, 
of these islands. 

Sharing in Menard's adventure, the reader will also 
share his understanding of the Earth as a dynamic system. 
Photographs and cross section diagrams illuminate the 
text and make vivid connection between the beauty of 
nature at the surface and the processes driving the system 
in its depths. 

H.W Menard was a founding member of the Scripps 
Institution of Oceanography, where he was professor 
of Geology. In the course of his distinguished career, 
he served as Technical Advisor in the President's Office 
of Science and Technology and as Director of the U .S. 
Geological Survey. 

"In a very real sense, this book is his SCientifiC 
legary."-ROGER REVEIl.E, PROFESSOR OF SCIENCE AND 

PUBLIC POLICY, UNIVERSI1Y OF CALIFORNIA, SAN DIEGO 

230 PAGES, 152 MAPS, PH07DGRAPHS AND ILLUSTRATIONS 

mE LIVING CELL 

Christian cle DUlle 

A GUIDED TOUR OF THE LIVING CELL 

In A GUIDED TOUR OF THE LMNG CELL, Chris­
tian de Duve invites us to accompany him on an engross­
ing expedition through the trillions of cells that make up 
the human body. 

T he journey is divided into three itineraries. In the 
first, we examine a cell's outer and inner membranes and 
their two-way commerce with the exteriQ[ In the second, 
we call at all the major organelles-the cell's own or­
gans-and observe them manufacturing their own spe­
cial products. Our third itinerary takes us into the nucleus 
itself, where we see DNA steering the reproductive bio­
chemical machinery of the cell. 

Christian de Duve is Andrew W Mellon Professor at 
T he Rockefeller University in New York. He was a joint 
recipient of the Nobel Prize for medicine in 1974. 

'1t is hard to imagine a better introduction to the 
world of the cell and all it means to everyone." 

-JOHN BARKHAM REVIEWS 

2 VOLUMES, 422 PAGES, 425 ILLUSTRATIONS 
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SUN AND EARTH 

Awe can tell with our unaided senses, the distant 
sun bathes the Earth in radiant energy. From instruments 
on the ground and in orbit, we have now learned that the 
Earth revolves around in the Sun's extended atmos­
phere-the two bodies are in contact. An out-rushing 
solar wind engages our outer atmosphere and sets into 
action the processes that reach all the way to the planet's 
surface . 

In SUN AND EART H, the space-scientist Herbert 
Friedman combines an historical narrative with interpre­
tive accounts that retain the awe and wonder with which 
scientists and poets have regarded the sun's life-bestow­
ing characteristics. 

SUN AND EARTH also provides a comprehensive pic­
ture of how the sun shapes our environment and explains 
the impact of solar variability on the contemporary prob­
lems of survival. 

Herbert Friedman is chief scientist emeritus of the 
E.O. Hulburt Center for Space Research of the Naval Re­
search Laboratory. In 1969, Dr. Friedman received the 
National Medal of Science-the nation's highest honor for 
scientific achievement. 

"It covers more ground in an authorit ative fash­
ion than any contemporary book I've seen." 
-WILLIAM C. LNINGSTON, ASTRONOMER 
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who will have to change standard op­
erating procedures to bring about the 
necessary improvements, it would 
seem that the obligation falls only on 
government. 

Government should "lower real in­
terest rates, which are affected by 
monetary policy, deficits, and the un­
certainty of government policies"; 
government should "adopt a tax struc­
ture that really would promote saving 
and investment" while recognizing 
that incentives such as "the capital 
gains tax differential have been benefi­
cial for innovation and risk taking"; 
government should "adopt sensible 
regulatory policies and work to ease 
.. .fears about poisons, illnesses, and 
other hazards"; government "should 
reduce the rate of increase in ... expen­
ditures, including perhaps even de­
fense, but increase R&D expenditures 
for basic and generic research"; gov­
ernment should "avoid excessive .. .in­
tervention in markets, " and govern­
ment should remember that "national 
planning and real innovation are in­
compatible." As James Brian Quinn, 
professor of management at Dart­
mouth College, states: "Because of the 
driving power of such motivations, 
maintaining a climate friendly to en­
trepreneurs should be a central focus 
of any economic growth policies in the 
United States." And in its other activi­
ties government has "overemphasized 
equity, " both legal and economic, and 
has pressed "for greater equity in the 
distribution of income even at the ex­
pense of possible loss of efficiency." 

Put bluntly, the authors recommend 
that, with the exception of spending 
more on R&D, government should get 
out of the way, reduce its role in the 
American economy and let the market 
work its magic. Even if this analysis 
were correct (and I shall demonstrate 
that it is not) it creates a credibility 
problem for the ind ustrialists, scien­
tists and economists writing these es­
says because it sounds so horribly self­
serving. Increase the government R&D 
expenditure programs that benefit me 
but cut the government social pro­
grams that benefit everyone else. Cut 
my capital gains taxes but raise con­
sumption taxes on other Americans. 
What has not been conveyed with 
credibility is the very important idea 
that achieving advances in technology 
and productivity is not a selfish spe­
cial-interest-group issue but a general 
issue that is vital to the living stan­
dards of every individual in every in­
terest group in America. 

Gaining credibility for one's recom­
mendations is relatively easy. One has 
merely to recommend a few measures 
that adversely impinge on one's own 
immediate standard of living rather 
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than only measures that affect some­
one else's economic well-being. This 
the authors have not done, and as a re­
sult the book will have little political 
credibility whatever its scientific and 
economic merit. 

Where the analysis breaks down 
technically is in its failure to follow the 
advice of Harvey Brooks to "scan and 
adopt foreign" practices. There is no 
scanning of Europe, although Europe 
has a trade surplus with the U.S. that 
approaches the surplus achieved by 
Japan. And where the volume does 
scan foreign practices (in the essays on 
Japan by Masahiko Aoki, professor 
of Japanese studies and economics at 
Stanford, and Daniel I. Okimoto, asso­
ciate professor of political science at 
Stanford) the scanning has no notice­
able impact on the recommendations. 

If too much American equity is the 
problem, for example, how do the au­
thors explain the fact that among in­
dustrial countries the U.S. (with the 
exception of France) has the most un­
equal distribution of income? Ameri­
can income inequalities are 50 percent 
greater than those of Japan and 35 per­
cent greater than West Germany's. 

If excessive government spending 
is the problem, how do the authors 
explain the fact that the OECD has 
just announced that Japanese govern­
ment now spends a larger fraction 
of Japan's G.N.P. than American gov­
ernment (local, state and Federal) does 
of the U.S. G.N.P.? How do they 
square their analysis with the fact that 
since the Japanese have only a small 
defense budget, social spending is now 
a greater proportion of government 
outlays there than it is in the U.S.? 
If overall government spending is the 
problem, why is productivity worst in 
the country-the U.S.-that now has 
the smallest government sector among 
all major industrial countries? 

Are high taxes the problem? What 
do the editors and authors who call for 
lower taxes have to say about the con­
tribution by Dale Jorgenson, professor 
of economics at Harvard? Jorgenson 
shows that the effective American cor­
porate tax rates were far higher in the 
1950's and 1960's, when productivity 
was growing at a rate in excess of 3 
percent, than they are now, when pro­
ductivity is growing at less than 1 per­
cent per year. 

If more capital investment is need­
ed, why is it that investment in plant 
and eq uipment is a larger fraction 
of the U.S. G.N.P. now (11.6 percent 
from 1977 through 1985) than it was 
then (9.5 percent from 1948 through 
1965), whereas productivity and tech­
nical change are occurring more slow­
ly now than they were then? If en­
trepreneurship is a key, why is it that 

productivity is growing much more 
rapidly in Japan and Germany even 
though no one would describe those 
countries as more entrepreneurial than 
America? 

Why is it that Japan, a society pre­
eminent for its "administrative guid­
ance, " and Germany, where govern­
ments own major fractions of what in 
America would be private industries, 
perform well? Why is it that the edi­
tors virtually ignore in their recom­
mendations what has worked so well 
in Japan? Albert Bowers, chief execu­
tive officer of the Syntex Corporation, 
in his article on how Japan caught up 
with the U.S. provides the familiar list 
of key policies (targeting specific mar­
kets, infusing selected industries with 
low-cost capital, inhibiting foreign ac­
cess to key domestic Japanese mar­
kets, forgoing immediate profits, and 
so on). Yet the editors refer only in 
passing to this example as they press 
their policy agenda on the reader. 

With the exception of an excellent 
article on the economic handicaps of 
the American legal system by Milton 
Katz, professor of law at Harvard, 
what the authors completely miss is 
the role of social organization, or what 
might be called "soft" rather than 
"hard" sources of technology growth. 
If American productivity is to grow 
more rapidly, organizations other than 
government will have to change their 
standard operating procedures. 

If, for example, one looks careful­
ly at the .5 percent per year rate of 
growth of nonfarm business produc­
tivity between 1978 and 1985, one dis­
covers some interesting facts. During 
those years American business firms 
reduced their blue-collar payrolls by 
1.9 million workers, or 6 percent, 
while increasing the business G.N.P. 
by 18 percent (after correction for in­
flation). If one prod uces 18 percent 
more while reducing inputs by 6 per­
cent, one has achieved a 24 percent 
increase in productivity. Divide that 
number by seven years; the calculation 
shows that the blue-collar workers of 
America on the factory floor were 
generating a rate of growth of produc­
tivity in excess of 3 percent per year­
world class. 

What were those same firms doing 
when it came to their white-collar 
work forces? They were adding 10 
million white-collar workers-a 21 
percent increase in employment. Since 
output was only up by 18 percent, 
white-collar productivity actually fell 
in American industry. There are now 
58 million white-collar workers and 
only 30 million blue-collar workers on 
American payrolls. As a consequence 
the fall in white-collar prod uctivity 
wiped out much of the gain in blue-
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We're making waves in medical technology. 
The Lithotripter. Designed, developed and engineered 
by Dornier, it employs shock waves to replace surgery 
in the removal of kidney stones. 

Described as a "medical miracle" by the Secretary of 
Health and Human Services, the Lithotripter eliminates 
the pain, discomfort and much of the cost normally 
associated with surgical procedures. It was developed 
by Dornier as a technological refinement of research 
which had originally been targeted toward studying the 
effect of shock waves on supersonic aircraft. It is the 
only device of its kind in the world today that has suc­
cessfully treated over 100,000 kidney stone sufferers. 

At Dornier, we're working on other major medical de­
vices employing shock wave technology. We believe it 
is the wave of the future, not only in providing improved 
treatment, but in making high technology work to help 
lower the cost of medical care. 
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You are reading perhaps the most successful corporate advertising campaign ever , Science/Scope, which 
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collar productivity. If one adds in ser­
vice workers, many of whom indirect­
ly work for business, the decline in 
what is essentially white-collar pro­
ductivity would be even greater. 

By 1985 American businessmen 
were talking about excessive white­
collar overheads, but in spite of the 
talk and the occasional newspaper ar­
ticle about firms reducing middle-lev­
el management, the data show that 
quite the reverse was happening. In 
1985 the real business G.N.P. rose 2.7 
percent. Yet executives and managers 
were added to American payrolls at 
the rate of 5.6 percent-more than 
twice as fast as output was growing. At 
the same time administrative support 
staff (there are now 17.3 million such 
people on American payrolls) were be­
ing added at the rate of 3.5 percent, or 
30 percent faster than output was 
growing. 

Ind ustry-by-ind ustry comparisons 
of productivity between American and 
foreign firms, such as the famous stud­
ies done of the relative costs of pro­
ducing the Ford Escort, always show 
that much of the American cost (pro­
ductivity) handicap is due to relatively 
high white-collar overheads. 

Since the authors focus on the sit­
uation that prevails on the factory 
floor-a part of the firm where little is 
wrong-something important is being 
left out of the analysis they offer. Even 
if all the authors' recommendations 
were implemented, little would change 
in the average American office; yet 
that is where the major problems lie. 
When it comes to the office, there has 
been an immense absorption of hard­
ware and software but no improve­
ment in productivity. Why? 

Several of the authors talk about 
what Burton Klein, professor of eco­
nomics at the California Institute of 
Technology, calls "the propensity to 
engage in risk taking." Such phrases 
have little content when one is talking 
about office productivity. If the will­
ingness to take risks means, for exam­
ple, being willing to invest in new tech­
nology, then there has been a lot of 
risk taking in the office. Office auto­
mation is sweeping through American 
business at prodigious rates. In recent 
years office computers have account­
ed for a very large percentage of total 
American industrial investment and 
the American office is on the average 
much more computerized than the of­
fices of any of its foreign competitors 
are, yet office productivity tumbles in 
the face of that technology. Enormous 
amounts of capital (risk taking?), tech­
nology and highly skilled workers 
were going in (exactly the factors 
called for by the authors), but negative 
productivity was coming out. 

The fault does not lie with Ameri­
can government; it lies precisely with 
American firms. Deregulation (of oil, 
transportation and banking) arrives 
and there is much less enforcement of 
the antitrust regulations, and yet pri­
vate American white-collar bureauc­
racies grow bigger. Whatever else they 
may be, American managers are not 
world class when it comes to managing 
themselves. 

This is not the place for a long dis­
cussion of why white-collar overheads 
have grown so rapidly in American 
firms, but I would argue that the trend 
cannot change without some fun­
damental restructuring of the way 
American firms manage and organize 
themselves. 

Accountants provide one good ex­
ample. Computerized accounting, it 
could be presumed, would have en­
abled American firms to operate with 
fewer accountants. Yet the number of 
accountants on American payrolls has 
risen from 1.0 million to 1.3 million 
between 1978 and 1985. The invention 
of a new technology has simply led to 
ordering up old accounts more fre­
quently and inventing new forms of 
accounting (management information 
systems, cost accounting, inventory 
control, and so forth) that were not 
previously feasible, but not to thinking 
how any of these systems could really 
improve the ultimate results. 

Perhaps the answer is to be found in 
foreign systems of participatory man­
agement, such as those that let blue­
collar workers do inventory control, 
that do not send enormous quantities 
of information up the corporate pyra­
mid and thousands of orders down the 
pyramid. That is a dangerous thought, 
since it would require the authors to 
tell corporations that they too are inef­
ficient and will have to make changes 
in standard operating procedures. The 
fault lies not in Caesar, dear Brutus, 
but in thee. 

Before following the prescriptions 
of these authors and thereby allowing 
a shift in taxes that will cut consump­
tion or reductions in government pro­
grams that provide benefits to the citi­
zenry, the average American voter 
might well ask why he should believe 
American industry is likely to spend 
whatever extra income is surrendered 
to it any more wisely than it spent the 
billions of dollars recently put into of­
fice automation. 

He might also ask why he should 
pay more taxes to support more re­
search and development when one 
author (Edwin Mansfield, professor 
of economics at the University of 
Pennsylvania) argues that "technology 
is being transferred across national 
boundaries more rapidly than in the 

past." Gaining a technological edge is 
essentially the name of the game being 
recommended, yet no one explains 
how American voters or workers, as 
opposed to American firms, get a tech­
nical edge in a world of multinational 
or transnational firms for whom in­
stant offshore production (Kodak, for 
example, made no attempt to manu­
facture its new eight-millimeter video 
camera in America) is a way of life. 

That average voter might also ask 
for a comment on the argument made 
by the chief executive officer of the 
Phillips Corporation, widely reported 
in the European press at the end of 
March, that America would eventual­
ly be completely driven out of the elec­
tronics business because U.S. firms 
had given up on consumer electron­
ics-the market that can provide the 
volume necessary to support invest­
ment in new process innovations, 
which can then be carried over to in­
dustrial and military electronics. Why 
should managers be supported who 
are making such strategic mistakes? 

The average American might be for­
given for thinking that something oth­
er than government must be wrong 
with the way American management 
is organizing itself and making deci­
sions if non unionized American firms 
can, in a very brief period of time, go 
from a 90 percent market share in 8K 

RAM chips to a 10 percent market share 
in 256K RAM chips. In an excellent 
Ph.D. thesis Charles Ferguson, a Mas­
sachusetts Institute of Technology 
graduate student, documents the fall 
of the American semicond uctor ind us­
try. It was precipitated by a shrewdly 
thought-out and well-executed strate­
gy developed by government and in­
dustry in Japan; the strategy worked 
because of the fragmented structure of 
American industry and the shortsight­
ed decisions and high turnover that 
flowed directly from the way Ameri­
can industry is organized. 

The article by Gordon Moore, chief 
executive officer of Intel, briefly men­
tions some of the structural problems. 
"An excess of venture capital is ... of­
ten disruptive to the company the en­
trepreneurs leave when they start their 
venture .... A major project, important 
for our international competitive posi­
tion, ... was delayed for a year or more 
because of the people leaving for a 
start-up." How does one build a suc­
,cessful company that lasts for more 
than one generation if each group of 
bright young engineers wants to start 
up its own company and become rich? 
Like too much ice cream, too much en­
trepreneurship can give the economy 
indigestion. Yet the authors call for 
still more entrepreneurship. 

There is, to be sure, some dissent by 
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authors from the dominant themes. 
Paul David, professor of economics 
and history at Stanford, makes the 
point that markets do not always lead 
to optimal results. (He cites the awk­
wardly arranged QWERTY keyboard of 
the typewriter and computer as an ex­
ample.) But nowhere does this realiza­
tion seem to inform the recommenda­
tions that are offered by the editors 
and authors. 

Several authors see a weakness in 
manufacturing and process R&D. Har­
vey Brooks recognizes that "U.S. em­
phasis on product as compared with 
process innovation relative to other 
countries may ... be a factor" in Ameri­
ca's poor performance. Robert Mal­
pas, managing director of the British 
Petroleum Company, points out that 
"a production engineer is near the bot­
tom of the engineers' merit scale." 
Gordon Moore sees that "if we lose 
the manufacturing battle to our over­
seas competitors, the research and 
development that creates the oppor­
tunities is in real danger of losing the 
revenue stream that is required to 
support it." 

Industry is exhorted to do more 
process R&D and to give those who do 
it more credit. No explanation is of­
fered, however, for why American 
firms have underinvested in process 
R&D or why they are now suddenly 
going to change those habits. In those 
efficient free markets, if Americans do 
not invest in process R&D, it must be 
because it is not profitable for them 
to do so, and no amount of exhorta­
tion or extra funds for investment 
will change the amount or prestige 
of such investments. If the lack of 
process R&D is a real problem, then 
one must face the fact that somehow 
the market mechanism has failed. No 
government bureaucrat gave orders 
to avoid investment in process R&D 
or tinkered with the tax system to 
thwart such investment. 

In an article in Technology Review, 
"Designing the Designers: Computer 
R&D in the United States and Japan," 
D. Eleanor Westney and Kiyonori Sa­
kakibara describe the process of mov­
ing technologies into production in the 
computer industry in Japan. Instead 
of the rigid separation between R&D, 
manufacturing and management com­
mon in the U.S., new engineers first be­
gin in research and then essentially fol­
low their ideas into production engi­
neering and finally into management. 
Who could have a better incentive to 
manufacture a new product efficiently 
than those who first thought it up? It is 
just such organizational changes that 
will have to occur if America is to re­
gain its edge in process innovation. 
And if American firms are not willing 

to make such changes in their standard 
operating procedures, then new prod­
ucts, such as semiconductor chips, will 
remain American products for pro­
gressively shorter periods of time. 

Other forms of social organization 
also play a role in suppressing produc­
tivity. Although there is an article on 
the role of large banks in financing in­
d ustry by John Reed, the chairman of 
Citicorp, and his colleague Glen Mo­
reno, nowhere is there a discussion of 
how the bold forays of financial vi­
kings affect new technologies and the 
growth of productivity. In the Ameri­
can financial system the highly lever­
aged firms that are produced by merg­
ers or that become highly leveraged in 
order to fight off the raiders have no 
funds (after mandated interest pay­
ments are made) to invest in new tech­
nologies. In a climate of merger 
mania, industry becomes a plaything 
of finance. Assets are reshuffled, 
fortunes are made, yet the ultimate 
source of more wealth, higher produc­
tivity, grows ever more slowly. 

In Japan the Minister of Internation­
al Trade and Industry is regarded as 
more powerful than the Minister of Fi­
nance. In the U.S. to even compare the 
power of the Secretary of Commerce 
with that of the Secretary of the Trea­
sury is absurd. 

Such perceptions underscore what a 
society thinks is important. So does a 
country's behavior when what is good 
for finance conflicts with what is good 
for industry. In January, 1985, the 
British pound hit $1.04. Britain's man­
ufacturers should have been dancing 
in the streets. For the first time in 50 
years they would have been able to ex­
pand their world market share. Yet it 
was a disaster for the City of London. 
Who would want to hold British finan­
cial assets with such a value for the 
pound? Overnight the British govern­
ment raised interest rates from 9 to 14 
percent to restore the position of its fi­
nancial firms, and in doing so it fore­
closed the opportunities that might 
have been open to its industrial firms. 
When it comes to such relationships, 
the U.S. is fundamentally Anglo- Sax­
on: if it is forced to choose, it will be 
pro-finance and anti-industry. In order 
to compete with countries that empha­
size industry, that bias may have to be 
turned upside down. 

This collection of essays might also 
have benefited from a historian's view 
of American economic development. 
Harvey Brooks comments that "the 
demand for durable steel rails for the 
railroads was a major factor driving 
technological innovation in the bur­
geoning steel industry"; he does not 
mention that the more efficient British 
steel industry was kept out of the 
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American rail market by the protec­
tionist policies of the U.S. Govern­
ment. Nor does Brooks remind readers 
of the book that those railroads were 
also built with the aid of government 
land grants. 

The first unique contribution of the 
Federal Government to progress in in­
dustry was the concept of interchange­
able parts. Eli Whitney developed that 
manufacturing system in 1798 to ful­
fill a contract from the War Depart­
ment to make muskets. No one in the 
private sector would take a risk on 
mass production, and the initial con­
tract in fact paid Whitney more than it 
would have cost the Continental Con­
gress to buy handmade muskets in Eu­
rope. He also delivered late and in­
curred large cost overruns, which were 
picked up by the Government. Yet 
the early and widespread use of in­
terchangeable parts gave America 
an edge that enabled it to catch up 
with Britain economically during the 
19th century. 

The nation's civilian aviation indus­
try was built on aircraft that had been 
developed for military transportation. 
Government construction projects 
such as the interstate highway system 
created the internal markets that al­
lowed construction-machinery manu­
facturers to gain the economies of 
scale enabling them to dominate world 
markets for many years. 

America's own history is far more 
complicated than simply letting unfet­
tered markets rip. 

The editors and authors freq uent­
ly refer to technology as a black box 
whose intricate inner workings no one 
understands, whereas they imply that 
the market mechanism is crystal clear. 
Pump in high-quality inputs, keep gov­
ernment from fouling up the mecha­
nism, and the market will always yield 
high-quality outputs. 

As economists and managers know 
too well, the market mechanism is un­
fortunately at least as opaque as tech­
nology. Consider the prescription of 
increasing the economic rewards (re­
ducing the taxes) for those much 
prized individual risk takers. At no 
time did technical progress occur fast­
er than it did during World War II, yet 
at no time in American history did 
individuals reap less of their rewards 
in the form of personal income or 
wealth. Maximum tax rates were in ex­
cess of 90 percent. Today's taxes on 
high-income individuals are far below 
those paid at any time since the Great 
Depression, yet the adoption of new 
technologies and productivity growth 
is slower than it has been at any time 
since the onset of the Industrial Revo­
lution. That clear market mechanism 
grows ever more opaque. 
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The Microwave Problem 
Is exposure to low levels of microwaves a hazard? How strict should 
exposure limits be? These issues remain in dispute in part because 
some findings on the biological effects of microwaves are ambiguous 

by Kenneth R. Foster and Arthur W. Guy 

i\'r-traffic-control systems, police 
and military radar, earth-to-sat­
ellite television broadcast sys­

tems, long-distance telephone eq uip­
ment, medical diathermy devices and 
microwave ovens all generate micro­
waves. Except when microwaves are 
deliberately applied to the body for 
therapy, little of this invisible energy 
ever reaches the public. Is exposure to 
such low levels of microwave energy 
hazardous to human health? 

This question is easier to ask than 
to answer. The interaction of micro­
waves and living organisms has been 
studied much more extensively than 
most other potential environmental 
hazards have, and yet the result has 
been continuing public and scientific 
controversy. 

Communications equipment is a 
source of widespread-albeit extreme­
ly weak-public exposure to micro­
waves. A typical dispute arises when 
a company petitions a county zoning 
board for permission to install a mi­
crowave communications facility. The 
company's spokesmen might explain 
that the intensities, or power levels, of 
transmission will result in peak expo­
sure levels that are some thousandths 
or millionths as high as allowable lim­
its. These limits in turn are considera­
bly below the levels known to produce 
biological damage. 

Opponents argue that low levels of 
microwave energy may pose some as 
yet unproved danger and that their 
safety is still to be demonstrated. They 
point to the many biological effects 
that have been suggested at one time 
or another (by animal studies) to be 
related to exposure to low-level mi­
crowave energy, such as changes in 
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immune-system functions, altered be­
havior, changes in the permeability 
of the brain to molecules carried in 
the blood, damage to chromosomes 
and the development of cancer. 

Controversy continues in part be­
cause some of the data provided by ap­
proximately 6,000 studies in the 40 
years since microwave technology was 
introduced are inconsistent and incon­
clusive. Whereas it is known that ex­
posure to high levels of microwaves 
can burn human tissues or cause heat 
stress, no clear-cut damage to human 
beings from low-level radiation has 
been demonstrated. On the other hand, 
exposure to low levels of microwaves 
cannot be proved free of hazards. This 
lack of consensus does not result from 
flawed research alone. The cause is 
more fundamental: the normal process 
of risk assessment yields data that can 
be subject to different interpretations 
and can generate controversy, whether 
or not a hazard is ever demonstrated. 

Given the inconclusive state of the 
published evidence, we do not ar­

gue here that exposure to low-level mi­
crowave energy is either hazardous 
or safe. Rather, we shall describe the 
process by which known hazards have 
been quantified. We shall also review 
the development of the first major 
American standard for limiting expo­
sure to microwaves and the rationale 
behind the standard. We shall then re­
view several case histories that indi­
cate why assessing the possible haz­
ards of microwaves-and low-level 
environmental agents of all kinds-is 
so challenging. 

Concern over the biological effects 
of microwaves must be viewed in the 

context of experience with lower-fre­
q uency electric fields, which were ex­
ploited for technology before micro­
waves were. Microwaves are a part 
of the electromagnetic spectrum, and 
their band extends from 3 00 mega­
hertz to 3 00 gigahertz; that is, it in­
cludes waves with oscillation frequen­
cies ranging from 300 million hertz, or 
cycles per second, to 300 billion hertz. 
Those frequencies are higher (and the 
wavelengths corresponding to the fre­
quencies are shorter) than those of 
standard radio and television signals. 
Above the microwave band there are, 
in order of increasing freq uency, infra­
red radiation, visible light and "ioniz­
ing" radiation: ultraviolet radiation, X 
rays and gamma rays. 

We should point out that ionizing 
radiation is qualitatively very different 
from microwave energy in its effects 
on biological systems. As one photon, 
or energy packet, of an ionizing ray 
passes through a substance, the photon 
breaks chemical bonds (even in the ab­
sence of any appreciable heating) and 
causes neutral molecules to become 
charged. Such ionization can damage 
tissues. In contrast, the energy of a 
photon of a one-gigahertz microwave 
is only one six-thousandth of the kinet­
ic energy possessed by a molecule in 
the body owing to normal thermal agi­
tation, even less than the energy need­
ed to break the weakest chemical 
bond. This does not rule out the possi­
bility that weak microwave energy can 
directly alter molecules of tissue, but 
it does not suggest a mechanism by 
which significant changes could occur. 

By the time microwave technology 
was introduced, during World War II 
(when radar changed the course of the 
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war), electromagnetic fields at lower 
freq uencies had been employed for 
therapeutic heating for most of the 
century. Although the value of thera­
peutic heating was not disputed, the 
one obvious potential hazard was that 
of burns or other damage resulting 
from excessive tissue heating. In addi­
tion controversy raged among investi­
gators over claims that high-frequency 
electromagnetic energy produces bio­
logical effects in various organisms, 
effects that some believed did not arise 
from simple heating alone. 

In the decade after World War II mi­
crowave technology continued to de­
velop rapidly, and with this progress 

came widespread human exposure to 
the energy. Although few injuries of 
any kind were reported, the possibili­
ty of hazard became increasingly dis­
turbing. Because of the military's ex­
tensive application of relatively high­
powered radar eq uipment, the services 
took a lead in investigating micro­
waves, establishing research programs 
in the early 1950's that continue in ex­
panded form today. Also in the early 
1950's, many investigators and Gov­
ernment officials began to consider 
setting exposure guidelines. 

One of those people was Herman P. 
Schwan of the University of Pennsyl­
vania. Based on theoretical estimates 

of tissue heating, he recommended in 
1953 that human exposure to micro­
wave energy be limited to a maximum 
average "power density" of 100 watts 
per sq uare meter. 

Schwan's calculations showed that 
exposure to this incident power 

level should raise the temperature of 
any region of the body by one degree 
Celsius or less, and add heat at a rate 
comparable to that generated by the 
body's normal physiological proces­
ses. The limit was roughly one-tenth as 
intense as bright sunlight and perhaps 
one-fiftieth as intense as the power lev­
els of diathermy equipment. Schwan 

ANTENNAS (large "dishes") at a communications 'station in Ver­

non, N.J., transmit microwave signals to satellites; other antennas 

(smaller disks) relay energy to receivers on the earth. The signals 

are put to a variety of purposes, including satellite television broad­

casts. Transmissions from these antennas, and those from the many 

others that make Vernon a hub of microwave satellite communica-

tions, result in exposure levels to the public that are well below the 

safety limits imposed by the state. (Backyard dishes that merely 

receive transmissions are not a source of exposure.) Vernon is one 

of several places in the U.S. where citizens' groups have protest­

ed the installation of microwave generators, fearing that exposure 

to even low levels of microwave energy may pose health hazards. 
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also calculated that power densities 
of about 1,000 watts per square me­
ter might produce heat damage to 
the body in some circumstances. The 
proposed limit, then, allowed a safety 
margin of roughly 10. 

Schwan directed his advice to the 
U.S. Navy, which had expressed con­
cern about microwave safety, and his 
proposal was eventually embodied in a 
formal standard by the United States 
of America Standards Institute, later 
renamed the American National Stan­
dards Institute (ANSI) . ANSI, a private 
organization that recommends safety 
guidelines of many kinds for different 
ind ustries, adopted the standard in 
1966 after reviewing the scientific lit­
erature and finding no convincing evi­
dence for damage in animals exposed 
to microwaves at power levels below 
100 watts per square meter. Many 
Western nations soon adopted compa­
rable standards, and the ANSI guideline 
(formally known as ANSI Standard 
C95.1) became the most influential 
standard for occupational and public 
exposure to microwaves in the U.S. 
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The original ANSI standard, which 
covered frequencies between 10 mega­
hertz and 100 gigahertz, remained es­
sentially the same for many years, but 
by 1982 ANSI'S periodic reexamination 
of the guideline suggested a change 
was in order. By that time too the safe­
ty of exposure to low-level microwave 
fields-ones transmitted at power lev­
els too low to cause significant heat­
ing-had become a subject of popular, 
political and scientific debate. 

Public concern had been heightened 
by several factors. Between the 1940's 
and the 1970's many studies had ad­
dressed the biological effects of micro­
wave energy. Most of the reported 
effects occurred at power densities 
above 100 watts per square meter, but 
a few, some of which might be inter­
preted as harmful, had been reported 
at power densities substantially below 
the ANSI guideline. (One investigator, 
for example, reported in 1968 that 
pulsed microwave energy beamed at 
an average power density less than one 
ten-thousandth of the ANSI guideline 
could change the beating rate of isolat-

ed frog hearts, sometimes stopping a 
heart entirely. That finding could not 
be confirmed by other investigators.) 
People had also heard news reports 
that the Soviet Union had for many 
years beamed low levels of microwave 
energy at the American Embassy in 
Moscow, reports that often included 
speculations about health effects. In 
addition the Soviet Union and the 
Warsaw Pact countries had set expo­
sure limits for the general population 
at levels 100 to 1,000 times lower than 
any American standard. 

The major impetus for ANSI'S revi­
sion of the guideline was data from 
studies employing improved methods 
of dosimetry, or measurement of ab­
sorbed energy. The absorption of ener­
gy by an animal or a human being de­
pends in a complex way on such vari­
ables as the frequency of the energy, 
the subject's size and orientation to the 
waves, and the type of transmitting an­
tenna used. Exposed to identical en­
ergy, a rat and a human being will 
absorb vastly different amounts of en­
ergy per unit of body weight. This 
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MICROWAVE BAND of the electromagnetic spectrum (left) ex­

tends from approximately 300 million to approximately 300 billion 

hertz. Microwaves are exploited for an array of applications, only a 

few of which are listed at the right. Military and civilian radar and 

communications functions are concentrated in the range of .3 to 40 

gigahertz (billions of hertz). Medical, industrial and scientific tech­

nologies employ several frequencies, but the ones most commonly 

applied are 915 megahertz (millions of hertz) and 2.45 gigahertz. 
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complexity had long been recognized, 
but before the late 1960's few investi­
gators carefully measured the amount 
of energy absorbed by their subjects. 
Beginning in the 1960's engineers un­
dertook studies that led to a fuller un­
derstanding of energy absorption and 
to better experimental techniques for 
measuring it in animals. 

Several methods developed in the 
past two decades calculate absorbed 
energy by measuring the tempera­
ture rise in models of living subjects. 
One of us (Guy) introduced the "split 
phantom" technique in 1968. Workers 
shape plastic foam into a hollow mod­
el of an animal, fill it with a gel that 
has electrical properties resembling 
those of living tissue and briefly irradi­
ate it. Then they split the model open 
and photograph it with an infra­
red camera to record temperature in­
creases. Workers can also determine 
energy-absorption patterns by com­
puter simulation. The animal or ex­
posed person is modeled as a simple 
ellipsoid or cylinder. More elaborate 
mathematical models, consisting of 
block figures, have also been studied. 

By 1982 all the new methods agreed 
that the amount of energy absorbed 
varies widely with the frequency of the 
radiation and the size of the body. Un­
der unfavorable circumstances a per­
son might absorb up to 10 times as 
much energy at frequencies between 
70 and 100 megahertz as at higher fre­
quencies, depending on the individ­
ual's orientation to the waves. Electro­
magnetic waves consist of electric and 
magnetic fields that are perpendicular 
to each other and to the direction in 
which the waves are traveling [see top 
illustration on this page]. Maximum ab­
sorption occurs when waves impinge 
on the body from the side, where the 
electric field is parallel to the body's 
long axis and the magnetic field is per­
pendicular to the front of the subject. 
The human body is an efficient anten­
na for waves in the 70-to-l00-mega­
hertz range; it is said to "resonate" 
with the fields at those frequencies. 

To adjust for these resonance ef­
fects, in 1982 an ANSI committee 

reviewing the standard decided to 
make power-density limits dependent 
on frequency, with the overall goal be­
ing to limit the energy absorbed by the 
body. Whereas the old guideline had 
specified only the intensity of the ener­
gy incident on the body, the new one 
attempted to limit average entire-body 
absorption levels to .4 watt per kil­
ogram of body weight. (Somewhat 
higher peak absorption levels might 
be allowed for partial-body exposure.) 
When the body is at rest, it normally 
generates heat at twice that rate, and 
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ELECTRIC AND MAGNETIC FIELDS of microwaves and other forms of electromagnet­
ic radiation are perpendicular to each other. They are also perpendicular to the direction of 

wave propagation. When the radiation travels in the direction that is shown by the z axis, 

the electric field (color) is parallel to the x axis; the magnetic field is parallel to the y axis. 

it generates much more heat during 
moderate exercise. Compared with the 
previous guideline, the 1982 standard 
called for significantly reduced power 
densities at resonance frequencies, and 
it applied to a wider range of frequen­
cies, from 3 00 kilohertz to 100 giga­
hertz [see top illustration on page 38]. 
The incident power level was calculat­
ed by averaging power over six-min­
ute periods; thus the standard allowed 
brief exposure to high power levels. 

ANSI approved the 1982 standard 
only after its review of the scientific 
literature uncovered no convincing ev­
idence for health-damaging effects in 
animals exposed to energy prod ucing 
absorption rates below .4 watt per kil-

DIRECTION OF � 
WAVE PROPAGATION ---....::?� 

RADIATION 

ogram. The committee concluded that 
the threshold for possible hazards was 
an absorbed power level of rough­
ly four watts per kilogram of body 
weight; in other words, the standard 
had a safety factor of about 10 built 
into it. The committee further con­
cluded that the proposed standard 
would exclude heat stress and burns. It 
would also avoid other reported ef­
fects for whose existence and undesir­
ability the evidence was considered re­
liable (such as serious disruption in the 
behavior of several kinds of animals at 
absorption levels of four to eight watts 
per kilogram). 

The standard did not attempt to 
avoid all reported effects, because the 

\ \ 

I , 

"SPLIT PHANTOM" TECHNIQUE for dosimetry measurement of absorbed energy was 

introduced by one of the authors (Guy) in 1968. The technique measures the temperature 

rise in models of human beings or animals and reveals the pattern, depth and amount of 

energy that would be absorbed by a living creature. Workers hollow out two halves of a 
Styrofoam block to form a mold of the body and then fill the mold with a gel that has 

electrical properties resembling those of living tissue. The model is briefly irradiated (left) 
and quickly split apart, and the interior is photographed with an infrared camera to record 
the amount of heating in various regions. The photograph at the right reveals the pattern of 

energy deposition produced in one such model, which, for practical reasons, is smaller than 

life size. The pattern is comparable to that produced by 79-megahertz waves (a frequency 
resulting in maximum absorption by humans) striking the side of a man weighing 70 kilo­

grams and standing 1.74 meters tall. The bright areas indicate relatively high absorption. 
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literature relating to many of the ef­
fects was-and still is-problematic. 
Many studies have shown that expo­
sure to high levels of microwaves is 
clearly hazardous, producing obvious 
heat stress in animals. Other studies, in 
which absorption levels are compara­
ble to the rate of heat generated by the 
body, have observed changes that in 
part could be normal physiological re­
sponses to the added heat, although 
evidence for this inference is often less 
clear. Other effects have been reported 
at quite low power levels; no obvious 
explanation has been found. 

There is also great diversity in the 
quality of the evidence. Although 
many studies reporting effects on liv­
ing systems have apparently been well 
done, some have had obvious tech­
nical flaws (in particular, some have 
lacked adequate dosimetry) and others 

have been too briefly described to al­
low any judgment of their quality. 
Of the hundreds of biological effects 
of high or low levels of microwaves 
that have been reported, a surprising 
number are examples of the "Cheshire 
cat" phenomenon: they have not reap­
peared in follow-up studies. 

Part of this disparity arises from the 
nature of the research itself. An inves­
tigator might report an "effect" on the 
basis of some difference found be­
tween control subjects and those ex­
posed to microwaves. The reported ef­
fect might well arise from some specif­
ic biological activity of the energy. On 
the other hand, it might also result 
from a normal physiological response 
to added heat, from a statistical fluctu­
ation or even from some experimental 
variable that was not adequately con­
trolled by the investigators. 

COMPUTER-GENERATED SPHERE can be employed to study energy-absorption pat­

terns in tissues and is particularly valuable for determining how changes in frequency alter 

the distribution of energy within irradiated subjects. The sphere, which can represent a 

person or a part of the body, is evaluated as if it had electrical and heat-transporting 

properties resembling those of human tissues. With the computer an investigator calculates 

the energy-deposition patterns, assigning different colors to represent amounts of tempera­

ture increase. When a sphere with a IO-centimeter radius is irradiated at a frequency of 100 

megahertz, the front surface absorbs the greatest amount of energy (red); the region just 
behind the surface absorbs a moderate amount (greell) and the center of the sphere absorbs 

very little energy (blue). At an incident power level of 10 watts per square meter, the 

maximum calculated temperature rise in this sphere is minuscule: .003 degree Celsius. The 

image shown here was made by Haralambos N. Kritikos of the University of Pennsylvania. 
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To illustrate the ease with which 
data can be subject to various interpre­
tations and produce apprehension, we 
have chosen three case studies. All the 
reported findings were observed at 
power levels that are within the ANSI 
guideline in effect before 1982, and all 
have played some role in the public 
controversy about possible hazards of 
low-level microwave energy. 

The first case involves the possible 
influence of low-level microwave 

energy on brain function. In 1975 two 
American teams of workers reported 
that exposure to power levels from 
one-third to one-fiftieth of the ANSI 
standard could increase the rate at 
which tracer molecules enter the brain 
from the blood. Although the exact 
significance of this finding for human 
beings was difficult to judge, any such 
effect could be construed as disturbing 
the blood-brain barrier and would be 
cause for concern. Predictably, the re­
port fueled the microwave-safety con­
troversy. A dozen research groups fol­
lowed up on this finding during the 
next decade. As studies continued and 
were progressively better controlled at 
low exposure levels, the effect went 
away. (Most investigators agree, how­
ever, that exposure to energy levels 
high enough to significantly heat the 
brain would produce substantial alter­
ations in the barrier.) 

The second case study involves the 
"microwave auditory effect," which 
has been known since 1947. When a 
subject's head is exposed to pulses of 
microwave energy, the person can of­
ten hear "clicks" in synchrony with the 
pulses; these clicks seem to originate 
from within the head. To be heard, the 
pulses must be relatively intense (on 
the order of 10,000 to 500,000 watts 
per square meter); they can be brief 
enough (microseconds), however, to 
result in a rate of energy absorption 
that, when averaged over time, falls 
well below maximum safety levels. 

Results of one early study on the ef­
fect suggested that the center of the 
brain was the most sensitive region 
for producing the clicks. The alarming 
possibility thus arose that the pulses of 
microwave energy might somehow act 
directly on the brain. In 1974 one of us 
(Foster) proposed that the clicks might 
result from a benign physical effect ac­
companying the absorption of the en­
ergy by the head. The proposed mech­
anism was simple: the thermal expan­
sion of tissue, caused by minuscule but 
abrupt heating (a few millionths of a 
degree following each pulse), launches 
sound waves that the subject perceives 
as clicks. Simple calculations and ex­
periments using water-filled models 
showed that sound waves generated by 
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the microwave pulses should indeed 
be audible. Soon after, studies with an­
imals confirmed the hypothesis. The 
microwave auditory effect is not now 
regarded as pointing to a hazard. 

Our final illustration is an extend­
ed study conducted by one of us 

(Guy) with his colleagues at the Uni­
versity of Washington at Seattle. Its re­
sults reveal typical ambiguities that 
can result from screening studies, 
which are the source of many reports 
of microwave effects. The three-year 
study of the effects of long-term, low­
level irradiation was funded by the 
U.S. Air Force School of Aerospace 
Medicine. It compared 100 rats that 
were irradiated for most of their lives 
with 100 rats that were not exposed to 
radiation but were otherwise treated 
identically. The radiation beamed at 
the experimental group had an av­
erage power level of five watts per 
square meter and a frequency of 2.45 
gigahertz. The rats were exposed for 
2 1  hours per day for 25 months. On 
the average, depending on age, they 
absorbed from .2 to .4 watt per kilo­
gram of body weight, the latter being 
the current ANSI exposure limit for hu­
man beings. 

The investigators examined 155 dif­
ferent measures of health and behav­
ior, including blood chemistry, body 
weight, daily food and water con­
sumption, oxygen consumption, car­
bon dioxide production and activity 
level. The results revealed few differ­
ences between the exposed and the 
control rats, and those differences for 
the most part were either not statis­
tically significant or came and went, 
suggesting that they might be due to 
chance. For example, plasma corti­
sone levels (which indicate the level of 
arousal) were higher for the exposed 
group during the first sampling session 
but were higher for the controls during 
the third session. 

Earlier studies had suggested that 
microwaves might impair the immune 
system. The Seattle group therefore 
evaluated the function of lympho­
cytes, a cell type fundamental to the 
immune response. Some but not all of 
the immunological tests showed a dif­
ference between the exposed and the 
control animals after 13 months. Af­
ter 25 months the differences were no 
longer discernible. The mean surviv­
al time of the exposed animals was 
slightly longer than that of the con­
trol animals: 688 days v. 663 days-a 
difference that was probably due to 
chance alone. 

One difference was striking: prima­
ry malignant tumors developed in 18 
of the exposed animals but in only 
five of the controls. The probability 

BLOCK FIGURES are the most complex of all theoretical models employed to calculate 

energy absorption. Workers load the coordinates of each block into a computer. Then, on 

the basis of presumed electrical properties of the tissues, radiation frequency and other 

factors, the computer calculates the specific absorption rate (SAR): the watts of energy 
absorbed per kilogram of weight when a subject is exposed to a power density of 10 watts 

per square meter. Other theoretical models (not shown) include ellipsoids that are assumed 

to be filled with homogeneous material representing human tissues and ellipsoids that are 

assumed to contain separate layers representing fat and muscle. Results from all these 

theoretical approaches agree well with one another and with data derived from experiments 

with irradiated models, increasing confidence in the accuracy of the various calculations. 
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RATES OF ENERGY ABSORPTION by an average-size rat and man differ at most fre­

quencies and also peak at different frequencies, as is shown by comparisons of SAR'S in 

ellipsoid models. Man has a pronounced increase in SAR at approximately 70 megahertz, 

the rat near 1,000 megahertz. The large differences in SAR'S between the species arise from 

the differing properties of their bodies as antennas. Such differences, together with differ· 

ing physiological responses to heat, are important sources of uncertainty when investigators 

attempt to extrapolate from animal data to determine a power threshold above which micro­

waves pose a hazard to human beings. The curves reflect absorption by subjects exposed to 

waves propagated toward the body at an angle that most promotes energy absorption. (The 
electric field is perpendicular to the long axis of the body; the magnetic field is perpendicu· 

lar to the frontal plane.) The data are from Carl H. Durney of the University of Utah. 
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WIDELY RECOGNIZED STANDARD for maximum public and occupational exposure to 

microwaves was established in 1966 by the American National Standards Institute (ANSI) 
and was significantly revised in 1982. In 1966 the voluntary standard allowed the maximum 

incident power level to be 100 watts per square meter for frequencies ranging from 10 

megahertz to 100 gigahertz (100,000 megahertz). An ANSI committee revised the limit in 

1982 to reflect the finding that the human body absorbs more energy at some frequencies 
than it does at others. The 1982 version makes power densities dependent on frequency, 

lowering allowed power levels for frequencies in the neighborhood of 100 megahertz. The 

standard's goal is to limit absorption to .4 watt per kilogram, averaged over the entire body. 

If only part of the body is exposed, higher power intensities are sometimes permissible. 
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REPORTS OF BIOLOGICAL EFFECTS were plotted (dots) by the ANSI committee ac­

cording to SAR and frequency before the organization revised its exposure standard in 1982. 

For effects reported to occur at SAR'S above five watts per kilogram, different studies gen­
erally agreed on the nature of the effect and the SAR'S that would reliably produce it. For 

effects reported at lower power levels, different studies showed much less agreement. Many 
of the effects reported at the lower levels were not considered indicative of a hazard. ANSI 
further determined that reported effects that could be considered hazardous occurred at an 
entire-body SAR of four watts per kilogram and above; the organization arrived at the 1982 

SAR limit of .4 watt per kilogram (broken line) by then building in a safety factor of 10. 
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of such a difference occurring in two 
samples from an identical population 
of only 100 animals each is roughly 
.005, and so the difference is statisti­
cally highly significant. 

At face value this last finding sug­
Il. gested that low levels of micro­
wave radiation can cause cancer in 
mice (and by inference in humans). 
The finding was widely reported by 
the lay media in 1984 and has been fre­
quently cited in public disputes over 
proposed microwave facilities. Never­
theless, various considerations militate 
against drawing a hasty conclusion. 

For one thing, the total number of 
malignant tumors in the control ani­
mals was lower than the number ex­
pected for the particular strain of rat; 
the rate of malignancies in the exposed 
rats was about as expected. Thus the 
exposed animals had an excess of tu­
mors only in comparison with the con­
trols, not in comparison with the rate 
of tumor development generally ob­
served in this strain of animal. 

Other problems, of a statistical na­
ture, also arose. So few malignancies 
were found that tumors of all kinds 
had to be grouped in the statistical 
analysis. No single type of tumor pre­
dominated, nor was the incidence of 
any single type of tumor unexpected 
on the basis of previous studies. If 
some specific type of tumor had pre­
dominated, that finding would have 
made a much stronger case for a carci­
nogenic effect from low levels of mi­
crowave energy . 

The comparison of rates of malig­
nancy was just one of 155 different 
comparisons made in the study. Given 
such a large number of comparisons, 
some striking differences would be 
likely to be found that are in fact mere­
ly chance occurrences. The cancer 
finding may be such a statistical anom­
aly. In short, the finding of excess can­
cer is provocative, but whether it re­
flects a biological activity of micro­
wave radiation is not certain. To 
demonstrate reliably a connection be­
tween microwave irradiation and the 
development of any one kind of tumor 
might require a study hundreds of 
times larger and more expensive than 
the Seattle study-a size that might be 
infeasible. Our conclusion from these 
examples and from the large literature 
on microwaves is that although some 
hazard from weak microwave fields 
might be proved in the future, there is 
currently little evidence for the pres­
ence of such a hazard. 

Considering that some uncertainty 
persists, how should future research 
proceed, and on what basis should any 
new standards be set? During the 
1980's U. S. Government support of in-
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vestigation into the possible biological 
effects of electromagnetic fields, in­
cluding those at power-line and radio 
frequencies, has been at the level of 
about $ 10 million per year. The result­
ing work, taken together with earli­
er studies, has produced a consensus 
among most investigators that the only 
strong evidence for the hazards of mi­
crowaves is found at high levels of 
exposure. Beyond this, agreement is 
harder to come by. Scientists disagree 
over the meaning of effects that have 
been reported to occur in animals at 
exposure levels slightly below the ANSI 
standard. Such disagreements are not 
likely to result in drastic changes in 
exposure standards. Public debate, on 
the other hand, has often focused on 
the possibility of hazards at much low­
er levels of exposure and on the possi­
ble need for more stringent standards. 

Better coordination of future re­
search should reduce some of the sci­
entific and public confusion. Many 
Government agencies, including the 
military, have funded investigations of 
the biological effects of microwaves. 
Lack of coordination among these 
agencies has unfortunately resulted in 
a scatter-gun approach in which many 
preliminary studies have been carried 
out but not followed up. 

Before new studies are undertaken 
the Government should commit itself 
to supporting independent attempts at 
duplication and also supporting fol­
low-up studies to explore the signifi­
cance of new findings. Some agencies 
appear to be moving in this direction, 
with the Army, the Air Force and the 
Navy now funding follow-up studies 
on controversial recent reports. Con­
versely, some criteria must be devel­
oped for determining when to halt re­
search on a given topic, open questions 
notwithstanding. 

Even with improved coordination of 
research, it will not be possible to 

prove the absence of hazard, which 
means that regulators cannot guaran­
tee total safety when they set stan­
dards. Standards are one way by which 
society balances the benefits of tech­
nology against potential risks. Traffic 
speed limits are set at a level that 
achieves some balance between the 
danger of excessive speed and the de­
sire of most people to travel as quickly 
as possible. The limits offer no prom­
ise of zero risk at lower speeds but 
merely legitimize the speeds at which 
known hazards are unlikely to be a 
problem. Similarly, exposure limits 
for microwaves (and other environ­
mental agents) can only be based on 
known hazards, with a safety factor 
built in. The revision of the 1982 ANSI 
standard is an example of this ap-

proach. When improved dosimetry re­
vealed that the human body can ab­
sorb more energy at specific frequen­
cies, ANSI in effect built in a wider 
safety margin for exposure at those 
frequencies. 

The U.S. has no consistent approach 
to the setting of standards. Individu­
al Federal agencies have been setting 
their own limits, as have some individ­
ual states, counties and nongovern­
mental organizations. Different regu­
lations apply in different situations 
and have varying degrees of legal 
force. Standards can be voluntary or 
mandatory and can apply to occupa­
tional groups or to the general public. 
A town can impose regulations that 
differ from those of its county, which 
itself may impose regulations that dif­
fer from those of the relevant Federal 
agency. Such divergence can force us­
ers of the electromagnetic spectrum to 
abide by differing standards; it also 
creates burdens on the various govern­
mental agencies. 

The U.S. Environmental Protection 
Agency has begun a process that may 
eventually result in a more uniform 
standard for the general public. Earli­
er this year it published for public 
comment three possible guidelines: 
one similar to (but not identical with) 
the ANSI guideline, another five times 
lower than the ANSI guideline and one 
10 times lower than the ANSI guideline. 
The EPA is probably more than a year 
away from promulgating its final stan­
dard, but if a regulation is adopted, it 
is likely to preempt other efforts to set 
standards for the general population. 

It is a curious fact that the Soviet 
Union and the Warsaw Pact countries 
have recently relaxed their standards. 
At least one Soviet commentator has 
stated that an acceptable level of expo­
sure is .4 watt per kilogram for one 
hour, comparable to the present ANSI 
limit of .4 watt per kilogram averaged 
over six minutes. The current Soviet 
standards for occupational exposure 
to microwave energy are two watts per 
sq uare meter for stationary sources 
and 20 watts per square meter for mo­
bile sources, both averaged over one 
hour. The levels for the general public 
are lower: . 1  watt per square meter. 
Thus the Soviet and the American 
standards are approaching agreement. 

The setting of standards is a surpris­
ingly difficult process. Some haz­

ards of microwave energy, such as 
burns or heat stress, are well estab­
lished; effective standards can be set 
for these. Whether other hazards can 
arise from exposure to low levels of 
microwave energy is a matter of con­
jecture, which depends on the interpre­
tation of a large body of often unre-

liable reports. How - to deal with the 
uncertainty, balancing the benefits of 
technology against the costs of possi­
ble hazards, is an urgent problem, not 
only with respect to microwave energy 
but also for many other environmental 
agents whose potential hazards have 
only begun to be explored. 
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MICROWAVE AUDITORY EFFECT, a 

clicking noise heard when microwave pulses 
are beamed at the head, was explained in 

1974 by one of the authors (Foster). He pro­
posed that the head responds to microwaves 

much as water does. When water absorbs 

pulses of microwaves, it undergoes a rapid 

but tiny rise in temperature. The resulting 

expansion of the fluid generates a sound 

wave that propagates from the surface of 

the water and can be heard as a click or 

recorded by a hydrophone. The same proc­

ess, Foster suggested, occurs in tissues of 

the head on exposure to pulsed microwaves. 

The hearing of clicks is one of the few un­
equivocal effects of microwave energy at av­

erage power densities that could be below 

the ANSI standard. The auditory effect was 

first reported in 1947 but its mechanism 
was only explained years later. The effect is 

not now considered to represent a hazard. 
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Predicting Chemistry from Topology 
Methods relying on the topology of molecules-the geometric 

patterns in which their atoms are linked-but ignoring their 

three-dimensional shapes predict a broad range of properties 

C
hemists have managed so far to 

synthesize and measure at least 
some of the properties of more 

than seven million different mole­
cules. The huge data bases containing 
this store of information can be drawn 
on by the research chemist, providing 
nearly instant knowledge about any 
molecule that has ever been isolated. Is 
there some way this vast amount of 
knowledge could be put to even fuller 
use? For example, could the data be 
drawn on to predict the properties of 
chemical substances before they are 
even synthesized-that is, before any 
molecules of those substances physi­
cally exist? 

The prospect of making such predic­
tions has tantalized chemists for gen­
erations. It is now becoming a reali­
ty, thanks to a novel technique that, al­
though still in its early stages, can al­
ready claim a remarkable number of 
successes in a surprisingly broad range 
of applications. At the heart of the new 
technique is the topology of individual 
molecules: the pattern of interconnec­
tions among each molecule's atoms, 
which determines the ultimate archi­
tecture of the molecule. 

For the sake of topological analysis, 
the actual three-dimensional shape of 
a molecule, the nature and lengths of 
the chemical bonds connecting its at­
oms, the angles between the bonds­
and sometimes even the kinds of at­
oms that make up the molecule-are 
all unimportant. What matters are 
such considerations as how many at­
oms there are in the molecule, how 
many other atoms each is connected to 
within the molecule, and whether the 
atoms are connected to form a single 
straight chain, a straight chain with 
branches, a ring (or several rings) or 
some combination of rings, straight 
chains and branches. 

The most important tools in the top­
ological method of making chemical 
predictions are known as indices. They 
derive from algorithms, or procedures, 

40 

by Dennis H. Rouvray 

for converting the topological struc­
ture of a molecule into a single, char­
acteristic number. For example, an in­
dex might involve adding together the 
total number of rings in a molecule or 
the number of atoms that are connect­
ed to three or more other atoms. 

In making a topology-based chemi­
cal prediction the first step is to apply 
some index to a relatively small num­
ber of well-known molecules. In gen­
eral the value of the index (that is, the 
number yielded by that particular way 
of analyzing the molecule) will differ 
from molecule to molecule. The next 
step is to construct a plot in which one 
axis represents the index value of the 
molecules and the other axis repre­
sents some chemical property, such 
as the molecules' boiling points. Each 
molecule will be represented by one 
point in the plot. If there is some line 
that fits the points reasonably well, 
that line can serve as the basis for pre­
dictions because it establishes a rela­
tion between the index and the chemi­
cal property: it gives an indication of 
what boiling point, for example, to ex­
pect for a molecule that has a given in­
dex value. In this way the properties of 
well-known molecules serve as a tool 
for predicting the properties of mole­
cules that do not yet exist. The key to 
the method lies in finding the index 
that correlates best with the chemical 
property being studied. 

The topological method has found 
applications beyond the simple predic­
tion of chemical properties. It has the 
potential to help in modeling and con­
trolling corrosion, in developing new 
anesthetics and psychoactive drugs, in 
predicting the degree to which various 
pollutants might spread in the envi­
ronment and the harm they might do 
once they have spread, in estimating 
the cancer-causing potential of certain 
chemicals and even in developing a 
beer with a well-balanced taste. That 
the topological method is applicable 
to all these fields is now well estab-

lished; the only question is how long it 
will be before the method is exploited 
to its full potential. 

I
n the past there have been two basic 

approaches to predicting the prop­
erties of unsynthesized molecules. The 
first approach is to determine the mol­
ecule's precise structure (the exact spa­
tial coordinates of all its atoms) and to 
apply the rules of quantum mechanics 
to this structure, thereby determining 
the shapes and energies of its electron 
clouds, from which many of the mole­
cule's properties can be derived. The 
procedure is a laborious one and gen­
erally consumes several hours of time 
on a mainframe computer. Moreover, 
the results obtained by the procedure 
apply only to the specific molecule un­
der analysis; they give no indication of 
the results that could be expected for 
related molecules. 

The second and much easier ap­
proach is to determine the properties 
of basic fragments found in many mol­
ecules and then combine these frag­
mental properties in ways that depend 
on the makeup of the molecule in 
question. The properties of each frag­
ment are usually determined by ana­
lyzing a set of molecules that are simi­
lar to the specific molecule that is be­
ing studied. 

In both approaches the object is to 
relate a rather ill-defined concept of 
overall structure to rigorously defined 
molecular behavior. The new, topo­
logical technique is founded on the as­
sumption that molecular structure can 
be characterized mathematically and 
precisely, and that the mathematically 
determined parameters of molecules 
can be correlated with the molecules' 
experimentally measured properties. 
One need not attempt to derive chemi­
cal properties from physical structures 
by first principles; one need only 
choose a mathematical way of assign­
ing numbers to molecules and then 
correlate those numbers with the vast 
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data base of known chemical proper­
ties. Perfect correlations are impossi­
ble: whereas mathematical parameters 
can be determined precisely, experi­
mental results are always associated 
with a certain amount of error. Never­
theless, if the experimental data are 
reasonably reliable, good correlations 
are possible. 

The topological analysis of a mol­
ecule begins with a drawing in 

which the molecule's atoms are depict­
ed as points and the bonds linking 
them are depicted as straight lines. The 
length of any line and the angles be­
tween the lines do not matter: the exis­
tence of a connection between atoms, 
rather than the precise nature of that 
connection, is paramount. (Although 
the loss of information about the rela­
tive lengths and orientations of bonds 
might seem damaging, in practice the 
information usually turns out to be 
much less important than might be 
supposed.) 

Drawings of this kind are known 
as chemical graphs. Graphs represent 
structures in an abstract way. They 
were first studied more than a century 
ago by the mathematician Arthur Cay­
ley, and they now form the subject 
matter of a mathematical discipline 
known as graph theory. In graph the­
ory points are usually referred to as 
vertexes and lines are referred to as 
edges. Chemical graphs are the basic 
tool used in applying the techniques of 
abstract mathematical graph theory to 
the specific problems of chemistry. (In 
chemical graphs the hydrogen atoms 
are often omitted, because they nor­
mally do not play a major role in de­
termining the structure of a molecule.) 

Once the chemical graph of a mole­
cule has been drawn, it is a compara­
tively simple matter to derive a topo­
logical index for the graph and thus 
obtain a number that characterizes the 
graph. Obviously the number must 
have the same value for a given mole­
cule no matter how the molecule's 

graph is drawn or labeled. A number 
of this type is referred to by mathema­
ticians as a graph invariant. One of the 
earliest graph invariants, or topologi­
cal indices, considered by chemists is 
known to mathematicians as the ver­
tex number and to chemists as the 
carbon number. Mathematically it is 
simply the number of vertexes in 
the graph; as applied to a hydroc.ar­
bon molecule (a molecule that con­
tains only hydrogen and carbon at­
oms) it is the number of carbon atoms. 
Chemists have been relying on the 
carbon number for certain correla­
tions for more than a century without 
realizing that they were using what is 
in fact a simple topological index. 

The carbon number is an appropri­
ate index for analyzing straight-chain 
molecules, but it is not well suited to 
branched molecules, which may have 
very different shapes from one anoth­
er even if they have the same number 
of carbon atoms. Because many differ­
ent molecules have the same carbon 

HYDROCARBON MOLECULES may take on quite different 

shapes even when they have roughly the same volume. Topological 

methods for predicting the chemical behavior of molecules empha­

size one particular aspect of a molecule's structure: the pattern of 

interconnections among its atoms. In topological analysis such fea­

tures as the actual three-dimensional shape of the molecule and the 

angles between its bonds are ignored; what matters are such consid· 

erations as how many other atoms each atom is connected to and 

whether they are connected in a straight chain, a branched struc­

ture or a ring. Even though topological analysis ignores what seem 

to be important structural considerations, it has proved extremely 

powerful in predicting a variety of phenomena, from the boiling 

points of various substances to the likelihood that certain pollutants 

will spread in the environment. The molecules shown here are /1-

octane (a), 3,4-dimethylhexane (b) and 2,2,3,3-tetramethylbutane. 

They consist entirely of hydrogen (color) and carbon (gray) atoms. 
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WIENER INDEX, a procedure developed by Harry Wiener of Brooklyn College for con­

verting the topological structure of a molecule into a single descriptive number, serves as 

the basis for predictions of chemical behavior. First the molecular structure (a) is depicted 

in a "chemical graph" (b), in which atoms are shown as points (called vertexes) and bonds 

are shown as lines (called edges). The molecule graphed here is isopentane. The Wiener 

index is calculated (c) by summing up the number of bonds that would have to be traversed 

in traveling along the molecule from every atom to every other atom. The Wiener index 

correlates with many physical properties. For example, when the Wiener indices of a num­

ber of known molecules are plotted against the molecules' boiling points (d), the points fit a 

smooth curved line. The line is straighter when the logarithms of boiling point and Wiener 

index are plotted (e). The boiling point of a molecule whose properties are not known can be 

predicted by calculating the molecule's Wiener index and then finding its place on the line. 

Similar correlations can be made for many chemical 'properties and topological indices. 
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number, the carbon number is said to 
be an index with low discriminating 
power. Clearly it is necessary to devel­
op other indices that are able to dis­
tinguish effectively between branched 
and unbranched molecules and among 
branched molecules having different 
branching structures. 

The first topological index capable 
of characterizing the "branched­

ness" of molecules was put forward by 
Harry Wiener of Brooklyn College in 
1947, but it is only in the past few 
years that chemists have begun to ap­
preciate its great power. The Wiener 
index is based on the graph-theoretical 
notion of distance: the distance be­
tween any two vertexes is equal to the 
number of edges one would traverse 
in taking the shortest route possible 
through the molecule's graph from 
one of the vertexes to the other. The 
Wiener index of a molecule is equal to 
the sum of the graph-theoretical dis­
tances between all pairs of atoms in 
the molecule [see illustration at leftl. 

The Wiener index of a molecule is 
like the carbon number in that it is gen­
erally larger for molecules that have 
more atoms, but it also provides some 
measure of a molecule's branching 
structure. In particular it is larger for 
extended molecules and smaller for 
compact ones. After Wiener devised it, 
several other workers found that for 
certain types of hydrocarbon mole­
cules the index correlated surprisingly 
well with such properties as boiling 
point, viscosity, surface tension and re­
fractive index (which reflects the de­
gree to which a substance bends the 
path of a light ray). 

In the past few years the Wiener in­
dex has been shown to have a much 
broader range of applicability. For 
example, in 1979 Ovanes Mekenyan, 
Danail Bonchev and Nenad Trinajstic 
of the Higher Institute of Chemical 
Technology in Bulgaria showed that it 
correlates very well with the energies 
of the bonding electrons in certain 
kinds of complex molecules known as 
spiro-type molecules (molecules hav­
ing two or more rings that lie in mu­
tually perpendicular planes, with ad­
jacent rings sharing a single vertex) 
and polycyclic aromatic hydrocarbons 
(hydrocarbons having two or more 
fused hexagonal rings that share at 
least one edge and that all lie in the 
same plane). 

This is a very important result, be­
cause the energy levels of a molecule's 
bonding electrons are directly respon­
sible for a great deal of the molecule's 
chemical behavior. A correlation be­
tween a molecule's Wiener index and 
the energy of its bonding electrons 
makes it possible to predict such prop-
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erties as the molecule's electrical con­
d uctivity, its electron affinity (its ten­
dency to attract other electrons and 
hence to bond to molecules that have 
an abundance of electrons) and the 
wavelengths of light it will absorb. By 
extension the Wiener index can then 
be used to predict the relative stabil­
ities of unknown compounds made 
from molecules that have not yet been 
synthesized. 

The utility of the Wiener index is not 
limited to small molecules; it has been 
augmented in ways that make it appli­
cable to such potentially infinite sys­
tems as polymers (single molecules 
consisting of many identical pseudo­
molecular units bonded together in 
long chains) and crystals (three-dimen­
sional solids built up of identical unit 
cells). The original formulation of the 
Wiener index, when applied to an infi­
nite polymer chain, would give an infi­
nite value, because there would be an 
infinite number of paths connecting 
atoms along the chain. In 1980 Bon­
chev and Mekenyan proposed a meth­
od of modifying the Wiener index so 
that it would yield finite values even 
for infinite systems, as long as the sys­
tems are composed of many identical 
finite units. 

The approach proposed by Bonchev 
and Mekenyan prod uced good esti­
mates of certain physical and electri­
cal properties of polymers called poly­
enes, which have the potential to act 
as electrical conductors or semicon­
d uctors. It also led to predictions of 
the melting points, boiling points and 
other physicochemical properties of 
many other polymers, including poly­
tetrafi uoroethylene, polycapramide 
and polyethyleneterephthalate. 

Extensions of the Wiener index also 
make it possible to model various pro­
cesses in which atoms of one element 
fill interstitial areas in a crystal com­
posed of another element. An impor­
tant question to be answered here is 
which of the interstitial sites will be 
filled by foreign atoms. This type of 
question is applicable to problems in 
corrosion control, in catalysis and in 
chemisorption (the binding of one sub­
stance on the surface of another). The 
fundamental idea behind the solution 
is this: in general a system is in its mini­
mum-energy state when its Wiener in­
dex is at a minimum. The procedure, 
then, is to calculate the three-dimen­
sional Wiener index of each possible 
configuration of crystal-lattice atoms 
and foreign atoms. The configurations 
with the lowest Wiener indices are the 
ones most likely to be realized. 

The Wicner index of a molecule of­
fers primarily a measure of the mole­
cule's volume, although it does give 
some indication of the molecule's 

shape. An index that is more sensitive 
to shape was introduced in 1975 by 
Milan Randic, now at Drake Universi­
ty, and is known today as the molecu­
lar-connectivity index. Judging from 
the number and diversity of its appli­
cations, the Randic molecular-connec­
tivity index is by far the most valuable 
index yet devised. 

J ust as the Wiener index depends on 
the topological concept of dis­
tance, so the Randic index depends 

on the topological concept of degree. 
The degree of any vertex is equal to 
the number of other vertexes to which 

A B 

it is attached. To calculate the Randic 
index one assigns to each edge a "val­
ue," which depends on the degrees of 
the vertexes the edge connects. More 
specifically, the value of an edge is 
eq ual to the reciprocal of the sq uare 
root of the product of the degrees of 
the two vertexes. The Randic index of 
a molecule is equal to the sum of the 
val ues of all the molecule's edges. 

After Randic proposed his molec­
ular-connectivity index, other investi­
gators noted that in some cases bet­
ter correlations could be obtained by 
focusing on the component parts of 
a molecule. For example, a certain 

, 
\7i'" 

, 
\7i'" 

A B 

(�x�)+(�x)3)+ 
C 0 

( � x �) + ( �x � ) =2.270 

(\�x �) + (�x �) =1.414 

A B C 

(�x �) + (�x �) + (�x �) =1.732 

A B C 0 

(�x�+(�x\�+�x�+(�x�=� 

A B C  0 

(�x�) + (�x�) + (�x�) + (�x�) + 
E F G 

( � x �) + ( �x �) + ( �x �) =3.394 

RANDle MOLECULAR-CONNECTIVITY INDEX, named for Milan Randie, now at 
Drake University, puts more emphasis on structure and less on absolute size than the Wie­
ner index does. Each vertex has a "degree": the number of other vertexes it is linked to. 
Similarly, each edge has a "value": the product of the reciprocals of the square roots of the 
degrees of the vertexes it joins. The Randie index of a molecule is equal to the sum of the 
values of all the molecule's edges. In some cases better correlations with chemical behavior 
are found when fragments of a molecule are considered independently of the molecule as a 
whole. Methods for deriving the connectivity indices of four kinds of fragments are shown 
at the bottom. Connectivity indices have a wider range of applications than any others yet 
devised. For example, they have potential roles in developing new drugs, in modeling the 
toxicity and spread of pollutants and in predicting the taste and smell of new substances. 

• I • I • » • • • ». 

4 2 
4'+2'+ 1'=21 

BALABAN CENTRIC INDEX, named for Alexandru T. Balaban of the Polytechnic Insti­
tute in Bucharest, emphasizes the degree of branching in a molecule. All vertexes that are 
linked to just one other vertex are counted and "pruned" from the molecule's graph; the 
number of vertexes pruned at each step is squared and added to a running total. The process 
is repeated until every vertex has been counted. The final total is the molecule's index. 
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property might correlate best with the 
sum of the Randic indices of all the 
clusters (groupings of three atoms 
about a single central atom) in a mol­
ecule rather than with a Randic in­
dex based on single edges in the graph 
of the molecule. Connectivity indices 
have therefore been developed that 
are applicable to particular molecular 
substructures that may be of impor­
tance in determining specific behav­
ioral characteristics. The Randic mo­
lecular-connectivity index is therefore 
really a set of indices, each applicable 
in different cases. 

Molecular-connectivity indices cor­
relate well with a great variety of 

physical properties, such as density, 
solubility in water and heat of vapor­
ization. More important, molecular­
connectivity indices have been found 
to correlate with an even greater vari­
ety of biological properties as well. It 
has been known for some time that 
many biological responses are trig­
gered when an appropriate stimulating 
molecule docks with a receptor on the 
surface of a cell. In many cases the spe­
cific shape of the triggering molecule 
is not as important as its volume or 
surface area. Molecular-connectivity 
indices correlate well with surface 
area and volume, and so they also cor­
relate well with the ability to induce 
particular biological responses. 

o CYCLES 

4 CYCLES 

\. .f 

Among these correlated properties 
of molecules are their tendencies to act 
as anesthetics, narcotics and hallu­
cinogens. It has also been possible to 
correlate the odor of certain molecules 
with their connectivity indices; an in­
dex can indicate whether the molecule 
will smell like an etherous chemical, 
a flower or a carboxylic acid (a main 
component of human sweat). It is also 
possible to predict whether a molecule 
will taste bitter or sweet by determin­
ing whether its connectivity index lies 
above or below a certain threshold val­
ue. Ronald Gardner, in association 
with Harp Lager, Ltd., has exploited 
this taste-discriminating ability of con­
nectivity indices in the development of 
new brews of beer. 

There are manifold other biological 
applications for connectivity indices. 
They have been found to correlate 
well with the power of certain chem­
icals to inhibit the reproduction of 
microorganisms such as Staphylococ­
cus aureus, S. typhosa and Mycobacteri­
um tuberculosis. The ability of certain 
substances to kill the Lee strain of B 
influenza virus also correlates well 
with the indices. Connectivity indices 
can also serve as effective measures 
of the mutagenicity (the tendency to 
cause genetic mutations) of chemi­
cals known as nitrosamines, which are 
found in cigarette smoke, nitrate-pick­
led meat and smoked fish. 

I 1 CYCLE 

I 
I 

HYDROGEN-DEFICIENCY NUMBER is equal to the number of independent cycles, or 

rings and double bonds, in a molecule. The hydrogen-deficiency number, when multiplied by 

an index that measures the relative prevalence of open chains and closed rings, yields an 

index that correlates with the amount of soot produced by burning hydrocarbon molecules. 
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Many of the most exciting applica­
tions of molecular-connectivity indi­
ces are in environmental studies. The 
indices have been shown to predict the 
toxicity of many compounds toward 
minnows and other freshwater organ­
isms. More important, the indices cor­
relate well with the ability of many 
pollutants to spread within the air, wa­
ter or soil, to concentrate within living 
organisms or to pass from one of these 
environmental compartments to an­
other. It is often extremely difficult 
and expensive to test such properties 
physically, but to do the predicting 
with indices one usually needs little 
more equipment than a pocket calcu­
lator. The U.S. Environmental Protec­
tion Agency has already begun apply­
ing the indices to such problems as 
predicting the toxic potential of un­
known or untested pollutants. 

Although the Wiener and Randic in­
.£\.. dices are applicable to' a broad 
range of problems, there are some situ­
ations in which they do not lead to 
very good correlations. In these cases 
it is often possible to develop a special­
ized index, one that is applicable pri­
marily to the problem under immedi­
ate consideration. Such specialized in­
dices are called for whenever factors 
other than the overall size and shape of 
a molecule play a dominant role in de­
termining its chemical behavior. 

One application for which a special­
ized index is required is in predicting 
the octane number of a fuel. The oc­
tane number, which is usually deter­
mined under standardized conditions 
in a test engine, provides a measure of 
the efficiency with which a fuel burns: 
its tendency not to "knock." Knock is 
caused when oxygen atoms combine 
with fuel as it is being compressed and 
before it has been ignited. Straight­
chain molecules are generally more 
susceptible to knock than branched 
molecules because the atoms in a 
straight molecule are all vulnerable to 
impinging oxygen molecules, whereas 
in a branched molecule many of the at­
oms are shielded in crevices formed by 
the branching pattern. 

Because the antiknock tendency of 
molecules depends heavily on the ex­
tent to which they are branched, many 
attempts have been made to correlate 
octane numbers with standard indices, 
such as the Wiener index, that take 
some account of shape as well as vol­
ume. Fair correlations were obtained 
in this way, but many investigators 
thought that an index that explicitly 
emphasized branching might correlate 
better. In 1979 Alexandru T. Balaban 
of the Polytechnic Institute in Bucha­
rest introduced an index he called the 
centric index, which correlated ex-
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PROPERTIES DEPENDING ON SHAPE of a molecule include 
boiling point and octane number. Boiling point (top) depends on 
shape because it is determined by intermolecular forces: the strong­
er the attractive forces among molecules of a liquid are, the higher 
the boiling point will be. Straight-chain molecules (a) interact with 
one another more strongly than branched molecules (b) do, because 
straight molecules have more surface area open to interactions. The 

octane number of a fuel (bottolll) is a measure of its tendency not to 
"knock," or burn (combine with oxygen) while being compressed 
and before being ignited. Along a straight molecule (a) there are 
many sites where an impinging oxygen molecule could attack. On 
branched molecules (b) some sites are hidden within crevices formed 
by branching. Branched molecules have better antiknock properties. 
Indices that are sensitive to shape correlate with such properties. 
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PROPERTIES DEPENDING ON SIZE of a molecule include mo­
lar refractivity and heat of combustion. The molar refractivity of a 
substance is the degree to which the substance bends light rays 
(top). Molar refractivity depends on the number of electrons in each 
molecule that can interact with incoming light rays. Larger mole­
cules (a, b) have more electrons and bend light more than smaller 
molecules do (c). The heat of combustion of a hydrocarbon is the 
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amount of heat energy given off when the molecule combines with 
oxygen to form water and carbon dioxide (bottom). A certain 
amount of heat is given off for every water or carbon dioxide mole­
cule formed, and so larger hydrocarbon molecules, which form more 
product molecules when they are burned (a, b), have greater heats 
of combustion than smaller hydrocarbon molecules do (c). Indices 
sensitive to the size of a molecule correlate with these properties. 
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tremely well with the octane number 
of fuel hydrocarbon molecules. 

The Balaban centric index is derived 
in an iterative "pruning" process that 
is carried out on the graph of the mole­
cule being studied [see bottom illustra­
tioll 011 page 43]. In the first step of the 
process all the vertexes in the graph 
that are connected to just one other 
vertex are counted, and the graph is 
then redrawn without them. The num­
ber of vertexes that were pruned, or 
eliminated, is squared, and the square 
is added to a running total. The proc­
ess is repeated until the graph has been 
reduced to nothing by repeated prun­
ing. The final total (that is, the sum of 
the squares of the number of vertexes 
pruned at each step) is the Balaban 
centric index for that molecule. 

Another specialized index was de­
signed to predict the amount of soot 
produced when a given hydrocarbon 
molecule is burned. The correlation of 
molecular structure with the produc­
tion of soot has proved to be a partic­
ularly difficult task. Simple indices, 
such as the carbon number, yield good 
correlations for molecules within the 
same family, that is, for those having 
similar structures and bonding behav­
ior, but they are unreliable in compar­
ing the soot production of molecules 
from different families. 

Earlier this year Milton P. Hanson 
and I were trying to devise an index 
that would correlate soot production 
from family to family as well as within 
any single family. It soon became evi­
dent that this task required an index 
able to distinguish among molecules 
that do or do not have atoms held to­
gether by double bonds or rings of at­
oms. We eventually found a solution 
by combining two relatively simple in­
dices. One index, known as the hy­
drogen-deficiency number, measures 
the number of independent cycles, or 
rings, in the molecule's' graph [see il­
lustration Oll page 44]. The other, called 
the averaged-distance-sum connectivi­
ty index, measures the relative preva­
lence of open chains and closed rings 
within the molecule. Our index is the 
product of these two indices, and it 
yields a single, straight-line correlation 
for the soot production of nearly 100 
hydrocarbon molecules. 

One of the most ambitious efforts 
to exploit topological prediction 

is the recent attempt to correlate the 
carcinogenic behavior of various mol­
ecules with indices. Because the cau­
sation of cancer involves a multistep 
process, an appropriate index would 
have to be sufficiently subtle to reflect 
not only the chemical interactions of 
the original molecule but also those of 
molecules formed as products of the 

L REGION KREGION 

CARCINOGENICITY (cancer-causing tendency) of a molecule can be predicted topologi­
cally in some cases. In hydrocarbons consisting of several fused hydrogen rings lying in the 
same plane, certain regions, known as bay, K, Land M regions, are important for the 
chemical reactions occurring in the series of steps leading to carcinogenesis. An equation 
that includes many indices, formulated by William C. Herndon and Laszlo von Szentpaly of 
the University of Texas at El Paso, takes account of the prevalence of structural features 
that can be defined in terms of these regions. The correlation obtained also depends on the 
size of the molecule studied; molecules above or below certain sizes are not carcinogenic. 

initial reactions. Although the Randic 
molecular-connectivity index can be 
used to predict whether a particular 
molecule will be carcinogenic or not, 
in predicting the degree of carcinoge­
nicity of a molecule the best results 
so far have been achieved by William 
C. Herndon and Laszl6 von Szentpaly 
of the University of Texas at El Paso. 
They devised an ingenious combina­
tion of simple indices to model the 
carcinogenicity of polycyclic aromat­
ic hydrocarbons. 

One important consideration in pre­
dicting the carcinogenicity of these 
molecules has been that molecules 
falling above or below certain size lim­
its tend not to be carcinogenic. In their 
model Herndon and Szentpaly have 
allowed for these limitations by in­
cluding, as indices in the correlation, 
the carbon number and the square of 
the carbon number. Another consider­
ation is that certain regions of a poly­
cyclic aromatic hydrocarbon are more 
important in carcinogenesis than other 
regions. These regions, known as bay, 
K, Land M regions, are important in at 
least the initial reactions in the chain 
of carcinogenesis. The bay, K and M 
regions must be fairly active chemical­
ly, and the L region relatively inactive, 
if the molecule is to be carcinogenic. 
Herndon and Szentpaly's model takes 
the form of an equation containing 
four topological indices, two of which 
relate to the size of the molecule and 
two to the occurrence of certain struc­
tural features (which are related to 
bay, K, L and M regions) in the mol­
ecule. Their equation has yielded ex-

cellent correlation with experimen­
tal measurements of carcinogenicity, 
even though the experimental meas­
urements themselves have been sub­
ject to a good deal of uncertainty. 

Topological indices can model an 
incredibly wide range of physical, 

chemical and biological phenomena. 
They can model the behavior of gases, 
liquids and solids and of both inorgan­
ic and organic species. Although it has 
not yet been possible to tell in advance 
with complete certainty which index 
will be most suited to any particu­
lar application, various indices are al­
ready becoming known for their ap­
plicability in modeling size, shape, 
branching, reactivity and a large num­
ber of other characteristics. Two areas 
in particular where indices appear to 
have a bright future are in designing 
new drugs and in tracking the fate of 
various pollutants in the environment 
and modeling their likely effects on 
living organisms. 

It is only in recent years that the 
great power of topological indices has 
been widely recognized; in many fields 
they are on the threshold of general ac­
ceptance. We now know that indices 
work; it remains only to put them to 
work. When that is done, a new kind of 
chemical paradigm will become estab­
lished. It will then be possible to make 
valid and useful chemical predictions 
routinely by referring to one of the 
simplest, most fundamental and yet 
often most neglected molecular pa­
rameters available. Molecular topolo­
gy will have arrived. 
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Superstrings 
If all elementary particles are treated as strings, a consistent 
quantum theory emerges that accounts for all four fundamental 
forces. The theory may transform our ideas about space and time 

The central paradox of the con­
temporary physics of elemen­
tary particles is the apparent in­

compatibility of its two main theoreti­
cal foundations. The first foundation 
is Einstein's general theory of relativ­
ity, which relates the force of gravity 
to the structure of space and time. This 
view of gravity has led to models 
of phenomena on a cosmic scale and 
to an understanding of the evolution 
of the universe. The second theoreti­
cal foundation is quantum mechan­
ics, which can account for the atomic 
and subatomic world. Quantum theo­
ries have been formulated for three of 
the four known forces of nature: the 
strong, weak and electromagnetic in­
teractions. Until recently there seemed 
to be little hope that Einstein's theo­
ry of gravity-the fourth fundamen­
tal force-could be united with the 
precepts of quantum mechanics. The 
basic difficulty is that such a unifica­
tion seems to call for a radically new 
formulation of the laws of physics at 
the smallest distance scales; in such a 
reformulation the idea that space and 
time are continuous sets of points 
would have to be abandoned. With­
out a quantum theory of gravity and 
the conceptual revisions such a theory 
implies, a comprehensive description 
of all the forces of nature could not 
be realized. 

In the past two' years elementary­
particle physicists have become op­
timistic that the theoretical impasse 
might be resolved. The optimism is 
based on striking developments in a 
new kind of theory known as super­
string theory. In superstring theory, as 
in any other string theory, elementary 
particles can be thought of as strings. 
String theories thereby differ from 
all familiar quantum-mechanical field 
theories, such as the quantum theo­
ry of electromagnetism, whose quanta, 
or constituent particles, are pointlike. 
Since a string has extension, it can 
vibrate much like an ordinary vio-
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lin string. The harmonic, or normal, 
modes of vibration are determined by 
the tension of the string. In quantum 
mechanics waves and particles are 
dual aspects of the same phenomenon, 
and so each vibrational mode of a 
string corresponds to a particle. The 
vibrational frequency of the mode de­
termines the energy of the particle and 
hence its mass. The familiar elemen­
tary particles are understood as differ­
ent modes of a single string. 

Superstring theory combines string 
theory with a mathematical structure 
called supersymmetry [see "Is Nature 
Supersymmetric?" by Howard E. Ha­
ber and Gordon L. Kane; SCIENTIFIC 
AMERICAN, June]. Not only does su­
perstring theory avoid the problems 
previously encountered in combining 
gravity with quantum mechanics, but 
also, in the process, the theory makes 
it possible to consider all four funda­
mental forces as various aspects of 
a single underlying principle. Further­
more, the unification of the forces is 
accomplished in a way determined al­
most uniquely by the logical req uire­
ment that the theory be internally 
consistent. These developments have 
led to an extraordinary revitalization 
of the interplay between mathematics 
and physics. Many of the deepest dis­
coveries in modern mathematics are 
contributing to the understanding of 
the theory; in return string theories 
raise new issues in mathematics. 

According to superstring theories, the 
I\. standard laws of physics are ap­
proximate versions of a much richer 
theory that takes account of structure 
at an inconceivably small distance 
scale. The strings postulated by the 
theory are about 10-35 meter long, or 
some 1020 times smaller than the di­
ameter of the proton. The differences 
between superstring theories and more 
conventional theories at such minute 
scales are essential to the consistency 
and predictive power of the theory. 

For exa!f1ple, if one disregards grav­
ity, it is possible to construct a unified 
picture of the strong, weak and elec­
tromagnetic forces in an ordinary field 
theory having pointlike quanta. The 
unified picture is the outcome of some 
underlying symmetry built into the 
theory, but there are many possible 
underlying symmetries. No theoretical 
reason is known for preferring one 
such symmetry to another. In contrast, 
in superstring theories gravity cannot 
be excluded, and the kind of symmetry 
needed for its inclusion in the theory 
leads to a natural prediction about the 
underlying symmetry that unifies the 
other three forces. 

Since new concepts of space and 
time have long been expected from a 
quantum theory of gravity, it is worth 
mentioning how superstring theory 
could change our ideas about the ge­
ometry of the universe. It is not cor­
rect, strictly speaking, to regard the 
strings as independent particles mov­
ing in some fixed background space. 
In Einstein's theory of gravity, which 
superstring theory must approximate, 
space and time are unified in a four­
dimensional continuum called space­
time. The influence of the gravitation­
al force is determined by the so-called 
curvature of spacetime, which is anal­
ogous to the curvature of a two-di­
mensional surface such as the surface 
of a sphere. A particle moves along 
a geodesic, or shortest path, in the 
curved spacetime; on the sphere the 
analogue to such a path is the great­
circle route between two points. The 
particle exerts a reciprocal influence 
on spacetime, causing gravitational 
waves that can disturb the very geo­
desics along which the particle is mov­
ing. The equations of general relativity 
determine not only the paths of parti­
cles but also the structure of the space­
time in which they are moving. 

In superstring theory gravity is de­
fined in a world expanded to nine spa­
tial dimensions and time, making 10 
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dimensions in all. Again motion pro­
ceeds along geodesics, but the geodes­
ics are surfaces of minimum area in 10 
dimensions. Evidently six of the 10 di­
mensions must be hidden from view, 
thereby leaving only the four famil­
iar dimensions of spacetime to be ob­
served. The six extra dimensions must 
be curled up to form a structure so 
small that it cannot directly be seen. 
The idea of un observably small di­
mensions can readily be understood by 
considering a simple, two-dimensional 
analogy. A hose is a two-dimensional 
surface that appears to be one-dimen­
sional when it is observed at scales too 
coarse to resolve its thickness. In su­
perstring theory it is likely that the size 
of the six curled-up dimensions is ap­
proximately the same as th� length of 
the string. The world appears to have 
three spatial dimensions in the same 

sense that the string acts like a point 
particle. 

The expansion of the idea of geome­
try is not limited to adding six spatial 
dimensions. In ordinary general rela­
tivity a gravitational field is defined at 
every point in spacetime. The equiva­
lence of waves and particles in quan­
tum mechanics requires that a gravita­
tional wave, or disturbance in a grav­
itational field, be identified with a 
particle; the particle is called the gravi­
ton. Similarly, in string theory there 
should be a field that depends on the 
configurations of a string; such a field 
is called a string field. The number of 
possible configurations of a string in 
space is vastly greater than the number 
of points in the space; a string field 
would therefore be related to a new 
kind of geometry in an enormous ex­
tension of the idea of space, defined 

by all the possible configurations of 
a string. A stringlike particle should 
then be thought of as a "wavelike" dis­
turbance in this huge space, just as a 
graviton is a wave in ordinary space. 

Superstring theory can be historical­
ly traced to a theory called the 

dual-resonance model, which was de­
veloped in the late 1960's to explain 
the observed features of hadrons, or 
particles subject to the strong force 
[see "Dual-Resonance Models of El­
ementary Particles," by John H. 
Schwarz; SCIENTIFIC AMERICAN, Feb­
ruary, 1975]. Although at the time an 
enormously successful quantum field 
theory of electromagnetism had been 
constructed, many theorists were be­
coming disillusioned with the general 
approach taken by quantum field the­
ory. No such theory seemed able to ac-

WORLD SHEET is swept out by stringlike particles as they move 

and interact in spacetime. A stringlike particle, like an ordinary 

string, has extension in only one dimension. In superstring theory 

the strings are exceedingly small and move through a IO·dimension­

al analogue of space and time. In the diagram time is the horizontal 

axis; closed strings, or loops Ccolor), enter from the left and leave on 

the right. The closed strings sweep out world sheets that are de­

formed cylinders, that is, they are topologically equivalent to a cyl­

inder. The corresponding diagrams for processes involving open 

strings are somewhat more complicated because the surfaces have 

boundaries traced out by the endpoints of the string. When two 

strings collide, they join to form a third string; two cylinders form a 

third cylinder. When strings split apart and rejoin, a hole is left in 
the world sheet. In quantum calculations all possible splittings and 

joinings between an initial state of strings and a final state must be 

considered. The topological structure of a world sheet describing 

these quantum-mechanical interactions is like that of a doughnut 

with an arbitrary number of holes. Properties of superstring theory 

for such world sheets are under intensive investigation and are 

closely related to several important topics in modern mathematics. 
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count for the behavior of strongly in­
teracting hadrons having a large spin, 
or quantized angular momentum. 

It was in this context that Gabriele 
Veneziano, now at CERN, the Europe­
an laboratory for particle physics, sim­
ply guessed a formula, unrelated to 
the formulas of quantum field theory, 
that expressed many features of had­
ron interactions. Subsequently Yoichi­
ro Nambu of the University of Chica­
go, the late T. Goto, Holger B. Nielsen 
of the Niels Bohr Institute in Copen­
hagen and Leonard Susskind of Stan­
ford University showed that applying 
Veneziano's formula is equivalent to 
describing the hadrons as strings. 
The harmonics of the string vibrations 

were supposed to correspond to the 
observed hadrons. Roughly speaking, 
the strings served to bind together the 
quarks that make up the proton, the 
neutron and other hadrons. 

The original dual-resonance model 
could account only for particles, such 
as the pi meson, whose spin is an inte­
ger in fundamental units. Such parti­
cles are called bosons, and in quantum 
mechanics they are sharply distin­
guished from the fermions, such as the 
electron and the proton, whose spin is 
one-half times an odd integer. In 1 971 
a variant of the original theory that 
included fermions was developed by 
Pierre M. Ramond of the University 
of Florida, Andre Neveu of the Ecole 
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STANDARD MODEL of elementary particles combines quantum chromodynamics (QeD), 
which is the theory of the "color," or strong, force, and the electroweak theory. In super­
string theory all these particles should arise as massless states of a string vibration. The 
fermions are grouped in the table into three "generations" of particles. The grouping dis­

plays the symmetry of the underlying theory much as the grouping of chemical elements in 
Mendeleev's periodic table displays the symmetry underlying atomic physics. Fermions in­
clude the quarks, which carry one of three color charges associated with the symmetry 
group 5U(3) of QeD, and the leptons, which carry no color charge. The color charges are 
represented here as red, green and blue. Quarks also carry electroweak "flavor," which is 
associated with the symmetry group 5U(2) X U(l); six flavors are known and are indicated 
by the letters u, d, s, c, b and t. Leptons are subject only to the electroweak force. The 
leptons include the electron neutrino (ve), the electron (e-), the muon neutrino (v/L)' the 
muon (JL -), the tau neutrino (vT) and the tau (7-). Gauge bosons transmit the forces. The 
electroweak gauge bosons include the photon (y) and the three massive particles W+, W- and 
Z o. Eight strong gauge bosons, or gluons, carry color charges and anticolor charges, shown as 
solid color or as a color outline. There may also be Higgs bosons, which are responsible for 
the nonzero masses of particles. The subscripts L and R (for left and right) indicate handed­
ness. For every particle except the neutrinos there is an antiparticle of the opposite handed­
ness. The left-right asymmetry, most notable in the absence of right-handed neutrinos, is 
a signal that the weak interaction distinguishes among particles on the basis of handedness. 
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Normale Superieure in Paris and John 
H. Schwarz of the California Institute 
of Technology. The variant, known as 
the spinning-string theory, was the pre­
cursor of supersymmetric theories. 

Unfortunately both early string the­
ories turned out to have several fea­
tures that were considered serious li­
abilities at the time. First, the quan­
tum-mechanical behavior of the orig­
inal string theory for bosons makes 
sense only if spacetime has 26 dimen­
sions! For the spinning-string theory 
and indeed for the current superstring 
theories the corresponding number of 
dimensions is 10. Furthermore, the 
theories were plagued by the fact that 
the states of lowest energy of the string 
must be tachyons, or particles that 
travel faster than light. A relativistic 
quantum theory with tachyons is in­
consistent. Finally, the theories re­
quired the existence of massless spin-1 
and spin-2 particles, which did not cor­
respond to observed hadrons. Their 
properties were more like those of the 
photon, the graviton and the so-called 
weak gauge bosons that carry the weak 
force. Although Joel Scherk, an excep­
tional physicist who died at a tragical­
ly young age, and Schwarz suggested 
string theory might be reinterpreted 
as a theory of gravity and the other 
forces, the inconsistencies lurking in 
such a theory seemed overwhelming. 

In the early 1 970's there was a great 
resurgence of interest in quantum 

field theories based on point particles. 
As recently as 20 years ago the only 
successful quantum field theory was 
the quantum theory of electromag­
netism I mentioned above, known as 
quantum electrodynamics, or QED. Yet 
only a few years later two more highly 
successful quantum field theories had 
been developed: the electroweak the­
ory, which gives a unified description 
for both electromagnetism and the 
weak interaction, and quantum chro­
modynamics, or QCD, which describes 
how quarks bind together to form had­
rons. These theoretical achievements 
were confirmed by remarkable experi­
mental discoveries. 

In all such theories the role of sym­
metry is paramount. The idea of sym­
metry in the laws of physics is ex­
pressed by a set of transformations 
that form a mathematical structure 
called a group. For example, the phys­
ical laws governing the behavior of an 
apparatus do not depend on its orien­
tation in space; the laws are said to be 
symmetric under rotations about any 
of the three independent spatial axes. 
All such rotations belong to the three­
dimensional rotation group designated 
0(3); since rotations are specified by 
continuous angles, the group is a con-
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tinuous symmetry group. It turns out 
that for every continuous symmetry in 
physics there is a conserved quantity 
or charge. The continuous symmetry 
of rotations in space gives rise to the 
conservation of angular momentum. 

Many symmetries in particle phys­
ics are not related to ordinary space; 
instead they can be thought of as sym­
metries related to some so-called inter­
nal space. For example, in Maxwell's 
electromagnetic theory the internal 
space is regarded as a circle. Physical 
phenomena are independent of rota­
tions about the circle just as they are 
independent of rotations in space. The 
conserved quantity associated with the 
symmetry is the electric charge. 

The richest and most interesting 
field theories are the ones in which 
there can be independent symmetry 
transformations at each point in space 
and time. Such symmetries are called 
gauge symmetries, and the theories are 
called gauge theories. The earliest and 
simplest example of a gauge theory is 
again Maxwell's theory of electromag­
netism. A circle is associated with each 
point in spacetime, and the laws of 
electromagnetism are not altered by 
independent rotations about each of 
the circles in this infinite set. This 
gauge symmetry is expressed by a 
symmetry group designated U(l). 

In any gauge theory there is a set of 
gauge particles that transmit the force 
between particles bearing a charge. In 
electrodynamics the gauge particle is a 
massless spin-l particle called the pho­
ton. More general gauge theories with 
greater internal symmetry, such as the 
electroweak theory and QCD, also in­
clude massless spin-l gauge particles. 
Such theories are known generically as 
Yang-Mills theories, after C. N. Yang 
of the State University of New York 
at Stony Brook and Robert L. Mills 
of Ohio State University. The for­
ces described by Yang-Mills theories 
are nongravitational; they are called 
Yang-Mills forces. Finally, even Ein­
stein's theory of gravity is a kind of 
gauge theory, but the spin of its gauge 
particle, the graviton, is 2. 

One important aspect of a symme­
try is that it can appear to be bro­

ken; the spontaneous appearance of a 
broken symmetry signals a change of 
state called a phase transition of a sys­
tem of particles. For example, a lump 
of iron is not magnetized at high tem­
peratures because the magnetic mo­
ments of the atoms point randomly 
in all directions. Since no direction is 
picked out, the system has rotational 
symmetry. When the iron is cooled, 
there is a change of phase: the atomic 
moments line up and the iron becomes 
magnetized in a particular direction. 
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CHARGES associated with the electro weak force and the strong force depend on the sepa­

ration between the particles carrying the charges. Quantum theory leads to fluctuations in 

energy, which are manifest as a sea of "virtual" particles throughout space. The virtual 

particles carry charges that can shield the separated particles, thereby causing the variation 

in the strength of the charges. The other three horizontal coordinates indicate equivalent 

ways of understanding the variation. If one extrapolates from the measured values of the 

charges at an energy of 100 Ge V (100 billion electron volts), the three charges appear to be 

equal in strength at about 10" GeV. The extrapolation suggests a larger, "grand unified" 

symmetry prevails above that energy, in which the electroweak and strong forces become 

indistinguishable. The grand-unified energy, however, may not be distinct from the energy 

at the Planck scale (1019 Ge V), in which case the force of gravity cannot be neglected. 

The rotational symmetry appears to 
be broken. Note that the rotational 
symmetry of the laws governing the 
forces on a microscopic scale remains 
intact; the appearance of a broken 
symmetry is characteristic of a system 
(the lump of iron) made up of a large 
number of particles. 

Similarly, many theories of elemen­
tary particles, including superstring 
theories, require large gauge symme­
try groups in order to give a unified ac­
count of diverse phenomena. Typical­
ly such large symmetry is apparent 
only at extremely high temperatures; 
the symmetry must appear to be bro­
ken at ordinary terrestrial tempera­
tures if the theory is to be consistent 
with observations. For example, the 
electroweak theory describes a unified 
version of the electromagnetic and 
weak forces called the electroweak 
force, whose gauge symmetry is based 
on a group called SU(2) X U(l); the 
group is an extension of the group 
U(l) associated with electromagnet­
ism. At ordinary temperatures, howev-

er, one observes two forces, the elec­
tromagnetic and weak forces, which 
are entirely distinct. The symmetry 
associated with the unification of the 
two forces becomes apparent only at 
temperatures much higher than 1 015 
degrees Celsius. 

The success of the quantum field 
theories of point particles gave a new 
lease on life to quantum field theory, 
and many physicists turned their atten­
tion to more ambitious schemes for 
unification. Such schemes were almost 
invariably based not on string theories 
but on more elaborate, so-called 
grand-unified symmetries built into 
quantum field theories with point par­
ticles. The grand-unified schemes, 
which ignore gravity, were associated 
with symmetry groups called SU(5), 
SO(lO) or E6. These large symmetries 
can break into smaller symmetries as­
sociated with the group SU(3) of QCD 
and the group SU(2) X U(l) of the 
electroweak theory. 

The temperatures at which grand­
unified symmetries-and indeed the 
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effects of quantum gravity-might 
become important are extraordinary: 
between 1 030 and 1 032 degrees C. Ac­
cording to current thinking about the 
origins of the universe, these temper­
atures were realized only between 
1 0-43 and 1 0-38 second after the big 
bang. In spite of the brevity of this pe­
riod, its implications for the subse­
quent evolution of the universe have 
been profound. In this way it turns out 
that the physics of the incomparably 
small is a key to the understanding of 
phenomena on a cosmic scale. 

Many of the new grand-unified the­
ories also incorporated supersymme­
try, a symmetry that transforms bos­
ons and fermions into one another and 
thereby unifies particles having inte­
ger and half-integer spin. In a super­
symmetric theory there are equal 

numbers of bosons and fermions for 
any given mass. Several recent at­
tempts have been made to combine 
Einstein's theory of gravity with super­
symmetry. The resulting so-called su­
pergravity theories belong to a new 
kind of gauge theory in which the 
gauge particle responsible for super­
symmetry is called the gravitino; its 
spin is 3/2 . The most popular super­
gravity theory for a time was formu­
lated in 1 1  spacetime dimensions: the 
four ordinary spacetime dimensions 
and seven additional spatial ones. 

I t is ironic from the current theo­
retical standpoint that one of the 

most important early discoveries in 
string theory was made in the process 
of studying higher-dimensional super­
gravity theories. In 1 976 Ferdinando 

Gliozzi of the University of Turin, 
Scherk and David A. Olive of the Im­
perial College of Science and Technol­
ogy in London suggested that the spin­
ning-string theory could be made stl­
persymmetric. The implications of this 
argument, however, were largely un­
recognized, and work on string theory 
was virtually abandoned. It then lay 
dormant until 1 980, when Schwarz 
and I (together with contributions 
from Lars Brink of the Chalmers Insti­
tute of Technology in Goteborg) be­
gan constructing and investigating the 
properties of string theories having 
spacetime supersymmetry. 

In order to understand why a so­
lution to the problems of reconcil­
ing gravity with quantum theory has 
proved so elusive one must consider 
the implications of Heisenberg's un-
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the effects of curvature in the six curled-up dimensions are consid­

ered, the theory resembles a supersymmetric grand-unified theory 
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linked to supergravity, whose symmetry is associated with the 

group E6 X E •• That symmetry can break down to give the standard 

model of elementary particles and forces, which accounts for the 

three non gravitational forces. New particles and forces that may be 

required by certain interpretations of the theory are shown in color. 
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certainty principle at distance scales of 
less than about 1 0-15 meter. Accord­
ing to that principle, the more precise­
ly a spatial measurement is made, the 
less precisely the momentum or the en­
ergy of the system being measured can 
be known. The uncertainties of energy 
are realized as fluctuations at short 
distances; because energy and mass 
are equivalent, the energy fluctuations 
can be manifest as the creation of "vir­
tual" particles. Virtual particles and 
antiparticles can materialize out of the 
vacuum for a short time before they 
annihilate one another. The sea of 
virtual particles gives rise to multipar­
ticle effects similar to the ones that 
arise for a substance such as a ferro­
magnet made up of many atoms. 

When the spatial resolution is less 
than about 1 0-35 meter, the energy 
fluctuations become so huge that, ac­
cording to general relativity, virtual 
black holes form. The energy of the 
fluctuations, about 1019 GeV (a GeV 
is one billion electron volts), is called 
the Planck energy, and the distance 
scale is called the Planck distance. 
Spacetime must therefore be consid­
ered highly curved on small scales; in a 
sense it is foamy. This conclusion has 
disastrous consequences for the usual 
computational techniques of quantum 
field theory because it invalidates the 
notion of spacetime as a smooth col­
lection of points. In all such calcula­
tions one assumes the curvature of 
spacetime is small; if the assumption 
does not hold, the calculations give 
nonsensical infinite results. This argu­
ment suggests that at short distances 
or, equivalently, at high energies either 
general relativity or quantum mechan­
ics (or both) must be revised. 

The corresponding argument cannot 
be made for strings, since superstring 
theory radically modifies the assump­
tions of general relativity at short dis­
tances. Indeed, as I outlined above, su­
perstring theories may require a revi­
sion of general relativity at its most 
fundamental level: the idea of a curved 
spacetime, which is central to Ein­
stein's theory, may have to be extend­
ed to the infinitely richer space of 
string configurations. The current un­
derstanding of the theory, however, 
begins with a more primitive model, 
in which the strings are treated as in­
dependent particles moving in some 
fixed spacetime background. Even 
with this restriction the quantum-me­
chanical treatment of a string leads to 
strong constraints on any superstring 
theory of gravity in higher dimensions. 

There are two kinds of strings, open 
and closed. Open strings have end­
points, and conserved charges, such 
as the electric charge, that are associ­
ated with the Yang-Mills forces are 

2 

F 

CHIRALITY, or handedness, cannot be defined in an even number of spatial dimensions 

(or in odd-dimensional spacetime). For example, in two dimensions successive reflections 

of the asymmetric letter F through both coordinate axes can be undone by a rotation. 

MIRROR REFLECTION through all the coordinate axes in a space with an odd number 

of dimensions (or an even-dimensional spacetime) gives rise to the possibility of finding 
chiral particles in the space. For example, a neutrino (1) travels at the speed of light and 

spins in a left-handed sense about the direction of its motion. Its mirror image after reflec­

tion through all three axes (4) spins in a right-handed sense; in other words, it is not 

equivalent to any rotated version of the original neutrino. Only the left-handed neutrino oc­

curs in nature, which shows the laws of physics are asymmetric with respect to handedness. 
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tied to the endpoints. Particles asso­
ciated with the vibrational states of an 
open string include the massless spin-l 
gauge particles, but they do not in­
clude the graviton. 

When open strings collide, they can 
interact by touching and joining at 
their endpoints to form a third string; 
the third string can then split apart to 
form two final strings. Similarly, the 
two endpoints of an open string can 
join to form a closed string. The vibra­
tional states of a closed string include 
the massless spin-2 graviton. Thus in 
any theory with open strings there are 
also closed strings, and in any string 
theory with closed strings it is incon­
sistent to neglect the force of gravity. 

INITIAL STATE 

a 
• 

b 

c 

Accordingly, if the Yang-Mills forces, 
such as electromagnetism, are includ­
ed in a string theory, they must be uni­
fied with gravity in an intimate way. 

A kind of theory in which the Yang­
Mills forces can be associated with 
closed strings was formulated by Da­
vid J. Gross, Jeffrey A. Harvey, Emil 
J. Martinec and Ryan Rohm of Prince­
ton University. Such a theory is known 
as heterotic, and it is the most promis­
ing kind of superstring theory devel­
oped so far. Its construction is quite 
strange. The charges of the Yang-Mills 
forces are included by smearing them 
out over the entire heterotic string. 
Waves can travel around any closed 
string in two directions, but on a heter-

FINAL STATE 

LEAST-ACTION PRINCIPLE determines the classical, or non-quantum-mechanical, tra­
jectory of a particle: if time is treated as a fourth spatial dimension, the trajectory is the 

line of minimum length in spacetime joining the initial state and the final one (top). Similar­

Iy, according to the least-action principle, a string sweeps out a world sheet of minimum 

area in spacetime. Cross sections are shown at the left. Open strings carry charges at their 
endpoints (blue) that define the boundaries of the sheet (middle). Closed strings are loops, 

and so they have no endpoints (bottom). A string satisfying the least-action principle can 

vibrate in any combination of harmonic frequencies. Because deformations of the world 

sheet in the two directions tangential to its surface at any point are not distinct configura· 

tions of the sheet, only the vibrations perpendicular to its surface have physical reality. 
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otic closed string the waves traveling 
clockwise are waves of a IO-dimen­
sional superstring theory; the waves 
traveling counterclockwise are waves 
of the original, 26-dimensional string 
theory. The extra 1 6  dimensions are 
interpreted as internal dimensions re­
sponsible for the symmetries of the 
Yang-Mills forces. 

As a string moves it sweeps out a two­.£\. dimensional surface in spacetime 
called a world sheet, just as a point 
particle sweeps out a world line [see il­
lustration on this page] . In classical, or 
non-quantum-mechanical, general rel­
ativity a particle moves along the 
world line that minimizes the so-called 
action of the particle: its energy as it 
moves through time. The action is pro­
portional to the length of the world 
line, and so a path of least action is a 
geodesic, or the shortest distance be­
tween two points in spacetime . 

The motion of a string is treated in 
an analogous way. In a non-quantum­
mechanical approximation the string 
also moves in a way that minimizes its 
action. The action is proportional to 
the area swept out by the string, and so 
the world sheet must be a surface of 
minimum area. If time is regarded as 
a spatial dimension, the world sheet 
swept out by a closed string can be 
thought of as a kind of soap film that 
joins the string at its starting point and 
at the end of its path in spacetime. 

There is an enormous symmetry em­
bodied in the condition that the mo­
tion of the string is determined by min­
imizing the area of its world sheet. The 
area is a geometric quantity that is in­
dependent of how the points on the 
two-dimensional sheet are labeled. No 
amount of distortion of the labeling 
can change the underlying geometry 
of the sheet, and physics is said to be 
symmetric under arbitrary relabelings 
of the world-sheet coordinates. 

Because of this symmetry, there is 
no physical significance to distortions 
of the world sheet that lie in the two di­
rections tangent to the surface of the 
sheet at any point. The only meaning­
ful vibrations of the string are undu­
lations of the world sheet perpendic­
ular to its surface. Hence if the string 
is moving in d dimensions, two direc­
tions of vibration have no physical re­
ality. All real vibrations are transverse 
vibrations in d - 2 dimensions. 

It is worth noting that such a con­
straint on the vibrational modes of 
photons, or waves in an electromag­
netic field, is a hallmark of Maxwell's 
theory. There is no physical meaning 
to vibrations of the photon in the time 
direction, and longitudinal vibrations, 
which take place in the same direction 
as the wave is moving, are not possi-
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"SUMMING OVER HISTORIES" is one way to take account of 

the probabilistic interpretation of the path of a particle in quantum 

mechanics. A point particle is pictured as moving simultaneously 

along all possible world lines in spacetime; a weight, or statistical 

probability, is assigned to each path in such a way that the shortest 

paths in spacetime are by far the most probable. The result is a 
collection of world lines that are densest along the classical trajec­

tory (upper right). The cross section of the world lines through time, 

indicated by the broken vertical line, is shown at the upper left. The 

density of the world lines through an arbitrary region of the cross 

section represents the probability of finding the string in that region 

at the corresponding time. Similarly, the quantum mechanics of a 

string is obtained by considering all possible world sheets with the 

same initial state and final state, weighted in such a way that the 

ones of smallest area are by far the most probable (lower right). The 

density of the closed loops in a given region of the temporal cross 

section of the world sheet (lower left) represents the probability of 

finding the complete string in that region at the corresponding time. 

ble for a wave traveling at the speed 
of light. The gauge symmetry of elec­
tromagnetism ensures the absence of 
such nonphysical vibrations. 

From this point of view one might 
expect insurmountable problems in a 
string theory, since a string is made up 
of an infinite number of points. Each 
point along the string vibrates, and so 
the potential for nonphysical vibra­
tions of a string is infinitely greater 
than it is for a point particle such as the 
photon. The absence of such vibra­
tions is guaranteed by the symmetry 
under coordinate relabelings. When 
the quantum mechanics of the string is 
considered, the same symmetry also 
introduces powerful constraints on 
possible string theories. It is in this 
sense that superstring theory is im­
mensely elegant. 

Up to now I have discussed the 
string as a classical particle. In 

quantum mechanics the motion of a 
particle is not precisely defined. When 

it moves through space, any particle 
tries, in effect, to take all possible 
paths between its initial state and its fi­
nal state. The probability of each path 
is weighted so that a higher probabili­
ty is assigned to paths of lower action; 
the classical path of least action is the 
most probable one. This formulation 
of the quantum behavior of a particle 
is called the method of summing over 
histories, and it was devised by Rich­
ard P. Feynman of Caltech. Its ap­
plication to string theory has been 
most completely developed by Stanley 
Mandelstam of the University of Cali­
fornia at Berkeley and by Alexander 
M. Polyakov of the Landau Institute 
for Theoretical Physics near Moscow. 

In superstring theory summing over 
histories requires summing over all the 
possible surfaces that join the initial 
and final states of a string or a set of 
interacting strings. The different paths 
can be thought of as fluctuations of 
the world sheet, which are just like 
the random, shimmering motions of a 

soap film at any temperature above 
absolute zero [see illustration above] . 

An important quantum-mechanical 
constraint on string theories was for­
mulated in 1 972 by Richard Brower 
of Boston University, Peter Goddard 
of the University of Cambridge and 
Charles B. Thorn of the University of 
Florida at Gainesville: Requiring sym­
metry under relabelings of the world­
sheet coordinates of a free string un­
dergoing quantum fluctuations is suf­
ficient to determine the number of 
dimensions of the background space­
time in which the string is moving. Re­
member that in the original dual-reso­
nance theory the number of spacetime 
dimensions is 26; in superstring theory 
1 0  dimensions are required. This result 
had been intimated a year earlier in 
work by Claud W. V. Lovelace of Rut­
gers University. The constraint is a 
striking instance of how the formula­
tion of the theory in terms of the two­
dimensional world sheet leads to a rich 
and highly determined structure for 
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the space in which the string is moving. 
The vibrational frequencies of a su­

perstring are determined by its tension, 
which is measured in units of energy 
per unit length, or mass squared in 
fundamental units. Since the theory is 
to describe gravity, the string tension 
must be closely related to the Planck 
energy, which is the only dimension­
al parameter in a gravitational theory. 
The tension of the string must there­
fore be on the order of 1 019 GeV 
squared; in more familiar units that 
is equal to a force of 1 039 tons. The 
frequencies of the normal vibrational 
modes of the string are therefore sep­
arated by huge gaps: particles cor­
responding to the lowest vibrational 
state are massless, but particles corre­
sponding to the next vibrational state 
have a mass roughly equal to the mass 
of a speck of dust, which is enormous 
for an elementary particle. For higher­
frequency vibrations the correspond­
ing masses increase without limit. 

The significance of the massless 
states of superstring theory is that they 
include not only the graviton, the spin-
1 gauge particles of other forces and 
the spin-O and spin-l/2 particles, but 
also the gravitino, the spin-3/2 gauge 

A 

B 

A 

B D 

particle associated with supergravity. 
Thus for energies below the Planck en­
ergy the massless particles of super­
string theories are the same ones found 
in supergravity theories. 

Aquantum string theory is different 
from the quantum theory of a 

point particle in another important re­
spect. Again consider the sum over his­
tories of a single closed string: the sum 
includes all possible connected sur­
faces that can be stretched, twisted or 
otherwise smoothly deformed into a 
cylinder without tearing. All such sur­
faces are said to be topologically 
equivalent to the cylinder, and they in­
clude surfaces with long tentacles [see 
top illustration on page 59]. Under cer­
tain assignments of the time coordi­
nate on the world sheet, the tentacles 
can be interpreted as motions in which 
two closed strings join to form a new 
one or in which a new closed string 
breaks away from the original one and 
disappears into the vacuum. 

Thus the string automatically in­
teracts with the background space in 
which it moves, even though interac­
tions are not explicitly included in the 
sum over histories. In contrast, the 

c · 

INTERACTIONS AMONG STRINGS are represented by world sheets topologically 

equivalent to a sphere or to a doughnut with an arbitrary number of holes. The surfaces are 

continuous except at the points that represent the incoming or outgoing strings (A, B, C, D). 
The sphere is distinct in that any closed curve on its surface can be continuously shrunk to 

a point. Two kinds of closed curves on the torus cannot be continuously shrunk to a point. 
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sum over histories of a single point 
particle does not include any informa­
tion about interactions with the back­
ground space. Because of the nature of 
the interaction of a string with its 
background, even the motion of a sin­
gle string can be consistently described 
only if the curvature of the back­
ground space is severely constrained. 
This result was originally implied by 
the work of Daniel Friedan of the Uni­
versity of Chicago, done in 1 979. 

To appreciate the significance of the 
finding one must understand that the 
1 0  dimensions required in a consistent 
superstring theory were not initially 
assumed to be curved at all. The the­
ory was first formulated under the 
simplifying assumption that all 1 0  di­
mensions are equivalent, that is, all of 
them are "flat." If any superstring the­
ory is to make sense of physical obser­
vations, however, six spatial dimen­
sions must be highly curved. If the sum 
over the histories of the world sheet 
is to be consistent, the six dimensions 
must be curled up in one of a few spe­
cial ways. They are said to form a kind 
of space called a Calabi-Yau space (af­
ter Eugenio Calabi of the University 
of Pennsylvania and Shing-Tung Yau 
of the University of California at San 
Diego); they may also form a general­
ization of such a space called an orbi­
fold. These spaces lead to a promising 
scheme for explaining the physics of 
the four observable dimensions. 

Much of the interest in superstring 
theories follows from the rich 

structure that results by requiring the 
theory to be consistent. If the theory is 
to give a realistic quantum account of 
the Yang-Mills forces, there is an em­
pirical constraint in addition to the re­
quirement that there be only four ob­
servable dimensions: the theory must 
lead to the observed chirality, or hand­
edness, of the weak force. 

The weak force is responsible for ra­
dioactive decay such as beta decay, 
which is an important reaction in the 
sun. The force is chiral (from the 
Greek word cheir, meaning hand) in 
the sense that it gives rise to effects 
whose mirror-reflected counterparts 
do not exist in nature. Unfortunately 
the quantum-mechanical version of 
any chiral gauge theory is likely to vio­
late conservation laws such as the con­
servation of electric charge. Such a vi­
olation is called a chiral anomaly; it 
signals a breakdown of gauge symme­
try, which renders the theory incon­
sistent. Devising a theory that is chi­
ral and yet avoids chiral anomalies is 
a delicate matter in four dimensions, 
and until recently it was thought to be 
impossible in 1 0  dimensions. 

It is only when space has an odd 
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number of dimensions (or when space­
time has an even number) that the con­
cept of chirality can be defined at all. 
In any number of dimensions chirality 
depends on the outcome of successive 
mirror reflections along all the spatial 
axes. When space has an odd number 
of dimensions, mirror reflection along 
each spatial axis gives an odd number 
of reflections, and so a left-handed 
shape is transformed into a right-hand­
ed one. When space has an even num­
ber of dimensions, a reflection along 
each spatial axis leaves any shape 
unaltered: the reflected image can 
be rotated into the original shape. For 
example, the popular I I-dimensional 
theory of supergravity cannot lead to a 
chiral theory because it is formulated 
in 1 0  spatial dimensions (an even num­
ber). With nine spatial dimensions su­
perstring theory can be chiral. 

Even when the higher-dimension­
al theory is chiral, the process of curl­
ing up the extra dimensions generally 
washes out chirality. It is now thought 
that the observed chirality can be 
explained only if the chiral higher­
dimensional theory is initially formu­
lated to include the gauge symmetry 
group of a Yang-Mills force, in ad­
dition to the gravitational force. The 
symmetry group must be present in the 
flat, lO-dimensional theory before the 
possibility that the extra dimensions 
curl up can be considered. 

In August, 1 984, to the surprise 
of many physicists, Schwarz and I 
showed that a chiral theory free of 
anomalies can be formulated in 1 0  
dimensions, provided the symmetry 
group of the Yang-Mills force is one of 
two special groups. The groups must 
be either SO(32), a generalization to 
32 internal dimensions of the symme­
try of spacetime, or the group Es X Es, 
the product of two exceptional, con­
tinuous groups that were first discov­
ered by the French mathematician 
Elie Cartan. A third group known 
as 0( 16) X 0( 1 6), which also leads to 
freedom from anomalies, has recent­
ly been noted; its symmetry is a sub­
symmetry of the other two possible 
groups. The fact that the quantum 
consistency of a theory including grav­
ity leads to an almost unique predic­
tion of the unifying symmetry group 
was an exciting development. It has 
led to the current wave of enthusiasm 
for superstring theory. 

The quantum mechanics of a single 
string is only an approximation to 

a full theory, not yet developed, in 
which the interactions of arbitrary 
numbers of strings would be de­
scribed. Interactions arise when strings 
join or split. The probability that a 
given set of incoming strings leads 
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PRECISE INSTANT at which two strings join cannot be objectively specified because the 

definition of the time coordinate of a point on the world sheet depends on the observer. The 

colored coordinate lines indicate contours of equal time as defined by one observer. To this 

observer the two incoming strings appear to join at the colored point. To another observer 

the black lines are contours of equal time; the strings appear to join at the black point. 

to a given set of outgoing strings is 
determined by an infinite sequence 
of so-called Feynman diagrams. The 
diagrams describe all possible join­
ings and splittings of the world sheets, 
summed over histories for each case. 

The simplicity of the sequence of 
possible Feynman diagrams for strings 
contrasts sharply with the complexity 
of the possible Feynman diagrams for 
point particles. Consider the possible 
diagrams for two interacting closed 
strings. First the two strings can join 
and then split apart. The Feynman dia­
gram for the process is topologically 
equivalent to the surface of a sphere 
[see illustration on opposite page] . In the 
next term in the sequence the interme­
diate string splits into two strings, 
which then rejoin. The diagram is 
topologically equivalent to a torus, 
or the surface of a doughnut. The se­
quence of diagrams is continued sim­
ply by adding holes to the doughnuts: 
two holes, three holes and so on. 

Requiring symmetry under relabel­
ings of coordinates on the torus intro­
duces strong, new constraints to su­
perstring theory. If the torus is cut in 
either one of two ways, twisted and 
glued back together, its topology is un­
changed; the twisted coordinate sys­
tem, however, cannot be continuously 
returned to the original one without 
cutting the surface again [see illustra­
tion on next page] . The invariance of 
the torus under such changes in co-

ordinates leads to an important con­
straint in the heterotic superstring 
theory. A heterotic string can move 
through flat, 1 0-dimensional space­
time only if the symmetry of the non­
gravitational forces in the theory is de­
scribed either by the group Es X E8, 
the group spin (32)/ Z2 , a variant of 
SO(32), or the group 0( 16) X 0( 1 6). 

The restriction to these groups is 
striking. Remember that Schwarz and 
I had earlier singled out the same 
groups by requiring the absence of chi­
ral anomalies in any consistent 1 0-
dimensional chiral gauge theory. The 
constraint that leads to these groups 
in the heterotic theory is related to 
remarkable mathematical properties 
of certain 16-dimensional lattices of 
points. Such lattices are constructed 
from the 1 6  internal dimensions I men­
tioned above. 

There is another and almost equally 
striking feature of the torus diagram 
that indicates the profound difference 
between string theories and the the­
ories of point particles. Among the 
many kinds of one-loop Feynman dia­
grams for point particles that are the 
analogues of the torus diagram, there 
are diagrams that give infinite answers 
when the sum over histories is calcu­
lated. Such infinities arise because the 
diagrams for point particles include 
the sum over histories when two in­
teraction points are arbitrarily close 
in spacetime. The contributions to the 
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entire process of each one of an in­
definitely large number of fluctuating 
paths must be taken into account, and 
that leads to infinite answers. In con­
trast, on a string Feynman diagram no 
one point can be identified as a split­
ting or joining point of two strings [see 
illustration on preceding page] . Hence, 
at least in the one-loop diagram of 
string interactions, the concept of an 
interaction point does not arise. The 
sum over histories leads to finite an­
swers in precisely those superstring 
theories whose Yang-Mills forces are 
associated with the symmetry groups 
Es X E8 or SO(32). 

An unfortunate feature of any quan­
£\. tum theory of gravity, whose nat­
ural energy scale is necessarily enor-

mous, is the difficulty of extracting 
testable or observable predictions at 
more modest energies. For example, 
although sljperstring theory is initial­
ly formulated in 1 0  flat spacetime di­
mensions with huge unifying symme­
tries, it is only at an inconceivably 
small distance scale or, equivalently, 
at extremely high energy or tempera­
ture that the curvature of the extra six 
dimensions might be negligible and the 
full symmetry of the theory would be 
realized. Thus any attempt to derive 
low-energy consequences of the the­
ory must be considered speculative, 
and there are severe problems in ob­
taining concrete predictions. N ever­
theless, it is now possible to give a 
plausible picture of how superstring 
theory might make contact with the 

INVARIANCE of the labeling of the space and time coordinates on a world sheet with the 
topology of the torus is an even stronger requirement than it is on the sphere. A torus can 

be cut like a sausage (upper diagram) or like a yo-yo (lower diagram). One side of the cut 

can be given a full twist with respect to the other side, and the two boundaries can then be 

"glued" back together. The points on the surface are thereby labeled according to a set of 

coordinates (black and colored curves) that cannot be continuously deformed to the original 

set of coordinates. The requirement that superstring theory not be sensitive to such relabel­

ings leads to strong conditions on the symmetry groups associated with the non gravitational 
forces of the theory. Symmetry groups must be either SO (32), E. X E. or 0 (16) X 0 (16). 
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phenomena observed in accelerators. 
Many aspects of this picture are 

based on topological arguments, 
whose application to physics has been 
pioneered by Edward Witten of 
Princeton. Witten noted that the curl­
ing up of the extra dimensions and 
symmetry breaking go hand in hand: 
there must be a strong correlation be­
tween the curvature of the extra di­
mensions and the way in which the 
huge symmetry associated with the 
Yang-Mills forces breaks down to a 
smaller symmetry. In flat 1 0-dimen­
sional spacetime the average values of 
the fields associated with the Es X Es 
or SO(32) Yang-Mills forces are zero. 
Witten showed that if the curvature of 
the space is nonzero in certain dimen­
sions, the average values of these fields 
in the curved space must be nonzero in 
the same dimensions. 

A nonzero average value for a field 
signals a transition to a phase with less 
symmetry, just as the nonzero mag­
netization of a ferromagnet signals the 
transition to the less symmetric mag­
netized phase. Thus if six dimensions 
of the original flat spacetime become 
highly curved, the Yang-Mills forces 
in the theory of the resulting curved 
space are unified by a subsymmetry of 
Es X Es or SO(32). This result is just 
what one would want. 

So far it has not been proved that the 
six spatial dimensions must be curled 
up in superstring theory. As I stated 
above, however, the requirement that 
the theory retain its large symmetry 
under relabelings of the coordinates 
of the world sheet forces the curled­
up dimensions to form a Calabi-Yau 
space or perhaps an orbifold. Assum­
ing six dimensions are curled up in this 
way, Philip Candelas of the University 
of Texas at Austin, Gary T. Horowitz 
of the University of California at San­
ta Barbara, Andrew E. Strominger of 
the Institute for Advanced Study in 
Princeton and Witten have devised an 
imaginative scheme for understanding 
how superstring theory might relate to 
phenomena measured at the energies 
of present experiments. 

I n the scheme of Candelas and his co­
workers the average value of the 

electric field associated with the group 
Es X Es is set equal to the nonzero val­
ue of the curvature of the six-dimen­
sional space. Because of special fea­
tures of Calabi-Yau spaces (or the 
associated orbifolds), the symmetry 
breaks down in a special way to the 
group E6 X E8, while still preserving 
its supersymmetry. It is reassuring to 
derive the group E6 in this way be­
cause it is one of the groups studied in 
efforts to unify the Yang-Mills forces. 

The extra group factor E8 enlarges 
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the symmetry enormously, but it does 
not directly affect the observed parti­
cles. Particles carrying the forces asso­
ciated with the extra Es symmetry are 
neutral with respect to the observed 
Yang-Mills forces, but they should ex­
ert gravitational attraction. It has been 
speculated that matter made up of 
such particles, which has been called 
shadow matter, might account for part 
of the unseen mass known to be pres­
ent in the universe. 

One immediate prediction of this 
interpretation of superstring theory is 
the existence of a particle called the 
axion. Such a particle has been postu­
lated in order to avoid a violation of an 
important symmetry in QeD, the the­
ory of the strong interaction. Although 
the axion has not yet been found, sev­
eral groups of investigators are plan­
ning experiments that could detect it. 

Many other physical consequences 
follow from purely topological prop­
erties of the six curled-up dimensions. 
For example, one of the most basic 
topological properties of a space is its 
Euler number. If the curled-up space 
were two-dimensional, the Euler num­
ber would be 2 minus twice the genus 
of the surface, where the genus is the 
number of holes. In six dimensions the 
Euler number is less easy to describe. 

The observed fermions are naturally 
grouped into "generations" of quarks 
and leptons [see illustration on page 50] . 
(The leptons are fermions that do not 
strongly interact.) Three generations 
have been discovered so far, and there 
is probably at most one more. The pre­
dicted number of generations is half 
the Euler number of the six-dimen­
sional compact space. Because only a 
few of the known Calabi-Yau spaces 
and orbifold spaces have a small Eu­
ler number, only a few such spaces 
are candidates for describing observed 
physical phenomena. 

The six-dimensional spaces known 
to have a small Euler number are 
spaces that also have "holes" in them 
[see illustration on page 60] .  The pres­
ence of the holes allows the fields asso­
ciated with the symmetry group E6 to 
be trapped. The trapping of the fields 
causes the symmetry to break down 
further, without the need for the mas­
sive so-called Higgs particles usually 
associated with this symmetry break­
ing. Quantum chromodynamics and 
the electroweak theory of standard el­
ementary-particle physics, whose sym­
metries are described by the group 
product SU(3) X SU(2) X U( l) ,  can 
readily be obtained from this latest 
symmetry breaking. It is likely that 
the same symmetry breaking will also 
give rise to additional forces associat­
ed with remnants of E6. 

There are many ways a closed string 
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QUANTUM-MECHANICAL ANALYSIS of a single world sheet leads to strong con­

straints on the kind of curled-up background space in which the string is moving. The 

quantum-mechanical sum over histories includes configurations of the world sheet that de­

scribe strings materializing from the vacuum (left) or breaking away and disappearing into 

the vacuum (right). Thus string interactions with the background are automatically included 

in the quantum treatment of one string. The only background spaces known to be consistent 
with such effects are the so-called Calabi-Yau spaces or related spaces called orbifolds. 

SPIN 
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GRAVITON 2 • • • 

GRAVITINO • • • 

GAUGE PARTICLES • • • 

QUARKS AND LEPTONS • • • 

AXION AND HIGGS 0 
� (1019 Gev)2 4 (MASS)2 

SPECTRUM OF STRING STATES is plotted for the heterotic string theory in which the 

extra six dimensions of spacetime have been curled up. Each black dot represents a set of 

bosons and each colored dot represents a set of fermions. All string states that correspond 

to known particles are massless states; the states with nonzero mass form an infinite series 

whose masses are a whole number times the square of the Planck mass, which is 1 0 "  GeV. 

For each mass the number of fermion states is equal to the number of boson states. If each 

possible spin direction is counted as a different state, there are 8,064 massless states, and 

18,883,584 states at the first mass level; the number increases exponentially thereafter. 
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can get trapped in the curled-up space. 
For example, the string can wind 
through a hole; its vibrations might 
then be manifest as massive particles 
with fractional electric charge or mas­
sive magnetic monopoles with multi­
ple magnetic charges. 

Although superstring theory has al­
I\. ready opened many lines of inves­
tigation in both physics and mathe­
matics, there are fundamental ques­
tions that cannot be answered until 
more is understood about the structure 
of the theory. For example, why is ob­
served spacetime approximately fiat 
and four-dimensional? Can one prove 
that six dimensions are curled up? 
More to the point, can one explain 
why the four familiar dimensions are 
so large? Just after the big bang, when 
the size of the observed universe was 
on the order of the Planck distance, 
1 0 - 35 meter, all 1 0  dimensions must 
have been curled up. During the sub­
sequent expansion of the universe all 
but six of the dimensions must have 
begun to unfold and expand. A con­
sistent account of the process might 
lead to the prediction of an observ­
able cosmic remnant. 

These issues are closely related to 
another fundamental question: Why is 
the cosmological constant so close to 
zero? This constant describes the part 
of the curvature of the universe that 
is not caused by matter; its value has 
been determined to be zero to within 

• 
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one part in 1 0 1 2°,  which makes it the 
most accurate measurement in all sci­
ence. If superstring theory can account 
for the value, the explanation would 
be a convincing test of the theory. 

As I menti(med above, the natural 
mass scale 01 superstring theory is so 
large that the masses of the heaviest 
particles observable in current acceler­
ators are infinitesimal by comparison. 
As long as the supersymmetry includ­
ed in superstring theories remains un­
broken, the masses of the particles we 
observe are zero. The small, nonzero 
values of particle masses are therefore 
correlated with the breaking of super­
symmetry at the relatively low temper­
atures of the world we observe. Nev­
ertheless, there are strong arguments 
that the breaking of supersymmetry, 
and hence the precise values for the 
masses of particles observed in high­
energy accelerators, cannot be under­
stood in superstring theory as it is cur­
rently formulated. 

In order to resolve such issues it is 
presumably necessary to understand 
the deep principles on which the the­
ory is based. In a sense the develop­
ment of superstring theories is in sharp 
contrast to the development of general 
relativity. In general relativity the de­
tailed structure of the theory follows 
from Einstein's penetrating insights 
into the logic of the laws of physics. 
In superstring theories certain details 
have come first; we are still groping 
for a unifying insight into the logic of 

• 
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the theory. For example, the occur­
rence of the massless graviton and 
gauge particles that emerge from su­
perstring theories appears accidental 
and somewhat mysterious; one would 
like them to emerge naturally in a the­
ory after the unifying principles are 
well established. 

How can the logic of superstring 
theory be discovered? The prin­

ciples of general relativity must be a 
special case of the more general princi­
ples of superstring theory, and so in a 
sense general relativity can serve as a 
guide. For example, by developing an 
analogy with general relativity I ex­
plained above how superstring theo­
ries are expected to extend the idea 
of ordinary spacetime to the space of 
all possible configurations of a string. 
This idea is under intensive investiga­
tion. Even more radical is the sugges­
tion that the theory should be studied 
solely in its two-dimensional formula­
tion; no reference at all would then be 
made to the coordinates of the space 
and time in which we live. 

Whatever the resolution of these 
possibilities may be, developing a deep 
understanding of the logical status of 
the theory will undoubtedly lead to 
profound mathematical and physical 
problems. It should also lead to a bet­
ter understanding of the predictions of 
superstring theory. The prospect is for 
a period of intellectual ferment and 
rapid advance . 

• 

c 

• 

ORBIFOLD SPACE may form the highly curved, six-dimensional 

background space in which strings move. The diagrams give an im­

pressionistic rendering of a two-dimensional version of an orbifold. 

A closed, two-dimensional surface has been stretched out to form 
three sharp points, which are called conical singularities. The sur­

face is considered flat everywhere except at the singularities in the 
sense that it can be cut and laid out on a flat plane. Similarly, a six­

dimensional orbifold is flat everywhere except at isolated conical 

singularities; there the curvature is infinite. The hole in the center 

of the surface in the diagram indicates that the orbifold is not "sim­

ply connected": it can be cut through without falling into separate 

pieces. A closed path looping through a hole in the six-dimensional 

orbifolds of interest can be unwound after a fixed number of loops. 

Such holes cause lines of electromagnetic potential associated with 

the symmetry group E. to become trapped (colored cu rves at left). 

The entrapment causes E. to break down to a smaller symmetry 

group, similar to the one associated with the standard model. A 
closed string moving in an orbifold (right) can move freely (a), but 

it can also become trapped in various ways. If it loops around a 
conical singularity, the curvature prevents it from unlooping (b). It 

can also loop through the hole (c) or wind first through the hole and 

then around a conical singularity (d ).  A string looping through the 

hole can lead to massive particles with fractional electric charge 
or to massive magnetic monopoles with multiple magnetic charges. 
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IT DOESN'T TAKE 
THE RIGHT STUFF 

TO TRY 
THE REAL STUFF. 

All it takes is a trip to The Space and 
Rocket Center in Huntsville , Alabama. 

At earth's largest space museum, 
you can climb inside a real space capsule . Fire 
a live rocket engine . Strap yourself in for a 
simulated mission. And even pilot a spacecraft 
by computer. 

Witness the development of NASXs 
Space Station next door at Marshall Space 

Flight Center. Or get a 
closeup look at our full­

size Space Shuttle , the 
only one on permanent 
display anywhere in 

the world . 
Then, see where 

thousands of young people 

Photographed in the Lunar Odyssey 

come each year to learn what training to be 
an astronaut is like - the incredible U. S .  
Space Camp . 

During your visit , you can catch 
your breath or kick up your 
heels at the Huntsville 
Marriott , located on 
the grounds .  

S o  come see our stuff 
soon. There's just no place on 
earth where you'll learn more 
about the space program . 

Get the right stuff for planning a 
visit , plus information on U. S .  Space Camp . 
Call toll-free for a copy of our 
free brochure . 
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Planning. 
Doing th ings today to make us 
better tomorrow. Because the future 
belongs to those who make the hard 
decisions today-to Eaton . 

Growing into the future. 
Automotive • Electronics • Defense • Capital Goods 
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SCIENCE AND THE CITIZEN 
Radon and Its Daughters 

The health hazards faced by cit­
izens of ind ustrialized nations 
seem almost universally to be 

manmade. Well-publicized risks are 
associated with transportation, medi­
cal care, manufacturing and energy 
production-above all, with nuclear 
power plants. Yet the source of the 
largest dose of ionizing radiation most 
people are likely to receive in their 
lifetime is not manmade. It is radon, a 
radioactive gas that emanates from 
rock formations as the uranium they 
contain decays. Many epidemiologists 
and environmental scientists think the 
gas can cause lung cancer in people 
who have done nothing more hazard­
ous than live in houses built over such 
formations. Because the risks are po­
tentially so great, these scientists argue 
for immediate remedial action. Other 
investigators urge that more informa­
tion be collected before any far-reach­
ing measure is taken. 

Through the swirl of debate a few 
generally accepted facts can be dis­
cerned. Radon is a link in a radioac­
tive-decay chain that begins with the 
transmutation of uranium into thori­
um and ends when a stable isotope of 
lead is reached. The gas issues continu­
ously from the ground since uranium 
is present in virtually all rocks and 
soils. In the open air radon dissipates 
quickly. Inside a building, however, 
radon that has seeped through small 
cracks in the foundation, up drainage 
pipes or along the base of walls can ac­
cumulate in concentrations tens, hun­
dreds or even thousands of times high­
er than those outdoors. 

Radon itself does not pose a signifi­
cant direct radiation hazard. Although 
the gas does emit radiation (in the 
form of alpha particles, or helium nu­
clei) that can transform a normal cell 
into a cancerous one, it does not re­
main in dangerous proximity to sus­
ceptible lung tissues for long: because 
it does not react chemically, inhaled 
radon is promptly exhaled or carried 
away from the lungs by the blood. 
Rather, it is certain "daughters," or 
radioactive-decay products, of the ra­
don (primarily isotopes of polonium) 
that contribute the major radiation 
dose to lung tissue. These radioactive 
isotopes are chemically reactive. They 
can stick, either in elemental form or 
adsorbed onto minute airborne parti­
cles, to the lining of the bronchial pas­
sageways, whence they irradiate the 
surrounding tissue. 

The first inkling tha� high, potential-
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ly dangerous radon concentrations 
could percolate up from the ground 
into buildings came from measure­
ments made during the mid-1970's in 
recently built, well-insulated houses in 
Sweden. Prompted by the findings, the 
U.S. Department of Energy began to 
fund research on indoor radon, con­
cerned that energy-conservation meas­
ures such as weather stripping might 
have led many U.S. homeowners inad­
vertently to construct "radon traps." 
Because energy-efficient houses are 
designed to minimize the ventilation 
rate (the rate of exchange of indoor 
and outdoor air), it was expected that 
high radon levels were more likely to 
be found in such houses. 

Some energy-efficient houses were 
indeed found to have high radon lev­
els, but soon many old, drafty houses 
exhibiting equaliy high levels were dis­
covered. Most investigators now dis­
count the importance of ventilation. 
Merril Eisenbud of the New York 
University Medical Center maintains 
that the erroneous association of venti­
lation rate with radon concentration 
probably came about because "house­
hold energy-conservation programs 
coincided with the development of on­
site instrumentation for radon detec­
tion." Anthony V. Nero of the Law­
rence Berkeley Laboratory says all the 
evidence indicates that the variable 
best able to account for the wide range 
of radon levels (which can differ 
among houses by as much as a factor 
of 1,000) is not the ventilation rate but 
the entry rate: the rate at which the gas 
infiltrates the house. What drives the 
radon indoors is mostly the difference 
in air pressure between the exterior 
and the interior of a building; the pres­
sure in the soil is often slightly greater 
than the pressure inside the building. 
Such a pressure gradient can be caused 
by outside wind currents and by an in­
door temperature higher than the out­
door one. 

Armed with this knowledge, investi­
gators have come up with a number of 
possible ways to cut back the amount 
of radon flowing into a house. The 
measures range from sealing the un­
derstructure to reducing the air pres­
sure in the underlying soil or gravel 
by means of suction fans. Yet before 
Government agencies can even con­
sider an active role in promoting re­
medial measures, they need to know 
whether the problem is serious enough 
to warrant such action. Here uncer­
tainty begins to cloud the issue. 

The primary evidence establishing 
the relation between exposure to ra-

don (including its radioactive-decay 
products) and lung cancer comes from 
epidemiological data on uranium min­
ers who worked between 20 and 30 
years ago and whose higher-than-nor­
mal exposure to the gas can only be es­
timated. To analyze such data it is nec­
essary to identify and allow for other 
factors that could contribute to mor­
tality or morbidity rates in the popula­
tion studied. In some cases compensat­
ing for smoking and exposure to other 
carcinogens in the working environ­
ment leaves only a small percentage of 
lung cancers that can be attributed to 
radon exposure. 

Further complicating these studies 
is evidence that the combined effect of 
smoking and breathing air that has a 
high radon concentration is considera­
bly worse than the effect of either one 
alone. Eisenbud believes the role of 
such synergisms in the onset of lung 
cancer has been neglected but agrees 
that the epidemiological evidence is "a 
pretty good starting point." 

Given the limitations of the epide­
miological data, investigators have re­
sorted to other studies. Results of ex­
periments on animals seem to agree 
with the epidemiological data in show­
ing a linear relation between radon 
dose and the incidence of lung cancer. 
If one starts with the excess-lung-can­
cer rates and high radon exposure lev­
els derived from studies of miners and 
extrapolates linearly down to the ra­
don levels found in houses, one gets a 
"ball park" estimate of about 10,000 
radon-related cases of lung cancer per 
year in the U.S. This amounts to about 
10 percent of the total U.S. incidence 
of lung cancer. 

Yet some investigators question the 
validity of such extrapolation. Ber­
nard L. Cohen, who heads a program 
at the University of Pittsburgh to 
measure residential radon levels, has 
reached a contradictory, albeit prelim­
inary, conclusion. He maintains that 
in the range of radon levels found 
in most houses, which is considerably 
less than the range normally found 
in uranium mines, the linear dose re­
sponse is not applicable. Cohen, tak­
ing issue with most radio biologists, hy­
pothesizes that below a certain level 
the incidence of lung cancer is largely 
independent of exposure to radon. 

Nero doubts that it will ever be pos­
sible to demonstrate radon's effect on 
public health conclusively from epi­
demiological studies alone. He thinks 
that at the radon levels found indoors 
any excess cancers are likely to be 
buried among the numerous "back-
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Our Customers are the World's Smartest Buvers 
of Computer Products because 

they will SAVE $6 M, .... ,ON this year • • •  
Please join them • • •  at ELEK-TEK 

DATA STORAGE 
-

'-MEGA' 
BERNOULLI BOX 

For PCIXTIAT and most 
compatiblel$ 

10 meg (single) . • • • • . • . . .  $1250 

20 meg (single) . • . . . . . . . • .  1599 
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40 meg (20 + 20) . . . . . . • . .  2399 

Interfaces priced separately 
10MG cartridges . • . . . .  : .. CALL 

20MG cartridges . . . . . . . • •  CALL 

BB head cleaning kit • . • . . . . . .  69 

HARD DRIVE CARDS 
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Western Digital . . . . . . • . . . .  CALL 

Mountain . . • • • • • . . . • . • • •  CALL 

MULTI FUNCTION BOARDS 
AST 
Six pack + with 64K • • . . . . •  $159 

Six pack + with 384K . . . . . . •  225 

Rampage PC . • . . . . • . • . . • .  310 

Rampage AT . . • • . • . • . . . . . •  465 

Ram Vantage • • . . . . . . . . • . . .  215 

GENERIC 
Multi·function Board 

OK • . • . . . . . . . • . . • • . . . . . .  99 
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All products . . . . . • . . . . . . •  CALL 
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NEC V-20 or V-30 . • . . . . . . . •  1200 
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Intel 80287 math chip . • • • • .  CALL 
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Western Digital 60 meg . . . . . .  CALL 

Archive 60 meg . . • . • . . . . . .  CALL 

Tallgrass 20 meg . . . . . • . . . . .  CALL 

MODEMS 

(l)Hayes 

Model 

1200 

HAYES Internal 

(including software) 

1200B 1200 Baud . . . . . . . . . .  $359 

2400B 2400 Baud . . • . • . . • • . .  525 

HAYES External 

EPSON 
Epson's FX-85 is the Industry's stan· 

dard DOT MATRIX PRINTER. Features 
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OTHER EPSON PRINTERS 
FX 286 wide carriage 160 CPS. $499 

RX 100+ 100 CPS . • • . . . . . . . .  299 
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Volume discount available 
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AMDEK 
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HX12 12" RGB . . . • . • . . . . . . • .  465 
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ground" cancers brought on by smok­
ing and exposure to other environmen­
tal carcinogens. Nevertheless, he says 
radon is "easily the best-established 
case of environmental exposure that is 
probably causing cancer in the popula­
tion-including chemical carcinogens 
that have already been brought under 
Government regulation." 

The other area of uncertainty con­
cerns the extent of the problem: the 
number of households affected by 
whatever radon concentration is taken 
to be "unsafe." A report from the Gen­
eral Accounting Office points out that 
high indoor radon levels have been 
found in nearly every state. Up to now, 
however, data on indoor levels have 
not been collected in a systematic way; 
the houses selected for sampling may 
not reflect the real distribution of ra­
don levels in the U.S. To remedy the 
situation the U.S. Environmental Pro­
tection Agency is about to conduct 
what officials hope will be the most 
comprehensive survey of domestic ra­
don levels yet undertaken. It will 
measure radon concentrations in a 
random nationwide sampling of resi­
dential buildings in the course of one 
year, applying consistent instrumenta­
tion techniq ues. 

Nuclear Autumn 

T
hose who first contemplated the 
likely climatic effects of nuclear 

war, commonly referred to as nuclear 
winter, have been criticized for ma­
nipulating uncertainties in such a way 
as to ultimately exaggerate the effects. 
Yet even the updated, "milder" nucle­
ar-winter hypothesis recently pro­
posed by Starley L. Thompson and 
Stephen H. Schneider of the National 
Center for Atmospheric Research 
does not appear to have departed sig­
nificantly from the hypothesis origi­
nally presented in the so-called TTAPS 
report (named for the combined initals 
of the authors, Richard P. Turco, 
Owen B. Toon, Thomas P. Ackerman, 
James B. Pollack and Carl Sagan) pub­
lished in Science some three years ago. 

The TTAPS report held that smoke 
and dust generated by a large-scale 
nuclear war could block the sunlight 
that normally reaches the surface of 
the earth and thereby produce pro­
longed periods of darkness and abnor­
mally low temperatures on the earth's 
landmasses: Such global environmen­
tal perturbations would devastate the 
plant life that constitutes the primary 
link in the human food cycle, jeop­
ardizing global civilization and possi­
bly the human species. The report fur­
ther indicated that the transition from 
slight attenuation of sunlight to virtu­
ally total attenuation would take place 
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within a narrow "threshold" range of 
values for the quantity of matter in­
jected into the atmosphere, and that 
such a threshold quantity might be 
generated by the detonation of 100 
megatons (the explosive power of 100 
million tons of TNT) over 100 cities. 

Thompson and Schneider, writing in 
Foreign Affairs, come to the conclu­
sion that the climatic effects of nucle­
ar war-in particular the worldwide 
decreases in temperature-would be 
less extreme than the TTAPS report pre­
dicts. Although they agree that climat­
ic effects serious enough to disrupt the 
global environment are quite proba­
ble, they dismiss the notion of a quan­
tifiable nuclear-winter threshold, and 
they relegate the possibility of human 
extinction to a "vanishingly low level 
of probability." 

The TTAPS authors point out that 
the revised temperatures represent no 
significant contradiction. Although 
their report cited the possibility of a 
drop of from 20 to 40 degrees Celsius 
in their baseline case (a 5,000-megaton 
nuclear war) if the war were to take 
place in the summer, that prediction 
was based on a one-dimensional at­
mosphere model (in which atmospher­
ic conditions are averaged across all 
latitudes and longitudes) applied to a 
hypothetical land-covered planet. Be­
cause oceans constitute vast reserves 
of heat, their excl usion from the model 
resulted in overestimation of the tem­
perature drop. The TTAPS report it­
self suggested that including oceans 
in a more sophisticated model would 
reduce the predicted temperature de­
creases by about a factor of two. 

Thompson and Schneider base their 
findings precisely on such a model: a 
three-dimensional model of the atmos­
phere that takes into account the ame­
liorating effect of oceans, the geo­
graphic distribution of smoke in the at­
mosphere and seasonal variations in 
climate. The estimates of temperature 
drops cited by Thompson and Schnei­
der, which range from five to 15 de­
grees, seem to be in keeping with what 
the TTAPS report predicted. 

Sagan argues that it is difficult to 
equate any given quantity of atmos­
pheric smoke and dust with a specific 
number of nuclear explosions on a 
specific set of targets. He nonetheless 
maintains that it is meaningful to ex­
press the sunlight-attenuation thresh­
old in terms of the number of nuclear 
weapons, albeit roughly, particularly 
when formulating nuclear policy or 
targeting doctrine. Sagan also main­
tains that in addition to the destructive 
"prompt" effects of nuclear explo­
sions due to blast, radiation, fires and 
radioactive fallout (which could mean 
the death of perhaps a billion people 

worldwide, according to a World 
Health Organization report), the cli­
matic effects would indeed bring 
about billions of other fatalities, push­
ing the total number of fatalities peril­
ously close to the total number of peo­
ple in the world. 

The climatic effects have such apoc­
alyptic dimensions because agricultur­
al systems are exquisitely sensitive to 
the reduced temperatures, light levels 
and precipitation levels that could be 
expected even in a nuclear "autumn," 
particularly during the growing sea­
son. Such perturbations could result in 
low-yield harvests worldwide and per­
haps the complete loss of crops in the 
Northern Hemisphere. Such crop loss, 
compounded by disruptions of trade, 
could in time result in a global famine 
of inconceivable magnitude. 

Seeing the Forest 

A
recent report by the World Re­
sources Institute estimates that 

80,000 square kilometers of tropical 
foreSe-an area the size of Maine-are 
razed each year. The estimate, as the 
report acknowledges, is one among 
many. The rate at which tropical re­
gions are being deforested is still vig­
orously debated, because reliable data 
are scarce. Governments may under­
state the problem for political reasons, 
and even disinterested surveys are lim­
ited in their accuracy by the vastness 
of the terrain to be covered. Satellite 
imagery may offer a solution: a new 
techniq ue measures deforestation 
rates by comparing satellite images 
made at different times. 

Among the many reasons for be­
ing concerned about trees falling in 
the Tropics, two deserve special men­
tion. The first is that tropical forests 
are home to most terrestrial species 
of plants and animals; deforestation 
could therefore mean a mass extinc­
tion and a corresponding red uction in 
the earth's genetic diversity. The sec­
ond is that tropical forests are also 
a sizable reservoir of carbon. Some 
workers, including George M. Wood­
well of the Woods Hole Research Cen­
ter, argue that deforestation is a major 
source of the increasing amount of 
carbon dioxide in the atmosphere. If 
that is the case, it may have a severe 
impact on the earth's climate through 
the greenhouse effect. 

The techni�ue for measuring defor­
estation devised by Woodwell (along 
with Richard A. Houghton and Thom­
as A. Stone of the Marine Biological 
Laboratory and Archibald B. Park, 
an independent consultant) is basical­
ly simple. Healthy vegetation absorbs 
red light and reflects near-infrared ra­
diation. Bare ground is brighter than 
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vegetation in the red spectral band and 
less bright in the near infrared. When a 
patch of forest is cut down, or when 
cleared land is cultivated, the change is 
visible in Landsat images. By super­
posing two images and subtracting the 
later one from the earlier one pixel 
by pixel, the change can be measured 
with considerable accuracy. (Each pix­
el, or picture element, in a Landsat 
image covers an area 59 meters by 
79 meters.) 

Woodwell and his colleagues have 
applied this technique to the Brazilian 
state of Rondonia in the southwestern 
Amazon basin. Until 1960 the region 
was largely untouched tropical forest, 
but in recent years it has undergone 
rapid development as the Brazilian 
government has given away 100-hec­
tare land plots to settlers from the 
crowded southern part of the country. 
By 1982, according to the Woods Hole 
group's calculations, the settlers had 
cleared at least 11,400 square kilome­
ters of forest. 

Rondonia was just a test case for the 
technique; the ultimate goal is a glob­
al survey of deforestation. Landsat 
images covering the entire globe are 
available going back to 1972. Wood­
well's group cut the cost of the Ron­
donia survey by combining selected 
Landsat data with images from a Na­
tional Oceanic and Atmospheric Ad­
ministration satellite that cover broad­
er areas at lower resolution. The same 
approach, Woodwell says, could yield 
a global deforestation survey at a cost 
of only between $5 and $10 million. 

Yellow Rain Stops Falling 

S
ince 1981 the U.S. Department of 

State has asserted that the U.S.S.R. 
and its allies have waged chemical 

. warfare in Southeast Asia. The depart­
ment's case rests mainly on traces of a 
toxin (T-2, a trichothecene produced 
by the mold Fusarium) detected in yel­
low spots on leaves and rocks collect­
ed near battle sites in Kampuchea and 
Laos, and on the finding of the toxin in 
blood and other specimens taken from 
20 people said to have been victims 
of chemical attacks. Several investi­
gators, including Matthew Meselson 
of Harvard University, challenge the 
State Department's evidence. They say 
the "yellow rain" consists primarily of 
digested pollen and is in fact mass def­
ecation by bees. Recent reports from 
Canada and the u.K. would appear to 
have left the State Department's case 
in disarray. 

The Canadian Defense Research 
Establishment studied blood samples 
from 280 people in Thailand, 270 of 
whom had not been in battle areas. 
Five of the 270 had trichothecenes in 

LANDSAT IMAGES illustrate the progress of deforestatJon between 1976 (top) and 1981 
(middle) in Rondonia, a Brazilian state on the Bolivian border. The images show a region 

30 kilometers wide. The red areas are tropical forest; the blue-and-white diagonal lines are 

roads along which settlers have cleared plots of land. The extent of deforestation can be 

measured by subtracting the spectral data of the later image from those of the earlier 

image. On the subtraction image (bottom) the green and orange areas are clearings where 

bare ground has been exposed, and the blue areas are cleared land that has been converted 

to agriculture. The Landsat data were provided by the INPE, the Brazilian space agency. 
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their blood; the 10 alleged victims of 
chemical warfare had none. The Cana­
dians noted that the blood levels of 
trichothecene are comparable to those 
found in food infected with Fusarium 
fungus. The Canadians also examined 
plant samples and found that the yel­
low spots they bore consisted mainly 
of pollen. On a plastic bag presented 
by a resident of a village that was said 
to have been attacked in 1982 the Ca­
nadians did find trichothecenes. The 
investigators declined to draw a con­
clusion about the significance of the 
finding because, they stated, "the au­
thenticity of the source of the bag can­
not be verified." 

In the u.K., John Stanley, minister 
of state for the armed forces, told the 
House of Commons that the British 
Chemical Defence Research Estab­
lishment "has analysed a number of 
environmental and biomedical sam­
ples from alleged chemical warfare at­
tacks in south-east Asia to see whether 
traces of trichothecene mycotoxins 
could be detected." The tests, he said, 
"have yielded negative results." 

In the light of these findings, Mesel­
son comments, "the yellow-rain alle­
gation has now crumbled away to al­
most nothing." 

Home Guard 

T
he 120 million privately owned 
firearms in the U.S. are distributed 

so widely that every second household 
has at least one. Nearly half of the 
weapons are handguns. The common­
est reason given for keeping a handgun 
in the house is protection against in­
truders. A study done in King County, 
Wash., shows that such a strategy is 
likely to backfire. 

The investigators found that for 
. each instance in which a gun in a home 

was actually involved in a "self-pro­
tection" homicide there were 1.3 acci­
dental gunshot deaths, 4.6 criminal 
homicides (mostly of relatives or 
friends) and 37 suicides. The stud y was 
made by Arthur L. Kellermann, who 
was then at the University of Washing­
ton School of Medicine, and Donald 
T. Reay, the King County medical ex­
aminer; it is reported in The New En­
gland Journal of Medicine. 

To gather their data the investiga­
tors reviewed all the deaths by gunshot 
that had taken place during a period 
of six years (1978-83) in King Coun­
ty. (The 1980 census recorded a coun­
ty population of 1,270,000, which was 
88.4 percent white and 92 percent 
urban; the county includes Seattle.) 
There were 743 such deaths, 398 (54 
percent) of which occurred in the resi­
dence where the firearm was kept. It 
turned out that only two of the 398 vic-
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tims were intruders shot while they 
were attempting entry. Excluding sui­
cides, guns in homes were involved in 
the death of a member of the house­
hold 18 times more often than they 
were in the death of a stranger; such 
weapons brought about the death of 
a friend or an acquaintance 12 times 
more than they did the death of a 
stranger. More than 80 percent of the 
homicides occurred during arguments 
or altercations. 

Kellermann and Reay conclude that 
"keeping firearms in the home carries 
associated risks," including accidental 
injury or death from gunshot wounds, 
homicide during domestic quarrels 
and "the ready availability of an im­
mediate, highly lethal means of sui­
cide." In the light of their findings, the 
investigators say, "it may reasonably 
be asked whether keeping firearms 
in the home increases a family's pro­
tection or places [the family] in great­
er danger." 

ASTROPHYSICS 
Far Out 

A
team of British and American as­
tronomers has found the most dis­

tant object in the universe ever ob­
served. They discovered a quasar-a 
galaxy with a compact core that might 
be a black hole-at a distance of 12.4 
billion light-years from the earth. The 
object, which is about 10 million light­
years beyond the most distant quasar 
previously found, occupies a position 
90 percent of the way to the edge of the 
observable universe. 

Cyril Hazard of the University of 
Pittsburgh, R. G. McMahon of the 
University of Cambridge and Wallace 
L. W. Sargent of the California Insti­
tute of Technology describe in Nature 
how they measured the distance to the 
quasar. Their method is based on the 
prevailing model of the universe: the 
big-bang theory, which holds that all 
galaxies are rushing uniformly away 
from one another as the result of a 
primordial explosion that took place 
some 15 to 20 billion years ago. Ac­
cording to that theory, the farther a 
stellar object is from the earth, the 
higher is its speed. In other words, dis­
tance is proportional to velocity. 

Although direct measurements of 
distance are difficult to make, esti­
mates of velocity are relatively easy. 
The wavelength of light emitted by a 
receding object grows longer by an 
amount proportional to the speed of 
the object, just as the pitch of a reced­
ing siren appears to fall. "In a sense, 
light expands as the universe ex­
pands," comments Sargent. Since the 

longer wavelengths shift the light to­
ward the red end of the optical spec­
trum, the phenomenon is called red 
shift. By measuring the amount of 
red shift of a stellar object one can 
determine its speed and distance. 

To measure the distance of the qua­
sar, dubbed QS01208 + 1011, Sar­
gent and his colleagues employed a 
special photographic emulsion sensi­
tive to infrared light. Working with the 
five-meter Hale telescope at Palomar 
Observatory, they determined that the 
quasar has a red shift of 3.8, which is 
.02 unit greater than the second most 
distant quasar, PKS2000 - 330. Using 
the same equipment, the astronomers 
expect that they will be able to detect 
yet more distant quasars with red 
shifts as high as 4.2. 

ANTHROPOLOGY 
Oral History 

W
hen did the first Americans ar­
rive and where did they come 

from? Christy G. Turner II of Ari­
zona State University has sought to 
solve that long-standing puzzle with a 
new technique called dentochronolo­
gy: dating the genetic separation of hu­
man popUlations on the basis of the 
detailed form of their teeth. The meth­
od depends on statistical analysis of 
many thousands of measurements. It is 
one of a number of new anthropologi­
cal techniques that have been made 
feasible by the computer. 

Turner reports in Science that the 
first step was working out a battery of 
34 tooth traits (such as the number of 
cusps in molars) that are preserved 
well in skeletal populations, are easy 
to observe and seem to be heritable. 
He then gathered data on these traits 
from more than 10,000 human skele­
tal remains. For each pair of popula­
tions whose divergence was to be stud­
ied, the data were reduced to a single 
number: the multivariate mean meas­
ure of divergence, or MMD. 

Because the MMD is a measure of the 
relative similarity between two popu­
lations, dentochronology yields infor­
mation about their lineage. For exam­
ple, it is generally agreed that New 
World Indians came from Asia; be­
cause the MMD for the New World 
Indians/northeastern Asians pair is 
smaller than the MMD for the Indians/ 
southeastern Asians pair, Turner was 
able to show more specifically that the 
parent population inhabited northern 
China and Mongolia. 

The constant evolution of tooth 
characteristics in all populations re­
sults in a match between the magni­
tude of a pair's MMD value and the 
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length of time independent estimates 
suggest the groups have been separat­
ed. American Indians, for example, 
have been separated for a longer time 
from their parent population (MMD 
. 14) than Pacific Polynesians have 
been separated from theirs (MMD .04). 

In order to determine absolute dates 
for these genetic separations it is nec­
essary to find a means of calibration: 
an independent clock. Turner does 
that by calculating the average rate 
at which tooth characteristics have 
evolved everywhere in the world ex­
cept in the two populations being com­
pared. He then divides that world rate 
of change into the MMD for the two 
populations-the measure of how dif­
ferent their tooth traits are. The result 
is the number of years the pair must 
have evolved separately. 

Turner's dentochronological study 
has led him to report in National Geo­
graphic Research that New World In­
dians can be divided into three popu­
lation clusters. All three groups origi­
nated in northern China in a single 
population that came to differ dentally 
in the course of time. They left China 
about 20,000 years ago as geograph­
ically isolated bands of hunters and 
fishermen and made their separate 
ways to Alaska across the Bering Strait 
land bridge. Driven by environmental 
changes, some groups continued to 
move southward, with the first Paleo­
Indians appearing in the southwest­
ern U. S. some 12,000 years ago-a 
date compatible with many independ­
ent estimates. 

A number of findings suggest earlier 
dates for New World settlement. Most 
recently a French team working in a 
Brazilian cave has reported in Nature 
that radiocarbon dating of charcoal 
associated with stone artifacts indi­
cates that humans were living in South 
America at least 32,000 years ago. 
Turner questions the source of both 
the carbon and the artifacts. Before ac­
cepting the early date he would like to 
see an explanation of how the material 
in the French study got into the cave. 
"Cave archaeology is really tricky 
stuff," he says. The artifacts could be 
stream-battered rocks, the charcoal 
the result of a forest fire. The charcoal 
may indeed be 32,000 years old, in 
other words, but Turner finds no proof 
that it and the stones reached the cave 
by human hand. 

Bones of Contention 

W
hether members of human soci­
eties have ever made it a regular 

practice to eat other humans as food 
has been a subject of much dispute 
among anthropologists. Most reports 
of such "dietary" cannibalism among 

primitive peoples have been dismissed 
as unreliable and vague. Archaeologi­
cal proof that prehistoric peoples en­
gaged in the practice has been equal­
ly unconvincing. Recent excavations 
in Fontbn!goua Cave in southeastern 
France have now provided the strong­
est evidence to date: a socially sanc­
tioned cannibalism seems indeed to 
have been practiced by the cave's 
Stone Age inhabitants. 

The evidence uncovered by an inter­
national team of anthropologists and 
archaeologists led by Paola Villa of 
the University of Colorado at Boulder 
consists of clusters of animal and hu­
man bones that appear to have been 
chipped, cut and broken in much the 
same way. Because the animals were 
presumably butchered and processed 
for food, Villa and her colleagues infer 
that the humans met a fate similar to 
that of the animals. 

As Villa's group reports in Science, 
the human and animal bones general­
ly are from comparable anatomical 
parts (implying a similar culling and 
discarding procedure); they display an 
abundance of marks that could only 
have been made by stone tools and not 
teeth (implying that the flesh had been 
removed from the bones in the same 
way, and that animal scavengers had 
not chewed the bones), and long bones 
of both types had been broken (im­
plying that the bone marrow in them 
was extracted). 

Although this is not the first time 
claims of prehistoric cannibalism have 
been made on the ground that animal 
and human remains appear to have 
been similarly treated, earlier findings 
were often in dubious archaeological 
condition. Moreover, it was difficult 
to prove that the marks on human 
bones were not the traces of some oth­
er activity unrelated to food process­
ing. For example, it has been suggest­
ed that flesh may have been removed 
from human bones as part of a fu-

. nerary rite. The bones uncovered by 
Villa and her co-workers, however, 
have been well preserved and appar­
ently have lain undisturbed for nearly 
6,000 years. In addition the investi­
gators think the extraction of marrow 
is unlikely to have been a step in pre­
paring a corpse for burial. 

Anthropologists who have dimissed 
the notion of social cannibalism, such 
as William Arens of the State Uni­
versity of New York at Stony Brook, 
grant that Villa's research was care­
fully done but stress that other inter­
pretations of the evidence are possi­
ble. Arens points out that the case for 
cannibalism would have been much 
stronger if the bones had shown signs 
of cooking. What speaks most against 
Villa's interpretation, however, is the 

lack of corroborating evidence from 
other archaeological sites. Until fur­
ther excavations uncover other such 
bone clusters, Arens says, the Font­
bregoua findings should be regarded 
as an unusual case. 

MEDICINE 
Habitually Unhealthy 

A
study done some years ago among 
residents of Alameda County in 

California established that seven hab­
its appear to be directly associated 
with good health and reduced mortal­
ity: not smoking, not drinking too 
much, maintaining the right weight, 
exercising, sleeping seven to eight 
hours a night, eating breakfast and 
avoiding snacks. Americans have not 
been accepting the implied advice. A 
countrywide survey done by the Na­
tional Center for Health Statistics has 
shown that they drank more, weighed 
more, exercised less and slept less in 
1983 than they did in 1977. 

A 10 percent decline in smoking was 
the only significant favorable trend. 
Nearly all groups surveyed smoked 
less than they had in 1977, although 
the reduction was less for women than 
for men and was strongly correlated 
with income and education. 

The most unfavorable trend was a 
28 percent increase in the proportion 
of people who reported having tak­
en five or more drinks on any one day 
in the past year. In 1983 alcohol con­
sumption was higher for higher-in­
come groups and for people with high­
er education. 

About 16 percent of the population 
surveyed in 1983 reported that they 
weighed at least 30 percent more than 
what is considered to be their desir­
able weight. This represented a 10 per­
cent increase in the prevalence of 
obesity. People in the lowest income 
and education groups were twice as 
likely to be overweight as those at the 
highest levels. 

Surprisingly, there was a 12 percent 
increase in the proportion of people 
who think they are less physically ac­
tive than their contemporaries. The 
greatest trends toward inactivity were 
reported by women, by people from 
20 to 34 years old and by people 
in high-income and high-education 
groups. The report cautions that peo­
ple who were surveyed may have been 
influenced by the increasing number 
of joggers on the streets and the bur­
geoning of health clubs. 

Insufficient sleep is also on the in­
crease, with 17 percent more women 
and 7 percent more men reporting less 
than six hours a night. Sleeping habits 
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are also related to income and educa­
tion: fewer people in the higher brack­
ets reported that they get less than six 
hours' sleep a night. 

BIOLOGY 
Tangled Web 

B
efore a male Sierra dome spider 

mates he bundles the female's del­
icate dome-shaped web into a tight lit­
tle ball, destroying it. Paul J. Watson 
of Cornell University has found the 
reason for this seemingly wanton van­
dalism: the male thereby prevents in­
terruption by other males during the 
lengthy mating session. Watson's dis­
covery stemmed from his observation 
that a mature female, having remained 
virgin for from seven to 10 days, laces 
her web with a volatile pheromone, a 
hormone that attracts males. By re­
ducing the web to a small ball the first 
male to be attracted significantly de­
creases the pheromone's evaporation 
into the ambient air and so lowers the 
likelihood that other males will come 
on the scene. 

The Sierra dome spider lives in the 
mountainous areas of western North 
America. Mature males leave their 
webs and live by scavenging from 
those of females. They compete stren­
uously for the chance to mate with 
the relatively scarce mature, virgin fe­
males because ordinarily only the first 
male's sperm fertilize her eggs. 

In low-density populations an un­
mated mature female needs to adver­
tise her presence. Perfuming the web 
with the pheromone, Watson writes in 
Science, increases the rate of male visi-

tation by an order of magnitude. The 
first thing a male does on entering the 
web is therefore to reduce it. Only then 
does the five-hour copulation begin. 

What is good for the male is bad for 
the female. She has to rebuild her de­
stroyed web, which represents a non­
recoverable protein investment and 
is her only means of foraging and 
defense. The female also loses what 
would be implicit in an open, fair fight 
among male spiders: the chance to 
mate with the strongest male avail­
able. Such conflict between the sexes 
is common in animals, but the source 
of a female's signals is not usually so 
vulnerable. If the pheromone were 
released from the female's body, for 
instance, the most the male could do 
would be to mask it with his own sig­
nal, a strategy that is indeed adopted 
by some other animals. 

Genetics: Forward in Reverse 

T
he great contribution of molecular 
biology to the understanding of in­

herited diseases has come largely from 
studies that began with defective pro­
teins and moved from there to the cor­
responding genes. Some inherited dis­
orders, however, are not well enough 
understood for a key protein to have 
been identified. For those syndromes 
another approach has long been envi­
sioned: find the gene first and use it to 
identify the defective protein. The first 
successful application of "reverse ge­
netics" has been reported by Stuart H. 
Orkin of Children's Hospital in Boston 
and his co-workers. Without knowing 
the relevant protein, they have isolated 
the gene that causes chronic granulo­
matous disease (eGo). 

MALE SIERRA DOME SPIDER (right) reduces a female spider's web; the female waits 

(le!t). Destruction of the web makes it unlikely that other males will interrupt copulation. 
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eGO is an uncommon syndrome that 
disarms the immune system by crip­
pling the phagocytes, white blood cells 
that kill microorganisms. In response 
to recurrent bacterial infections the 
crippled phagocytes clump together in 
tumorlike masses called granulomas, 
which give the disease its name. The 
biochemistry of eGO has resisted full 
understanding since the disease was 
identified two decades ago. It is clear, 
however, that the genetic defect some­
how subverts the NADPH-oxidase 
system, a group of linked enzymes that 
help phagocytes to kill invading mi­
croorganisms. 

Because it is not clear which of the 
proteins of the NADPH-oxidase sys­
tem cause eGO, Orkin's group resort­
ed to the reverse-genetics approach. 
Their first job was to locate the genetic 
defect approximately. To simplify the 
task they worked with a form of eGO 
that is X-linked, or carried on the X 
chromosome (of which females have 
two and males one). Preliminary work 
narrowed the location of the defect to 
a region of several hundred kilobases 
(thousands of nucleotide bases). Since 
such a region generally includes many 
genes, the next step was to winnow out 
the eGO gene. 

Orkin and his co-workers reasoned 
that if a gene in the suspect region were 
expressed in phagocytes but not in oth­
er kinds of cells, it would be a likely 
candidate for the cause of eGo. To ob­
tain the set of genes that are specifical­
ly expressed in phagocytes, they per­
formed an elegant sleight called sub­
tractive hybridization. The messenger 
RNA's (mRNA's) from a tumor-cell 
line derived from phagocytes were 
converted into DNA sequences, which 
were mixed with the mRNA's from a 
nonphagocytic line. Sequences the two 
cell lines have in common hybridized 
(bound) to each other, leaving as a re­
mainder the seq uences specific to 
phagocytes. 

It was then necessary to find out 
whether any of the phagocyte genes 
falls in the region where the eGO gene 
was thought to lie. By coincidence Or­
kin's colleague Louis M. Kunkel had 
been working on another inherited dis­
order-Duchenne's muscular dystro­
phy-whose gene is on the X chromo­
some somewhere near the eGO gene. 
Kunkel had prepared a set of DNA 
fragments covering part of the rele­
vant stretch of the X chromosome. 
When those fragments were paired 
with the genes specific to phagocytes, 
there was one match: a gene, corre­
sponding to a protein of about 500 
amino acids, that Orkin's group has 
dubbed x-eGo. 

To show that x-eGO causes the dis­
ease, the gene and its protein were ex-
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amined in CGD patients. All showed an 
abnormality. Either they lacked X-CGD 
altogether or they had small aberra­
tions that could lead to the production 
of a defective protein. Those findings 
clinched the identification of X-CGD 
as the cause of the inherited disorder. 
Will reverse genetics now become a 
standard approach? According to Or­
kin, it will probably be used for study­
ing diseases whose biochemistry is "in­
tractable, inaccessible, confusing or 
complex. " Prime candidates are Du­
chenne's muscular dystrophy, cystic 
fibrosis and Huntington's disease. 

TECHNOLOGY 
Early Harvest 

T
hree pioneering products of bio­
technology have been approved by 

the U. S. Food and Drug Administra­
tion for human use. They are a geneti­
cally engineered vaccine against hepa­
titis B, a recombinant-DNA alpha­
interferon for treating a rare leukemia 
and a monoclonal antibody designed 
to prevent the rejection of a trans­
planted kidney. 

Hepatitis B is a potentially serious 
liver infection caused by a virus trans­
mitted primarily through the blood. 
The groups at highest risk are health 
workers, drug users and homosexuals. 
A vaccine prepared from a viral pro­
tein found in the blood of people who 
have recovered from the disease is 
available and has been shown to be 
safe, but it has not been widely accept­
ed by people at risk, mainly because 
they think it may be contaminated 
with infectious hepatitis virus, the AIDS 
virus or agents of other diseases. 

That objection, however unfounded, 
cannot be raised against the new vac­
cine, which is not derived from human 
blood. Instead a stretch of DNA, the 
isolated gene for a viral surface pro­
tein, is inserted, along with the proper 
regulatory sequences, into yeast cells 
in culture. The cells manufacture the 
protein, which then serves as the anti­
genic agent in the vaccine, stimulating 
the injected person's immune system 
to synthesize antibodies against the vi­
rus. The vaccine was developed by the 
Chiron Corporation and will be pro­
duced and marketed by Merck Sharp 
& Dohme. 

Like the vaccine antigen, the alpha­
interferon molecule is a genetically en­
gineered protein. It has been approved 
specifically for the treatment of hairy­
cell leukemia, a rare cancer that cur­
rently affects some 1,000 Americans. 
Hairy cells, named for their threadlike 
projections, are immune-system cells, 
called B lymphocytes, that have some-

how been triggered to multiply. Symp­
toms incl ude an enlarged spleen and 
inhibited development of both red and 
white blood cells. The result is extreme 
weakness and susceptibility to infec­
tion, and death within several years 
after onset. 

In patients treated with alpha-inter­
feron the cancerous hairy cells disap­
pear from the blood and bone marrow, 
and normal blood cells proliferate to 
acceptable levels. More than 90 per­
cent of the hairy-cell-leukemia pa­
tients treated with the interferon have 
survived for two years, and in from 
75 to 90 percent of them the disease 
appears to be in partial or complete 
remission. 

Interferon, a natural cell prod uct, 
has long been considered a poten­
tial antiviral and perhaps anticancer 
agent, but the extreme difficulty of pu­
rifying the natural product from white 
cells made it difficult to accumulate 
enough of it even for effective clinical 
trials. The approved alpha-interferon 
is the first interferon made available 
for cancer therapy. It is produced not 
from white cells but by recombinant­
DNA technology. The gene encoding 
alpha-interferon is isolated and insert­
ed into the bacterium Escherichia coli, 
which synthesizes large amounts of the 
interferon. The FDA approved two 
alpha-interferons. One was developed 
by Biogen Research and has been li­
censed to the Schering-Plough Corpo­
ration for production and marketing; 
the other was developed, with collabo­
ration from Genentech Inc., by Hoff­
mann-La Roche, Inc., which makes 
and markets the product. 

A different kind of biotechnology is 
exploited to prepare a monoclonal an­
tibody. Two types of mouse cell, one 
that makes the desired antibody and 
one that can be maintained indefinite­
ly in culture, are fused. The resulting 
"hybridoma" cell gives rise to a clone 
(a line of identical cells) that can be 
grown in culture indefinitely to make 
large amounts of a single "monoclon­
al" antibody. 

The antibody approved by the FDA 
is the first to be made available for 
treatment, rather than diagnosis, in 
humans. It is directed against T cells, 
different types of which have vari­
ous roles in the immune system. More 
than half of the 7,000 or so kidneys 
transplanted in the U.S. in 1984 were 
perceived as being foreign by the re­
cipient's T cells and were attacked by 
the immune system in an acute rejec­
tion episode. Various drugs can miti­
gate the rejection and often save the 
transplant, but in the process they sup­
press the entire immune system, leav­
ing the patient open to infections. 

The newly approved antibody was 

developed and is to be marketed by 
the Ortho Pharmaceutical Corpora­
tion. Binding to the surface of T cells, 
it proves to be a deadly cloak. The im­
mune-system cells called monocytes 
recognize a region of the antibody as 
being foreign and engulf all T cells 
within an hour; in the absence of T 
cells the attack on the transplant is 
halted. In one large clinical trial the 
antibody reversed initial rejection epi­
sodes in 94 percent of the treated pa­
tients compared with a 75 percent suc­
cess rate for conventional antirejection 
drugs. In a trial involving patients for 
whom other treatments had failed, the 
antibody saved two-thirds of the trans­
planted kidneys. 

A short course of the antibody treat­
ment is effective, after which the T 
cells reappear within 48 hours. More­
over, the fact that the monoclonal an­
tibody does not affect other immune­
system cells means that the immune 
response as a whole is not even tempo­
rarily disabled. 

A Question of Balance 

M
ass is a fundamental property of 

all matter. The mass of an object 
is usually determined by weighing the 
object in gravity with a spring balance 
or an analytical balance; to determine 
mass one simply divides the measured 
weight by the strength of gravity. Re­
cently a device has been developed 
that measures the mass of tiny parti­
cles without relying on gravity. The 
device is particularly well suited to 
measuring the mass of gas particles. 

The instrument consists of a ta­
pered, hollow tube made from a spe­
cial glass. The wide end of the tube is 
attached to a vacuum pump; a filter 
sits on the narrow end. In order to 
measure the mass of particles the nar­
row end of the tube is made to vibrate, 
like a tuning fork, at a known frequen­
cy. The vacuum pump is turned on, 
sucking particles into the filter, where 
they lodge. As the sample accumulates 
it damps the vibration. Having deter­
mined the change in frequency pre­
cisely, one can calculate the mass of 
the collected particles. 

The device, which was developed by 
Harvey Patashnick and Georg Rup­
precht and is being marketed by their 
company, Rupprecht & Patashnick 
Co. , Inc., offers a promising array 
of applications. It has already moni­
tored the exhaust from both diesel and 
turbine engines and smoke emitted 
from burning materials. In the fu­
ture it could measure the levels of car­
bon released by coal-burning power 
plants and determine with unprece­
dented accuracy the mass of particles 
in the tail of a comet. 
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Introducing dBASE III" PLUS. 
The PLUS stands for all the improvements 

we've made to the world's number one selling 
database management software. 
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Format 
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Report 
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The Assistant helps beginning users accomplish day-to-day data 
management tasks without programming. 

Mind you, dBASE III PLUS still has the 
powerful dBASE programming language, dot 
prompt, and all the features that have made 
dBASE III the standard of the industry. 

We've simply raised the standard. 
And just as dBASE III introduced more 

power to the people, our new dBASE III PLUS 
introduces more people to the power. 

People who aren't all that crazy about 
programming, for example. 

The Assistant feature in dBASE III PLUS 
now provides them with new easy-to-use 
pull-down menus for creating, using and 
modifying multiple databases. 

So now anyone who can manage a 
simple cursor can manage day-to-day data 
management tasks. Without programming. 

And by using our new Screen Painter, 

anyone can create custom screens. Without 
programming. 

Or using View, access related information 
in several databases at one time. Without 
programming. 

With Advanced Query System, another 
new non-programming feature, any user can 
build complex queries just by selecting from 
the dBASE III PLUS pull-down menus. 

For rapidly creating entire programs, 
there's even a new Applications Generator. 

And for all those who wish to learn to 
program, the Assistant can be of further 
assistance. By teaching you programming 
commands as you go along. Without disrupting 
your work flow 

These are only a few of the dBASE III PLUS 
features that can help new users quickly get 
up to speed. And experienced users quickly 
increase their speed. (Sorting, for example, 
is up to two times faster and indexing up to 
ten times faster than dBASE III .) 
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by more people can 

by more people. . 
And it's the fastest way to network those 

users, too. Because now, true multi-user capa­
bilities for local area networking are built right in. 

dBASE III PLUS can also help put developers 
in the fast lane. With a new Data Catalog and 
more than 50 new commands and functions. 
Plus code encryption and linking, improved 
debugging aids, assembly language calls and 
much more. 

ASHTON ·TATE 

For the name of the Ashton-Thte®dealer 
nearest you: call 800-437-4329, Extension 
2844�* 

And get your hands on dBASE III PLUS. 
It's the software more people can look 

forward to using. 

'Upgrades are available to all dSASE III owners. "In Colorado call (303) 799-4900, 
Extension 2844. Requires IBM" PC or 100% compatible. 'Ifademarks/owners: Ashton·Thte, 
dBASE III PLUS/Ashton-Thte; IBM/International Business Machines Corp. 
© Ashton-Thte. All rights reserved. 1986. 

dBASE III PLUS 
The data management standard. 
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The Blood-Brain Barrier 
Brain capillaries are unlike those of other organs. Their special 
properties enable them to serve as stringent gatekeepers between 
blood and brain. Recent work shows how that feat is accomplished 

by Gary W. Goldstein and A. Lorris Betz 

I
n human beings and other complex 

organisms, life itself depends on 
homeostasis, the maintenance of 

a constant internal milieu. Nowhere 
is this dependence more pronounced 
than in the brain. Elsewhere in the 
body the extracellular concentrations 
of hormones, amino acids and ions 
such as potassium undergo frequent 
small fluctuations, particularly after 
meals or bouts of exercise. If the brain 
were exposed to such fluctuations, the 
result might be uncontrolled nervous 
activity, because some hormones and 
amino acids serve as neurotransmit­
ters and potassium ion influences the 
threshold for the firing of nerve cells. 
Hence the brain must be kept rigor­
ously isolated from transient changes 
in the composition of the blood. 

How is this feat accomplished? The 
answer li.:s in the unique structure of 
the capillaries that supply blood to the 
tissues of the brain. The cells of brain 
capillaries, unlike those of other cap­
illaries, form a continuous wall that 
prevents many substances from enter­
ing the brain. The uninterrupted cap­
illary wall provides the basis of the 
blood-brain barrier, whose existence 
was first demonstrated conclusively in 
the 1960's. By cordoning off the brain 
from the other tissues, the barrier 
serves a critical function. Yet if the iso­
lation were complete, the brain would 
die for lack of nourishment. Fortu­
nately the essential nutrients traverse 
the blood-brain barrier easily, helped 
across by transport systems that recog­
nize specific molecules and carry them 
into the brain. 

Much of the recent work on the 
blood-brain barrier, including our 
own, has concentrated on the transport 
systems. It has become clear that there 
are several different types of trans­
porter, each of which has a specific 
function. The transport systems not 
only bring nutrients into the brain but 
also pump surplus substances out, 
thereby helping to maintain a constant 

74 

environment for the neurons. By ap­
plying newly developed methods for 
isolating brain capillaries, we have 
identified many of the transporters in 
the capillary wall. Our work, along 
with that of other investigators, is be­
ginning to show how the blood-brain 
barrier creates the unchanging envi­
ronment the brain needs. Because the 
barrier must be pierced in order to 
treat diseases that affect the brain, the 
recent findings have considerable sig­
nificance for medicine as well as for 
more fundamental studies of biology. 

The Concept of a Barrier 

What is now understood about the 
blood-brain barrier represents the cul­
mination of a long line of research. 
The concept of the barrier arose in the 
late 19th century when the German 
bacteriologist Paul Ehrlich observed 
that certain dyes administered intrave­
nously to small animals stained all the 
organs except the brain. Ehrlich's in­
terpretation of his result was that the 
brain had a lower affinity for the dye 
than the other tissues. In 1913 Edwin 
E. Goldmann, who had studied under 
Ehrlich, proved his teacher wrong. 
Goldmann injected the dye try pan 
bl ue directly into the cerebrospinal 
fluid of rabbits and dogs. Adminis­
tered by this route, the dye readily 
stained the entire brain but did not en­
ter the bloodstream to stain the oth­
er internal organs. Thus Goldmann 
showed that the central nervous sys­
tem is separated from the blood by a 
barrier of some kind. 

Goldmann's finding helped physiol­
ogists to make sense of some inter­
esting but puzzling results that had 
been obtained a few years before by 
other investigators. In 1898 A. Biedl 
and R. Kraus had found that bile acids, 
which are not neurotoxic when inject­
ed into a vein, caused seizures and 
coma when injected directly into the 
brain. Two years later M. Lewandow-

sky obtained similar results using sodi­
um ferrocyanide. In explaining these 
findings the three investigators dis­
played considerable foresight, since 
they attributed their results to special 
permeability properties of the small 
blood vessels in the brain. 

The hypothesis that brain capillar­
ies provide the anatomical basis of the 
barrier postulated by Goldmann could 
not be confirmed immediately. In the 
early 1900's no method was available 
for examining the fine ultrastructure 
of the blood vessels. By the 1950's 
such a tool had become available in 
the electron microscope, and it was 
soon turned to the capillaries of the 
brain. Electron microscopy revealed 
that the endothelial cells forming the 
tube of a capillary are joined by what 
are known as continuous tight junc­
tions. Ordinarily each animal cell is 
encapsulated in its own outer mem­
brane, which has two leaflets, or lay­
ers. At a tight junction the outer leaf­
lets of two adjoining cells merge, so 
that the cells are physically joined. 

Continuous tight junctions are not 
the only feature that makes the blood 
vessels of the brain distinctive. In some 
organs the cells of the endothelial lay­
er have gaps or channels running all 
the way through the layer; in the brain 
such channels are lacking. In addition 
the brain· capillaries are almost com­
pletely surrounded by processes (long, 
slender extensions) of the brain cells 
known as astrocytes. Astrocytes are 
members of the largest class of brain 
cells-the glial cells-which, among 
other functions, form the myelin that 
sheathes some neurons. Because the 
astrocytes hold the capillaries in their 
grasp, some of the early investigators 
thought these cells must constitute the 
blood-brain barrier. That hypothesis 
has been shown to be false, but the ex­
act function of the astrocytes is still be­
ing debated. 

As information about the ultrastruc­
ture of brain capillaries accumulated 
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it became clear that microvessels with 
these distinctive features are not pres­
ent everywhere in the brain. In six or 
seven small regions gaps or channels 
extend through the endothelium, en­
abling substances in the blood to reach 
the extracellular fluid of the brain or 
the neurons themselves. Among the 
areas without a blood-brain barrier are 
the pituitary gland, the pineal gland 
and some parts of the hypothalamus. 
It would seem that the lack of a bar­
rier in these zones opens the way for 
hormones circulating in the blood to 
reach secretory neurons in the brain, 
thereby closing the loop that underlies 
the feedback regulation of neuroendo­
crine systems. 

Electron microscopy done in the 

1950's provided a much more detailed 
picture of the structure of brain capil­
laries than had ever before been avail­
able. In the 1960's the development of 
tracer molecules that could be visual­
ized in the electron microscope made 
it possible to correlate the newly ac­
quired structural detail with the func­
tion of the blood-brain barrier. One 
such tracer is the enzyme horseradish 
peroxidase, which is similar in size to 
proteins normally present in the blood. 
When the peroxidase is exposed to a 
specific reagent, electron-dense frag­
ments of the protein form a dark stain 
that serves to mark the location of the 
tracer. 

Thomas S. Reese and Morris 1. 
Karnovsky of the Harvard Medical 

School employed horseradish peroxi­
dase in a modern version of the earlier 
experiments with trypan blue. They in­
jected it into the bloodstream, waited 
and then examined the brain by elec­
tron microscopy. In most organs per­
oxidase easily penetrates the capillary 
wall through channels and gaps be­
tween endothelial cells or is engulfed 
in small capsules called pinocytotic 
vesicles, which are taken up into the 
endothelial cells themselves. In the 
brain, on the other hand, the peroxi­
dase was stopped by the tight junctions 
between endothelial cells and little of 
the protein was carried into the endo­
thelium in vesicles. 

Not long after this dramatic demon­
stration Reese moved to the National 

BRAIN CAPILLARY shown in cross section reveals the anatomic 

structures that provide the basis for the blood-brain barrier. Tbe 
two large, crescent-shaped forms that make up the wall of the capil­
lary are endothelial cells. They are joined, at the top and slightly to 
the right of the bottom, by thin overlapping segments. At these 
overlaps the outer membranes of the endothelial cells partially fuse 

to form "tight junctions" that prevent substances in the blood from 
diffusing freely into the brain. The cell attached to the top of the 
capillary is a pericyte; its function is not yet completely under­
stood. The capillary, from a rat cerebral cortex, has been enlarged 
some 10,000 diameters in this micrograph made by P. A. Cancilla 
of the University of California at Los Angeles School of Medicine. 
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ASTROCYTES are cells whose long processes (extensions) make contact with several other 
types of brain cells, as is shown schematically in this drawing. The astrocyte processes 
touch neurons and the ependymal cells that line the ventricles, which are spaces at the 
center of the brain. In addition each brain capillary is typically in contact with several 
astrocytes. Astrocytes are members of the largest class of brain cells: the glial cells. Al­
though their function is not yet fully understood, they may influence capillary permeability. 

ASTROCYTE FOOT PROCESSES almost completely surround the brain capillary. Be­
cause of this relation it was once thought that the astrocytes form the blood-brain barrier. 
It is now known that the endothelial cells constitute the barrier. Endothelial cells selective­

ly transport nutrients into the brain, and their many mitochondria probably provide ener­
gy for transport. The endothelial cells of the brain have few pinocytotic vesicles. In other 
organs such vesicles may provide relatively unselective transport across the capillary wall. 

76 

Institute of Neurological and Commu­
nicative Diseases and Stroke, where he 
was joined by Milton W. Brightman. 
Together they did an experiment that 
was in a sense the obverse of the one 
Reese had done at Harvard with Kar­
novsky. Horseradish peroxidase was 
injected into one of the cerebral ventri­
cles, the cavities that lie at the center 
of the brain. The peroxidase permeat­
ed the cerebrospinal fluid in the ven­
tricles and flowed into the extracellu­
lar spaces of the brain. It was prevent­
ed from leaving the brain, however, 
by the tightly joined endothelial cells. 
This study showed that the astrocytes 
did not act as a barrier to the outward 
movement of the protein. Further­
more, together with the work Reese 
'1ad done with Karnovsky, it estab­
.ished beyond a doubt that the endo­
,helium was the anatomic site of the 
blood-brain barrier. 

How Do Nutrients Cross? 

Having established the existence of 
the barrier along with its ultrastructur­
al basis, research workers turned to the 
next phase of the investigation: finding 
out how the molecules necessary for 
brain metabolism get across the bar­
rier. The first step was to determine 
which substances can traverse the bar­
rier and which are blocked by it. To 
this end physiologists and biochemists 
turned to new methods of tracing mol­
ecules in tissue that rely on radioac­
tively labeled compounds. 

A number of the early experiments 
shared a similar design that required 
two different radioactive substances. 
One was a reference compound, cho­
sen because it embodied one of two ex­
tremes: it penetrated the brain either 
almost completely or not at all. The 
other compound was the test sub­
stance. Its rate of penetration was 
compared with that of the reference 
molecule by measuring the concentra­
tion of the two compounds in the veins 
leading away from the brain or in the 
brain itself. 

Such tests were done for many sub­
stances, and it was found that several 
chemical properties help to determine 
how easily a molecule enters the brain. 
The most decisive factor is lipid sol­
ubility, which is roughly equivalent 
to how easily a substance dissolves in 
oil. Lipid-soluble molecules readily 
breach the blood-brain barrier and en­
ter the brain. Among such substances 
are nicotine, ethanol and heroin, which 
helps to explain why these compounds 
are so freq uently abused. Compounds 
that are highly soluble in water, on the 
other hand, tend not to be taken up 
into the brain, and that finding applies 
across a range of molecules extending 
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CAPILLARY IS ENSHEATHED by the astrocyte foot processes, 
which form a jigsaw pattern. The basement membrane holds the 

endothelium together and helps to maintain its overall tubular form. 

The lumen of the capillary is frequently just wide enough for a red 
blood cell to pass; as the finest extension of the vascular system, 
the capillary is the site of exchanges between blood and tissues. 

from proteins as large as albumin to 
ions as small as sodium. 

The reason lipid-soluble substances 
are able to penetrate the blood-brain 
barrier is that the leaflets of the cell 
membrane, including those of the cap­
illary endothelium, are composed of 
lipid molecules. Each lipid molecule 
has two parts: a small head attached 
to two long hydrocarbon chains that 
form a tail. Each leaflet of the cell 
membrane is made up of many lipid 
molecules side by side, arranged with 
their heads facing outward. The com­
plete membrane consists of two such 
sheets in close apposition. The lip­
id molecules in each leaflet are not 
bound closely to one another. Instead 
they are free to move in relation to one 
another, thereby forming a structure 
resembling a liquid in two dimensions. 
Only substances capable of dissolving 
in lipids can diffuse through this two­
dimensional liquid, and only mole­
cules capable of traversing the mem­
branes of the endothelial cells can en­
ter the brain. 

Nutrients Are Transported 

Yet in order to function the brain 
also needs substances that are not lip­
id-soluble, such as glucose, the main 
source of energy for brain cells, and 
certain amino acids that the cells of the 
brain cannot manufacture for them-

selves. Because these substances are 
not soluble in lipids, they cannot cross 
the barrier by simple diffusion. Each 
essential nutrient must be recognized 
and brought across the membrane by 
a transporter specific to the nutrient 
molecule. The principle of specificity 
was first established for the glucose 
transporter in work that showed how 
elegantly discriminating the transport 
systems can be. 

Christian Crone of the University 
of Copenhagen compared the rate at 
which two stereo isomers of glucose, 
called D-glucose and L-glucose, cross 
the blood-brain barrier. Isomers are 
molecules in which the same atoms 
are arranged differently; stereoiso­
mers are mirror-symmetric. Both D­
glucose and L-glucose can be tolerated 
by the body, but only the D molecule is 
biologically active. Crone found that 
the endothelium is capable of distin­
guishing between the stereo isomers. 
Although a large fraction of D-glucose 
is extracted from the blood by the 
brain tissue, no L-glucose is extracted. 
That result was quite different from 
the finding in muscle, where the two 
isomers entered the tissue equally well. 
Crone concluded that a highly specific 
transport system carries D-glucose to 
the brain, and he went on to propose 
what was then a novel hypothesis: that 
the transporter resides in the endothe­
lium of the brain capillaries. 

We began our collaboration after 
becoming interested in the blood-brain 
barrier independently during our re­
search training. The curiosity of one of 
us (Betz) was aroused during predoc­
toral training in the laboratory of Da­
vid D. Gilboe at the University of Wis­
consin Medical ,School at Madison. 
Employing a modified version of the 
extraction technique, Betz found that 
the brain's glucose-transport system 
shares some properties with the better­
understood system that carries glucose 
into red blood cells. As in blood cells, 
glucose transport into the brain in­
creases with the concentration of glu­
cose in the blood serum, but only up to 
a certain level. Beyond that maximum 
the rate of transport levels off, and so 
the system is said to be saturable. Like 
the blood-cell system, the one in the 
brain is inhibited by the drug cytochal­
asin B and is unaffected by insulin. 

Neither the extraction technique nor 
any other method that entailed intact 
animals could carry the work much 
further, however, because all such 
methods share a crucial limitation: the 
presence of the brain cells interferes 
with observations of the capillary en­
dothelium. To examine the opera­
tion of the blood-brain barrier without 
such confounding influences we saw 
the need to study capillaries in isola­
tion from other tissues. At the time no 
techniques were available for isolating 
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BARRIER IN ACTION is captured in classic electron micrographs whose publication in 
the 1960's proved that the tight junctions between endothelial cells underlie the blood-brain 
barrier. Each micrograph shows the junction between two endothelial cells in a mouse brain 
capillary; the cell membranes appear as thin double lines. In both micrographs the lumen is 
at the top and the brain tissue at the bottom. The dark regions were made by the electron­
dense stain horseradish peroxidase. When the stain is injected into the arteries supplying 
the brain, it reaches the capillary lumen but is prevented from entering the brain by the 
tight junction (left). When injected into the cerebrospinal fluid, it penetrates the cleft be­
tween endothelial cells until it is stopped by the tight junction (right). The micrograph at 
the left was made by Thomas S. Reese and Morris J. Karnovsky of the Harvard Medical 
School, the one at the right by Reese and Milton W. Brightman of the National Institute of 
Neurological and Communicative Diseases and Stroke after Reese joined Brightman there. 
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LIPID SOLUBILITY is the chemical property that has the greatest effect on a substance's 
capacity to pierce the blood-brain barrier. Lipids are fat molecules. The lipid solubility of a 
compound is measured according to how it distributes itself in a mixture of oil and water 
(horizontal axis). The ability to cross the barrier is measured in terms of how freely a 
molecule enters the brain compared with molecules known to do so most freely (vertical 
axis). For most substances ease of passage is determined largely by lipid solubility (solid 
points). Certain molecules needed for brain metabolism, however, cross the barrier more 
readily than their lipid solubility alone would suggest (open ci rc/es). Such compounds are 
carried across the barrier by a transport system. Most of the data on the graph are from 
William H. Oldendorf of the University of California at Los Angeles School of Medicine. 
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intact microvessels from the surround­
ing brain tissue, and so the other of us 
(Goldstein), then a postdoctoral fel­
low in the laboratory of Ivan Dia­
mond at the University of California 
at San Francisco Medical Center, set 
out to develop one. The effort was 
successful, and not long afterward we 
joined forces and, first at San Fran­
cisco and then at the University of 
Michigan, took up our work on the 
blood-brain barrier. 

Light on the Transporters 

Our first joint project was to extend 
Betz's finding that the brain-capillary 
glucose transporter resembles the 
transport system of the red blood cell. 
Working with isolated capillaries, we 
showed that the two transport systems 
are indeed very similar. In addition, 
by measuring the amount of glucose 
transported into the endothelial cell 
and comparing it with the amount 
the endothelium metabolizes, we were 
able to show that only a small fraction 
of the glucose entering the endothelial 
cell is consumed there. It follows that 
most of the sugar passing into the 
endothelium is ultimately available to 
fuel the workings of the brain. Those 
results offered the first direct confir­
mation of Crone's hypothesis that 
glucose enters the endothelial cell 
through the membrane on the "blood" 
side and leaves it through the mem­
brane on the "brain" side. (Because the 
interior of the vessel is known as the 
lumen, the membrane in contact with 
the blood is called luminal, the one in 
contact with brain tissue antiluminal.) 

As the characteristics of the trans­
port system became clear, attention 
turned to the transporters themselves. 
Recently S. I. Harik of Case West­
ern Reserve University employed cy­
tochalasin B as a probe to measure 
the number of glucose transporters in 
the endothelium. He found that each 
endothelial cell is richly supplied with 
transport sites, which helps to explain 
how the capillary can purge itself of 
the large surplus of glucose it extracts 
from the blood. The molecules that 
carry out this task, however, remain 
somewhat mysterious. Each transport­
er is undoubtedly made up of proteins 
that span the cell membrane, thereby 
forming a channel through which glu­
cose passes, but the precise composi­
tion and configuration of the proteins 
are still being worked out. 

One reason glucose was the first 
molecule whose passage into the brain 
was examined in detail is the fact that 
glucose is the only compound of its 
class present in significant quantities 
in the blood. Amino acids present a 
much more complex picture. The 20 
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amino acids that are components of 
proteins can be divided according to 
their chemical properties, which are 
largely determined by "side chains" 
attached to the common amino acid 
structu,re. Among the categories into 
which amino acids fall are the large 
neutral, the small neutral, the basic 
and the acidic. 

The contrast between the fate of 
large neutral amino acids and that of 
the small neutral ones reveals the com­
plexity inherent in the system that 
brings amino acids to the brain. Large 
neutral amino acids are particularly 
important because they are required in 
the brain for the synthesis of neuro­
transmitters and proteins. William H. 
Oldendorf and William M. Pardridge 
of the University of California at Los 
Angeles School of Medicine, who 
have done much of the work in this 
area, found that there is a specific 
transporter for large neutral amino ac­
ids. That system is one of two specific 
amino acid carriers described by 01-
dendorf and Pardridge, the others be­
ing for basic and acidic molecules. In 
the case of the large neutral amino ac­
ids at least 10 of them compete for en­
try into the endothelial cell by means 
of the same transport mechanism. 

Like the carriers for glucose, those 
for large neutral amino acids are pres­
ent in both the luminal and the antilu­
minal membranes and therefore are 
capable of moving these "essential" 
amino acids across the endothelium 
and into the brain. Small neutral ami­
no acids, on the other hand, are not 
transported from blood to brain. This 
is perhaps not surprising, since the 
small molecules can be synthesized 
by the brain cells and are therefore 
not "essential." Moreover, at least 
one member of the group-glycine­
is a potent inhibitory neurotransmit­
ter whose concentration must be held 
at a much lower level in the fluid 
around the nerve cells than it is in the 
blood. The transport properties of the 
capillary endothelium have a central 
role in maintaining this balance. 

Asymmetric Transport Discovered 

Elucidating that role depended in 
part on being able to study isolated 
brain capillaries. Several investiga­
tors applying brain-uptake methods in 
whole animals found that the passage 
of glycine from blood to brain was 
severely limited, and they conclud­
ed that the endothelium lacks glycine 
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transporters. Working with isolated 
capillaries, however, we found a trans­
port system capable of concentrating 
glycine within the endothelial cells. 
We reconciled these apparently con­
tradictory findings by proposing an 
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nine reach the brain by means of transporters found in both mem­
branes of the endothelial cell. These substances flow into as well as 
out of the brain. Potassium and small neutral amino acids such as 

Na' CHANNEL K' 

glycine move only from brain to blood. They are pumped out of the 
brain by active transporters found mainly in the antiluminal mem­

brane_ The inward movement of glycine is coupled with that of sodi­
um, which provides the needed energy. The energy f '.r potassium 
transport comes from the splitting of a molecule of ATP by the 
enzyme ATPase; sodium is simultaneously pumped into the brain. 
Glycine may leave the endothelium by way of the carrier for large 

neutral amino acids. Potassium leaves it by an unknown channel. 
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"METABOLIC" BLOOD-BRAIN BARRIER consists of enzymatic steps by which com­
pounds are modified in the endothelium and rendered unable to enter the brain. L-dopa, an 
amino acid that is a precursor of several neurotransmitters, enters and leaves the brain by 
means of the carrier for large neutral amino acids. Once in the endothelium, however, L­
dopa may be converted into dopamine and DOPAC in successive steps by the enzymes AADC 

and MAO. Although dopamine can leave the brain by means of its own carrier, neither 
dopamine nor DOPAC can cross the antiluminal membrane into the brain. Hence the enzy­
matic conversions can serve as a means of controlling how much L-dopa reaches the brain. 

"uphill" from a region of low concen­
tration to a region of high concentra­
tion, energy must be supplied. For the 
small neutral amino acids the energy 
comes from sodium ions. The inward 
movement of glycine is coupled to 
the movement of sodium, which flows 
downhill into the endothelium along 
its own concentration gradient and 
pulls glycine with it. 

Of course, once the small neutral 
amino acids are inside the endothelial 
cell they must have a way out or their 
concentration there would build up to 
untenable levels. Exit is probably pro­
vided by the same transporters that 
serve the large neutral amino acids. 
The small molecules have an affinity 
for the carriers of the large ones. Al­
though the affinity is not as strong 
as that of the large neutral amino ac­
ids for their own carrier, it is strong 
enough to enable the small molecules 
to leave the cell. 

Additional Asymmetries 

Since the notion of an asymmetric 
distribution of carriers had proved so 
fruitful for understanding what hap­
pens to the small neutral amino acids, 
we pursued it further in studies of po­
tassium transport. There were sever­
al reasons to think the movement of 
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small neutral amino acids might pro­
vide a good model for the movement 
of potassium. Like glycine, potassium 
has a potent effect on the transmission 
of nerve impulses, and it is maintained 
at a low concentration in the fluid sur­
rounding the brain cells. Another simi­
larity is the relative impermeability of 
the luminal membrane of the endothe­
lium to potassium ions. An addition­
al resemblance was found by Michael 
W. B. Bradbury, then working at St. 
Thomas's Hospital Medical School in 
London, who discovered that potassi­
um is removed from the brain by a sat­
urable transport system. 

Stimulated by Bradbury's observa­
tion, we showed in isolated capillaries 
that endothelial cells can transport 
potassium into themselves. Like the 
transport of glycine, the transport of 
potassium is "active" in the sense that 
it can overcome a concentration gradi­
ent. The mechanisms of the two types 
of active transport, however, are dif­
ferent, as we learned in collaboration 
with 1. Anthony Firth, then at St. 
George's Hospital Medical School in 
London. Our work with Firth showed 
that the antiluminal membrane con­
tains more of the enzyme called so­
dium-potassium ATPase than the lu­
minal membrane does. That enzyme 
forms the basis of a pump that si-

multaneously transports sodium out 
of the endothelium into the brain and 
potassium out of the brain into the 
endothelium. 

Since both functions of the pump 
must work against the prevailing con­
centration gradient, this mechanism 
consumes considerable energy. The 
requisite fuel is provided by the en­
ergy-rich molecule ATP (adenosine 
triphosphate). By splitting a molecule 
of ATP, the pump enzyme liberates 
enough energy to push sodium out of 
the cell while bringing potassium in. 
Naturally the accumulated potassium 
must have a means of egress, and that 
exit is probably provided by pores in 
the luminal membrane. This complex 
system enables the endothelium to 
suppress the level of potassium in the 
brain and rid itself of the excess potas­
sium; its key is the radically unequal 
allotment of the pumping enzyme to 
the two faces of the endothelial cell. 

Metabolism as Barrier 

As the examples we have given so 
far suggest, the blood-brain barrier 
is based largely on the regulation of 
transport across the endothelium. Yet 
that is not the only way a compound 
can be barred from entering the brain. 
If a substance enters the endothelial 
cell, it can be converted by metabolic 
processes there into a chemical form 
incapable of traversing the antilumi­
nal membrane to reach the brain. Per­
haps the most striking demonstration 
of this mechanism, which has been 
called the "metabolic" blood-brain 
barrier, was provided by A. Bertler, 
B. Falck, C. Owman and E. Rosen­
grenn of the University of Lund in 
Sweden. They found that L-dopa, an 
amino acid precursor of the neuro­
transmitters dopamine and norepi­
nephrine, readily enters the endotheli­
um. Once there, however, it is modi­
fied by enzymes into a form that 
cannot reach the brain. 

The discovery of the metabolic 
blood-brain barrier and the elucida­
tion of the complex network of trans­
porters that pepper the plasma mem­
brane have tended to focus the atten­
tion of investigators on establishing 
the properties of the endothelium. Re­
cently, however, some workers have 
begun to devote their energy to finding 
out how the endothelium of the brain 
capillaries acquires its unusual prop­
erties. Michael 1. Wiley and Patricia 
A. Stewart of the University of To­
ronto transplanted brain and muscle 
tissue in avian embryos. When brain 
tissue was transplanted to the gut, 
microvessels from the gut growing 
into the transplanted brain tissue took 
on the characteristics of the blood-
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brain barrier. When muscle tissue was 
transplanted to the brain, brain micro­
vessels growing into the gut tissue 
lost their special character. Such find­
ings make it seem likely that the de­
velopment of the barrier is stimulat­
ed by signals from the surrounding 
brain tissue rather than being geneti­
cally programmed in particular endo­
thelial cells. 

A likely candidate for the source of 
the developmental signal is the astro­
cyte, but it is very difficult to investi­
gate the interaction of astrocytes and 
endothelial cells in whole animals or 
even in suspensions of isolated capil­
laries. Therefore workers in our group 
and in other groups have devised 
methods for growing endothelial cells 
in culture. The cells retain barrier fea­
tures when first cultured, but after 
they are passaged (divided and grown 
in separate culture dishes) they lose 
the barrier configuration. L. E. De­
Bault and P. A. Cancilla, then at the 
University of Iowa, found that if pas­
saged endothelial cells from mouse 
brain are grown over a layer of cul­
tured glial cells, they regain their bar­
rier properties. Thus we know that gli­
al cells in culture have the transform­
ing effect we suspect them of having 
in nature. 

Culturing the Endothelium 

Preparations of endothelial cells in 
culture are being used to study not 
only the origins of the blood-brain bar­
rier but also how the barrier functions 
once it is fully formed. Phillip Bow­
man of our research group has devel­
oped methods for growing brain-capil­
lary endothelial cells in culture, and 
we are employing his methods to ex­
amine changes in the permeability of 
the barrier. As a result of Bowman's 
work we can now prepare primary cul­
tures of endothelial cells that display 
some of the essential characteristics of 
the blood-brain barrier: they contain 
few pinocytotic vesicles and they are 
frequently bound together by tight 
junctions. When Katerina Dorovini­
Zis joined us after completing a fel­
lowship under Brightman, she and 
Bowman collaborated to carry the 
work one step further. 

Dorovini-Zis had been studying an 
intriguing phenomenon that was first 
explored by Stanley I. Rapoport of the 
National Institute of Aging. Rapoport 
found that if a hyperosmotic (highly 
concentrated) solution of sugar is in­
jected into the carotid artery (which 
supplies the brain) of an experimental 
animal, the permeability of the blood­
brain barrier is rapidly and dramati­
cally increased. The change is tempo­
rary, and soon the barrier reverts to its 

ENDOTHELIAL CELLS IN CULTURE provide a model for the operation of the blood­
brain barrier. The three panels show endothelial cells grown from tissues taken from a 
cow's brain. When first cultured, the cells form a smooth monolayer (top). If they are 
transferred to a medium lacking calcium, the cells separate and reveal the underlying plas­
tic dish (middle). When the cells are replaced in a calcium-containing medium, the monolay­
er re-forms (bottom). Such responses mimic those of the intact blood-brain barrier. Until 
recently it was not possible to grow brain-capillary endothelial cells in culture, but the 
authors' colleague Phillip Bowman and others have developed methods for doing so; the 
cells in the micrographs were grown in the authors' laboratory using Bowman's methods. 
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original state. To explain the transient 
enhancement of permeability, Rapo­
port proposed that the concentrated 
sugar solution somehow temporarily 
loosens the tight junctions between en­
dothelial cells. 

In her work at the National Institute 
of Neurological and Communicative 
Diseases and Stroke, Dorovini-Zis 
showed tha't Rapoport's hypothesis 
was correct. She observed the morpho­
logic changes in the capillaries that 
follow injection of hyperosmotic sugar 
solutions into intact animals. Her ob­
servations showed that the tight junc­
tions between endothelial cells do in­
deed separate temporarily after the 
sugar is injected. In our laboratory she 
and Bowman performed an analogous 
set of experiments with endothelial 
cells in culture. First they demonstrat­
ed that the cultured cells provide a 
functional barrier that keeps horserad­
ish peroxidase from penetrating the 
tight junctions. Then they showed that 
after exposure to high concentrations 
of sugar the tight junctions separate 
and allow the stain to penetrate; when 
the sugar solution is removed, the bar­
rier is reestablished. 

Implications for Medicine 

The work of Dorovini-Zis and Bow­
man has given us a working model of 

the blood-brain barrier on a culture 
plate. In the years to come such a mod­
el may be valuable not only for basic 
science but also for its clinical impli­
cations. From the point of view of the 
clinician the fundamental problem 
presented by the blood-brain barrier 
is that of getting therapeutic agents 
through it into the brain to treat dis­
eases that affect brain tissue. Some 
drugs, such as the antibiotic chlor­
amphenicol, are highly lipid-soluble 
and therefore enter the brain readily. 
Many others, however, including such 
essential ones as penicillin, have a very 
low solubility in lipids and enter the 
brain slowly if at all. As it happens, 
penicillin has so little toxicity that it 
can be given in extremely large doses, 
and the high concentration of the anti­
biotic in the blood helps to compen­
sate for its meager lipid solubility. 

Unfortunately few medicines are as 
relatively harmless as penicillin. Most 
healing compounds have at least some 
undesirable side effects, and so they 
cannot be administered liberally in the 
hope that a fraction of the dose will 
reach its target. Finding a more precise 
mode of administering medicines to 
the brain generally entails one of two 
strategies. Either the blood-brain bar­
rier must be temporarily lowered, al­
lowing the drug to pass, or the barrier 
must somehow be circumvented. 

One means of implementing the first 
strategy has been provided by Rapo­
port's observation that the permeabili­
ty of the barrier is greatly enhanced by 
the injection of a hyperosmotic sugar 
solution into the carotid artery. Al­
though Rapoport's work was done in 
animals, the transience of the increase 
in permeability he observed raised the 
hope that injecting hyperosmotic solu­
tions into human patients might pro­
vide a reversible method of bringing 
therapeutic agents to the brain. Re­
cently Rapoport's findings have been 
extended to human beings by Edward 
A. Neuwelt of the Oregon Health 
Sciences University. Neuwelt first 
showed that in patients with brain tu­
mors the barrier can be opened by ad­
ministering highly concentrated sugar 
solutions; his recent work suggests that 
chemotherapeutic drugs given in this 
way may contribute to regression or 
disappearance of the tumor. 

The second general strategy, cir­
cumvention of the barrier, can be car­
ried out by some straightforward and 
clinically tested techniques or by some 
more elegant methods that are still ex­
perimental. The most direct way to by­
pass the barrier is to inject the thera­
peutic substance into the cerebrospi­
nal fluid. Such direct administration 
has long been common in the treat­
ment of brain tumors. Direct injection 

BARRIER IS OPENED by Jnfusing a highly concentrated sugar 
solution into the carotid artery of a patient with a brain tumor. 
Both images are computed tomographic (CT) scans of the brain as 
seen from above; the forehead is at the top. The brain has been 

injected with a chemical reagent that causes areas where the blood­
brain barrier is intact to appear dark and regions of increased per· 
meability to appear light. The image at the left shows the brain 

before infusion; light areas at the upper left are tumors, where the 
barrier is somewhat opened. The image at the right, made 30 min­

utes after the infusion, shows how dramatically the sugar solution 
increases permeability to the tumor and the surrounding tissue. 
"Hyperosmotic" opening of the barrier serves as a means of deliv­
ering chemotherapeutic agents to the brain. The images were made 
by Edward A. Neuwelt of the Oregon Health Sciences University. 
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has the virtue of bringing the medicine 
directly to where it is needed, but in or­
der to reduce the number of injections 
a large quantity of the drug is often 
given; this can lead to injurious side ef­
fects because of the toxicity of many 
chemotherapeutic agents. 

A far more elegant approach (but 
one that is as yet thoroughly untested) 
would rely on the selective permeabili­
ty of the blood-brain barrier in combi­
nation with the metabolic properties 
of the brain. If a drug could be de­
signed to rapidly enter the brain and 
there be modified to a form incapable 
of crossing the barrier, it might be 
trapped in the brain tissues and have a 
sustained local effect. Such a princi­
ple, which seems promising as an ex­
perimental approach, is exemplified in 
nature by the disparity between heroin 
and morphine. 

Tailoring a Drug 

Heroin and morphine are quite simi­
lar in chemical structure. The only dif­
ference is that the heroin molecule has 
two acetyl (CH3CO) groups attached 
to it at the positions where the mor­
phine molecule has hydroxyl (OH) 
groups. The chemical properties of the 
acetyl groups endow heroin with con­
siderable lipid solubility; morphine 
has very low lipid solubility. As a re­
sult of this chemical difference heroin 
enters the brain much more efficiently 
than morphine. (That may be one rea­
son heroin is more commonly abused 
than morphine, in spite of the fact that 
both substances have potent effects 
on brain function.) Once heroin has 
entered the brain, however, enzymes 
there remove the acetyl groups and 
convert it into morphine, in essence 
trapping it in the brain. A therapeutic 
drug, tailored to take advantage of this 
pathway, could be delivered in a care­
fully controlled dosage and yet have a 
potent effect. 

Such principles and others suggest 
that the recent advances in under­
standing the blood-brain barrier will 
have important clinical applications in 
the years to come. Perhaps the great­
est value of the work done since the 
1970's, however, lies not in its practi­
cal significance but in the satisfaction 
that comes from understanding a fun­
damental biological phenomenon. 
What makes us human can in large 
part be traced to a single organ: the 
brain. What has been learned about 
the blood-brain barrier in the past few 
years goes a long way toward showing 
how, within the controlled internal mi­
lieu of the body, an even more strin­
gent regulation of physiological condi­
tions makes it possible for the brain to 
carry out its remarkable work. 

Observing the planets 
with a Questar® 3Y2 
a letter from Dr. Stanley Sprei 

"This weekend was a fine one for deep­
sky objects - no moon. MI04 showed its 
shape nicely. A more experienced observer 
than I even claimed to see its dust lane. 
I was able to find the Sombrero by scan­
ning; also helped by the positions of 
Saturn and Spica. I used the setting 
circles to find M56, a faint 9th magnitude 
globular in Lyra. It seemed a small 
round glow, but after a while, with averted 
vision, a few extremely tiny stars appeared 
around its periphery. Much more imposing 
was Omega Centauri, a grand eyepiece­
filling sight, resolved all across its 
diameter at medium power. 

"I'm afraid I must join the chorus of 
praise for planetary images produced 
by the Questar. In my years of looking 
at Jupiter with 2-to-8 inch scopes, I always 
saw the same two ruler-straight, feature­
less tan bands across its face and had 
come to the conclusion that my eyes 
were not acute enough to pick out more 
detail. With Questar, pot only do I see 
5 to 7 bands but the two main equatorial 
bands are revealed to have all sorts of 
fascinating irregularities. I spotted a 
large indentation on the south margin 
of the south equatorial belt, which was 
received with skepticism by the 9-inch 
Schmidt users at the site, until it was 
confirmed with a 17.5-inch scope. Rather 
than focusing on the planet itself, I like 
to use its moons; when each one shows 
a tiny Airy disc, the planet will be in focus. 

"Saturn is also very pleasing. Cassini's 
division is seen rather than imagined. 

LET US SEND YOU OUR LITERATURE 
DESCRIBING QUESTAR. THE WORLD'S FINEST, 
MOST VERSATILE TELESCOPE. PLEASE SEND 
$2 TO COVER MAILING COSTS ON THIS 
CONTINENT. BY AIR TO SOUTH AMERICA, 
$3.50; EUROPE AND NORTH AFRICA, $4; 
ELSEWHERE, $4.50. 

QUESTAR 
P.O. Box 59, Dept. 214, New Hope, PA 18938 

(215) 862-5277 

The sharpness of the image caused me 
to underestimate the magnification; I told 
several people at the star party that it 
was 200X but it was actually 260. The 
books say you should see nothing but 
a shapeless blob at 74X per inch of 
aperture, but I found it perfectly usable 
on Saturn, as well as on Epsilon Lyrae. 
With each close pair at the extreme edge 
of the field, the diffraction images are 
still round. Another interesting aspect 
of Saturn is the distinct bluish tinge of 
the rings. Where they pass in front of the 
planet there is a very nice color contrast 
between rings and planet. 

"To make a long story short, the 
Questar is very enjoyable for both deep 
sky and planetary observing. A person 
is limited only by sky conditions and 
one's ability to stay up very late on 
good nights." 

The Questar 3!1!! and Questar 7 are 
shown below; both are complete portable 
observatories, fully mounted for polar 
equatorial observing; slow motions in 
declination and right ascension, con­
tinuous 3600 rotation for both manual 
controls and synchronous drive, a built-in 
finder system, changeable high powers 
without changing eyepieces, complete 
flexibility of barrel position with tilting 
eyepiece for comfort in observing, camera 
attachment and handsome carrying case. 
The barrel of the 3!1!! supports a map of 
the moon, and over it is a revolving star 
chart with monthly settings. All in a hand­
some carrying case. 

© 1986 Questar Corporation 
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The Colors of Things 
Color "illusions" devised (for the first time) on the display 

screen of a computer are evidence that color is not perceived 

just by sensing the light fi-om individual surfaces in a scene 

by Philippe Brou, Thomas R. Sciascia, Lynette Linden and Jerome Y. Lettvin 

C
olor, like beauty, is in the eye 

of the beholder. It is a private 
experience and, like any other 

experience, is not accessible to meas­
ure. There is, however, a common be­
lief that color, unlike beauty, is deter­
mined directly by physical cause: the 
spectrum of the light that falls on 
the eye. In particular the eye is taken 
to resemble a color television cam­
era, which measures how much energy 
there is in the long wavelengths (red), 
middle wavelengths (green) and short 
wavelengths (blue) of the light at each 
point in an image. The eye, like the 
camera, has three types of color sen­
sors, and so it is thought the color 
at every point is perceived by sensing 
the redness, greenness and blueness of 
that point. 

This general belief is the impetus for 
many of the color "illusions" devised 
by investigators who study visual per­
ception. The underlying notion in such 
displays is that you ought to see one 
color but in fact see another. Usually 
the "illusions" are taken to show the 
fallibility of the senses: to show the 
eye does not really work as well as it 
should. An alternative view is that the 
conventional notions about color vi­
sion are quite wrong if they are so eas­
ily and consistently violated. The "il­
lusions" do not reveal defects. They 
yield insights into the unconventional 
design of color vision. 

The unconventional notion we shall 
champion in this article-and test in a 
sequence of illustrations-is that the 
perceived colors of things in the visual 
world do not depend slavishly on the 
light from each object, sensed indepen­
dently of all the other things in the 
world, but on a comparison of the 
lights from an object and its surround­
ings. That assertion seems mysterious. 
After all, the colors of objects are per­
ceived as an intrinsic property of their 
surfaces. A red rose in daylight seems 
absolutely red, not red in relation to 
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what is around it. But this perception 
of intrinsic redness does not signify 
that the redness is given only by the 
sense data in the image of the rose 
alone. We shall be concerned not with 
accounting for how perception seems 
to the perceiver but with the process 
applied to the sense data so that per­
ception is possible. 

The key that something is wrong 
with the conventional notions 

about the colors of things is in fact a 
color "illusion"-the most universal 
"illusion," an "illusion" so much in 
one's daily experience that it escapes 
notice. It is the color constancy-of ob­
jects in daylight. Outdoor illumination 
is not fixed; it changes not only in 
brightness, from dawn to high noon to 
twilight, but also in its spectrum. At 
dawn the light is rosy. In the afternoon 
it is distinctly yellow. The north light 
preferred by artists is the blue of the 
sky when the sun is excluded. The dif­
fuse light under a leafy arbor looks 
fairly green. Yet under the various 
forms of daylight a white sheet of pa­
per is always seen as white. In fact all 
the surfaces one sees outdoors stay 
quite constant in color however the 
daylight varies. 

Today color constancy, if it is men­
tioned at all, is treated by a skeptical 
footnote in textbooks on vision. The 
skepticism is not hard to understand. 
Since many of us virtually live our 
lives under artificial lighting, we have 

become inured to the experience that 
faces and cosmetics, for example, 
change color between incandescent 
and fluorescent lighting. Yet the skep­
ticism is wrong. Investigators of a cen­
tury ago knew that color constancy 
poses a serious problem for efforts to 
understand perception. The constancy 
is so reliable that one routinely com­
pares by memory the face color and lip 
color of someone who now stands un­
der one form of daylight with the col­
ors seen an hour ago, a day ago, a week 
ago, and under another form of day­
light, and thus detects changes due to 
blushing or paling or signifying disease 
such as jaundice (which turns the skin 
yellow) or anoxia (which turns it blue). 
Such changes are much smaller than 
the possible changes in daylight color. 
It is as if, in the words of the 19th-cen­
tury physiologist Hermann von Helm­
holtz, we "discount the illuminant" 
when we perceive color. 

Helmholtz supposed that we know, 
by memory or intention, what colors 
we ought to see, and so adjust our per­
ceptions to discount the lighting. But 
he was uncomfortable with the idea, 
and rightly so. It calls for a miracle, 
since one cannot tell, by means of 
any imaginable sense organ, what light 
plays on anything except that organ. 
That is, you cannot tell what light illu­
minates a surface; you only receive a 
part of that light-the part the surface 
reflects to your eye. How then can you 
"discount the illuminant"? 

COLORED SHADOWS constitute an "illusion" that offers insight into the unconvention­
al workings of color perception. In both photographs a bust of the 19th-century explorer 
and scientist Alexander von Humboldt has been placed in front of a white background. The 
bust is illuminated from one side by a beam of white light and from the other side by a 
beam of tinted light. The bust faces the tinted beam; hence the shadow behind the back of 
the head contains only white light. It does not look colorless, however: it has the color 
complementary to the opposite, tinted shadow. Thus the shadow behind the back of the head 
in the top picture looks "warmer" than the corresponding shadow in the bottom picture. 
Masking the shadows' surroundings will show that the shadows are virtually identical. The 
"illusion" hints that color perception relies on comparisons across boundaries in an image. 
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Our attempt to ans'wer that question 
must take account of a difficulty that 
bedevils all efforts to talk about color. 
There are really two distinct types of 
explanation of color vision. The first 
type has to do with how information 
from a visual image is converted into 
sense data. That is, the explanation 

concerns itself with how the cones, the 
color sensors of the eye, react to light. 
In each cone the arrival of light 
bleaches a light-sensitive pigment; 
thus the explanation concerns itself 
with the rates of the pigment-bleach­
ing events caused by arriving photons, 
or particles of light. 

420 460 500 540 580 620 660 

WAVELENGTH (NANOMETERS) 

VARIETIES OF DAYLIGHT differ markedly from one another in their physical proper­
ties, notably their spectrum, yet the perceived colors of objects in daylight are remarkably 
constant in spite of the changing illumination. The phenomenon is called color constancy. 
The four curves chart the spectrum of the diffuse illumination at ground level at four times 
of day, when the sun is at various angular distances between the horizon (0 degrees) and the 
zenith (90 degrees). The curve for the sun at eight degrees was measured about half an hour 
before sunset. The peak in the spectrum of diffuse daylight then occurs at roughly 660 

nanometers, or deep in the red part of the spectrum. Hours earlier, when the sun is high in 
the sky, at 70 degrees, the peak is at wavelengths some 200 nanometers shorter, or well into 
the blue part of the spectrum. The four spectra were first published by S. T. Henderson. 
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The experimental analyses that re­
veal the laws of this transduction start 
with Newton. The strategy is to have 
human subjects act as what are called 
null measuring devices. The subjects 
adjust a reference light (they can, for 
example, adjust the brightnesses of 
three colored lights that combine to 
produce a spot of light) until the 
boundary between the reference and 
an adjacent test light vanishes and 
the reference and the test light can 
no longer be distinguished. The exper­
iments establish that certain lights 
bleach the visual pigments identically. 
In other words, the experiments serve 
only to build up a description of the 
pigmentary responses. They are inde­
pendent of anything that may happen 
to the sense data after the cones pro­
duce them. 

The second type of explanation is 
very different. It lies beyond the do­
main of measurable quantities such as 
the brightnesses of test lights. Instead 
it takes as its realm the perception of 
color. Everything known about the ap­
paratus of the eye and everything in­
ferred about the brain from physiol­
ogy and psychology shows that the 
perceiver is directly aware not of 
raw sense data but only of the con­
sequences of a process applied to the 
data. The appropriate strategy in de­
vising an explanation of color percep­
tion is therefore to take the laws of 
data acquisition as given (the first type 
of theory addresses that matter) and 
search out the rules for dealing with 
the data. 

We think it facilitates such a search 
to adopt the attitude of the engineer, 
who is concerned not so much with an­
alyzing the world as with designing a 
system that fulfills a particular pur­
pose. (The engineer always "builds to 
specifications.") The art is to conceive 
of the purpose of color vision and then 
design a system to realize it. 

C olor vision, as a useful faculty, 
evolved in a primeval world in 

which light from the sun-scattered, 
refracted and reflected-was the chief 
illuminant. The things it lighted were 
mostly solid, opaque, nonmetallic ob­
jects, which reflected the light accord­
ing to their material composition and 
the roughness, irregularities and non­
planarities of their surfaces. The ob­
jects were distributed independently 
over the earth. Any image of such a 
world is a two-dimensional map of a 
determined chaos: a bounded region in 
the image is almost always bounded 
by many other regions, and the change 
in light across one of the boundary 
segments has little predictive value for 
the change across any other boundary 
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segment. In sum, 'three conditions­
daylight, varied reflectances and a 
diversity of arrangements-are the 
constraints under which color vision 
evolved. 

Imagine the purpose of color as an 
aid to seeing. Color vision improves 
the ability to tell surfaces apart in a 
memorable way, so that nourishment, 
threats and so on can be learned and 
reliably recognized. Since color vision 
supports many more distinctions than 
monochromatic black-and-white vi­
sion, there is surely an advantage to 
seeing in color. Yet unreliable distinc­
tions are useless. Indeed, they are a 
hindrance. They are busyness with­
out meaning and so are equivalent 
to noise. This gives value to color 
constancy. The ability to recognize 
things would be lessened if their 
color changed simply because of a 
change in the illumination. 

What then, in terms of color, will 
serve as a memorable quality of a sur­
face, a quality both intrinsic to the sur­
face and independent of the accidental 
circumstance of what form of sunlight 
plays on the surface? The only quality 
that meets these conditions is reflec­
tance: the ability of the surface to re­
flect light of each given wavelength. 
As it is ordinarily defined, the reflec­
tance is unknowable. It is the ratio 
of the light incident on a surface to 
the light the surface reflects, and (as 
Helmholtz ruefully knew) the eye has 
access only to the latter. Hence the no­
tion of employing reflectances as a ba­
sis for color vision seems absurd. It is 
absurd, however, only if one accepts 
as dogma that the color of a surface 
depends on the light from that sur­
face alone. 

There are other possible tactics. The 
most straightforward one replaces 
measures of the light reflected from 
individual surfaces with comparisons 
of the lights reflected from pairs of ad­
jacent surfaces. If the surfaces are un­
der the same illumination, the compar­
ison is independent of the incident 
light. As a result the comparison of the 
reflected lights becomes equivalent to 
a comparison of the reflectances 
(which are unknowable individually). 
We have arrived, then, at the hypothe­
sis that perceived color is a quality of 
the reflectance of a surface compared 
with the reflectances of other surfaces. 
It is a testable idea; it suggests, for ex­
ample, that the perception of a stable 
color at a given point in an image re­
quires that the regions near the point 
be sufficiently diverse. It is an idea we 
shall now examine by means of a se­
q uence of color "illusions." They are 
patterned after displays devised by 
Edwin H. Land, who founded the Po-

1 

"ILLUSIONS" IN AN ARRAY of colored hexagons were photographed on the screen of a 
computer. Each hexagon in the first display also appears in the second. In the first display, 
however, the hexagons are ordered chromatically; in the second one their positions have 
been randomized. The randomization makes the range of colors look more vivid. Five hexa­
gons have the same chromaticity (the same spectrum) and retain their position from one 
display to the other. In the first display they seem to have somewhat different colors; in the 
second one the color (a fairly neutral gray) is recognizably the same for all five of them. 
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laroid Corporation and has devoted 
himself to the study of color vision. 

I n this era of personal computers 
with color display screens, color 

manipulation is easy; indeed, the "illu­
sions" we shall show can be had on or­
dinary television screens. The display 
screen was photographed (at the Mas­
sachusetts Institute of Technology) by 
Bradford Howland and Denise D. 
Denton, who used standard camera 
equipment and a standard film. The 
only difficulties arose because photo­
graphs published in a magazine have 
to go through the printing process. 

There were really two problems. 
The first is that color printing has 
a dynamic range of less than 10 to 
one across the spectrum. That is, the 
brightest patches of any given printed 
color are less than 10 times brighter 
than the dimmest patches of that col­
or. Even the black ink in which these 
words are printed has a reflectivity 
about a tenth of that of the white paper 
itself. In contrast, transparencies (col­
or "slides") enjoy a dynamic range 
of well over 100 to one. Thus printing 
sharply compresses the vividness of an 

image in a way that a color transparen­
cy does not. In order to ensure that the 
images we photographed would not be 
much corrupted by such compression, 
we limited the dynamic range of the 
color brightness to three to one, or 
less. The pictures are printed versions 
of displays that could safely be made 
more vivid if they were intended to be 
projected rather than printed. 

The second problem is that stan­
dard color printing uses three colored 
inks (magenta, cyan and yellow) quite 
different in chromaticity from the 
red, blue and green of the computer­
display-screen phosphors. In conse­
q uence the printing press cannot lay 
down greens of the same brightness 
and saturation as the ones given by the 
computer display screen, even within 
the limited dynamic range we have 
chosen. (To get vivid greens in print­
ed advertisements, manufacturers of 
menthol cigarettes often pay extra to 
have an additional ink, a green one, 
employed in the printing.) These limi­
tations were taken into account in the 
construction of the figures. 

Examine the two displays on the 
preceding page. They are identical in 

REARRANGING THE RING of colored hexagons that border each gray hexagon does 
much to abolish the wandering colors of the gray hexagons and make them look reliably 
gray. In other words, it goes far toward establishing color constancy. The rearranged rings 
represent the only change from the first display; the rest of the colored hexagons retain 
their chromatic order. The display therefore suggests that color perception relies in particu· 
lar on local comparisons across the boundaries between patches of color in a visual image. 
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their components. Each display i s  an 
array of hexagonal patches of color, 
and every hexagon that appears in one 
display appears somewhere in the oth­
er. Every hexagon has a "chromatic 
signature" defined by three numbers, 
one giving the intensity of the red pix­
els (the individual points of brightness 
on the computer display screen), the 
second that of the green pixels and the 
third that of the blue pixels. The only 
thing that differs from one display to 
the other is the positions of the hexa­
gons with respect to one another: their 
addresses on the screen. 

In the first display the hexagons are 
ordered according to their three com­
ponents. Red increases in intensity 
from top to bottom of the display, 
green from bottom to top and blue 
from left to right. The steps in inten­
sity from each hexagon to the next 
have been arranged to be somewhat 
stronger than just visible. The second 
display is a very different image. The 
range of colors seems wider and more 
vivid. Yet the only difference is that 
the colored hexagons have been shuf­
fled-given random addresses rather 
than ordered ones. 

It is instructive to try to tell the 
change of a given colored hexagon's 
address from one display to the other. 
For a hexagon at the boundary of the 
first display the new, randomly set po­
sition in the second display is relative­
ly easy to find. But we doubt that your 
eyes will be of much help to you in dis­
covering most of the new positions un­
less individual hexagons are masked 
off from the others. 

F ive of the hexagons in each display 
are special in two respects. First, 

their addresses are constant. In both 
the first display and the second they 
are the central hexagon and four out­
lying hexagons, one near each corner 
of the display. Second, the five hexa­
gons are identical in chromatic signa­
ture. The rest all differ in their charac­
teristic triple of numbers. 

Try to compare the five. In the first 
display they should seem to be of dif­
fering colors, in spite of the narrow dy­
namic range of the illustration. (The 
effect would be stronger if we could 
increase the dynamic range.) But if, 
at ordinary reading distance (about 16 
inches), you fix your gaze on any one 
of them, it should turn indeterminate 
in color. 

It is unlikely that you can make out 
the central hexagon. It is marked with 
a small dot in its center. If you fix your 
gaze on the dot (closing one eye), 
the colors of the four outlying hex­
agons should seem strong at first, but 
within a few seconds the hexagons 
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should vanish. Indeed, the entire pic­
ture should seem to become quite fea­
tureless except at its perimeter: its 
boundary with the white page. 

Again the second display is quite 
different. The five hexagons should 
look uniformly gray, although they oc­
cupy the same positions and have the 
same chromatic signature they had in 
the first display. If you fix your gaze 
on any one of the five, you should find 
that its color remains reliably gray. 
Furthermore, fixing your gaze on the 
central dot should not bring on a gen­
eral deterioration of the image, as it 
did for the first display. 

The results of these explorations are 
readily summarized. The random­

izing of the colored hexagons sur­
rounding the five gray hexagons some­
how leads to more vivid color percep­
tion and at the same time stabilizes the 
gray hexagons. Conversely, the order­
ing of the colored hexagons lessens the 
vividness of their colors and makes the 
gray hexagons wander in color: it saps 
their color constancy. 

In the third display, shown on the 
opposite page, we have modified the 
scheme of the first display only in the 
immediate vicinity of the four outly­
ing gray hexagons. In particular, the 
ring of hexagons around each gray 
hexagon has been rearranged: the hex­
agons that bordered a gray hexagon in 
the first display still border it in the 
third, but their annular order has been 
changed. The averages of the intensi­
ties of the red, the green and the blue 
pixels immediately around a gray hex­
agon therefore remain as they were. 
Yet now the gray hexagons do not dif­
fer much in their color. 

The fourth display, on this page, is 
even more faithful to the scheme of 
the first. Four outer hexagons bound­
ing the outlying four gray hexagons 
have been exchanged diagonally. Oth­
erwise nothing is altered. Yet again the 
gray hexagons no longer differ much 
in their color. 

In the fifth and sixth displays, shown 
on the next page, the phenomena are 
much as they were in the first and sec­
ond displays. The difference is that the 
computer program that generates the 
images has been altered so that the 
chromatic signatures are specified in 
terms of magenta, cyan and yellow, 
the pigments used in color printing. 
(The computer display screen still 
glows in its usual red, blue and green, 
but the proportions of these glows are 
adjusted to give combinations that 
mimic the printing inks.) The color "il­
lusions" still hold, although, as one 
would expect, the seen colors differ 
from the ones in the first display. 

4 

DIAGONAL EXCHANGE of colored hexagons also goes far toward making the gray 

hexagons look reliably gray. Here a single colored hexagon bordering each gray hexagon 
has been switched diagonally with its counterpart across the illustration; in all other re­
spects the scheme of the first display is maintained. The exchange shows that the presence 
of a small area of marked spectral dissimilarity is sufficient impetus for color constancy. 

We have one more "illusion" to 
show. The obverse of color constancy 
is the phenomenon called colored 
shadows. Its most familiar form can be 
seen on page 85, where we display two 
photographs of a real scene: a bust of 
the 19th-century scientist Alexander 
von Humboldt placed in front of a 
white background. In each photograph 
the bust is illuminated from one side 
by a tinted light and from the other 
side by a white light. It is hard to tell 
which light is which. One of the shad­
ows in each photograph has the col­
or of the tinted beam. (The bust has 
blocked off the white beam.) Yet the 
other shadow (where the tinted beam 
is blocked off) does not look colorless; 
it has the color complementary to the 
first shadow. The effect is particularly 
striking in patches of shadow on the 
bust itself. (In the illustration the tint­
ed lights are to the right. The beams 
were adjusted to limit the dynamic 
range. A more florid effect can be had 
with projectors and transparencies.) 

Why are colored shadows the ob­
verse of color constancy? In both phe­
nomena the color attributed to a light 
is different from what it "really is"-

different from what the physical prop­
erties of the light would lead one to 
predict. In colored shadows the identi­
cal spectral distribution (that is, the 
same physical stimulus) has different 
colors. In color constancy different 
distributions have the same color. 

In essence, then, the perceived col­
ors of the five gray hexagons in the 
first display constitute a demonstra­
tion of colored shadows. Imagine that 
you could adjust the reflectance of 
each of the four outlying gray hexa­
gons in the display so that they would 
all appear to be the same color as the 
central hexagon (the one with the dot). 
The four adjustments would be differ­
ent. You would have turned colored 
shadows (the same stimulus looking 
different) into a semblance of color 
constancy (different stimuli looking 
the same). If the remaining hexa­
gons were then shuffled, as they are 
in the second display, the five hexa­
gons would have distinctly different 
colors among themselves. 

P lainly the processing of color infor­
mation from sense data does not 

give a slavish one-to-one correspon-
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6 

THE SAME "ILLUSIONS" as the ones in the first two displays are shown here for col­
ored hexagons whose chromati.cities have been adjusted to resemble combinations of the 
inks employed in color printing. That is, the hexagons vary in steps of brightness for cyan 
(a greenish blue), magenta (a purplish red) and yellow. Again the five gray hexagons in the 
display seem to have different colors when they are surrounded by ordered chromaticities, 
and they are seen to be the same when their surroundings are randomized. As one would 
expect, the perceived colors of the gray hexagons differ from the ones in the first display. 

90 

dence of perceived color to the spec­
trum of light. There is no such corre­
spondence in one's daily outdoor expe­
rience, which is of color constancies 
and colored shadows everywhere. And 
so the rules for color processing must 
be different in kind from the laws that 
govern the responses of the visual pig­
ments to light. 

Some hints at the nature of the rules 
are suggested by the displays. The first 
hint is that colors are determined 
at boundaries and vertexes (where 
boundaries meet). Those are the only 
places in the pictures where the chro­
matic data change, so that ratios of re­
fiectances can be taken. In this regard 
the first display is particularly instruc­
tive. Again, fix your gaze (with one eye 
closed) on the central dot in the pic­
ture. Observe how the four outlying 
hexagons vanish after a few seconds, 
then reappear, then vanish. With a lit­
tle attention to detail, you should dis­
cover that the reappearance always ac­
companies a movement of the eye, so 
that after a little practice you can ac­
tually control the vanishing and reap­
pearance. 

This is a crude example of the phe­
nomenon of stabilized images on the 
retina. It has been known since the 
19th century that if an image is held 
steady on the retina, it vanishes, to be 
replaced by a peculiar feeling of blind­
ness called the "empty field." The van­
ishing is due mainly to the fact that 
each receptor (each cone) in the eye 
adapts, or adj usts itself, to the light on 
it. Receptors are designed to signal to 
the nervous system only change, not a 
steady state. Vision is good as long as 
the eye moves about. When the eye 
rests, vision deteriorates. This con­
firms in no uncertain way that the 
boundary and vertex information is 
crucial for seeing, just as we inferred 
from the phenomenon of color con­
stancy. The eye must move so that 
individual receptors can experience 
boundary crossings. 

Asecond point is that the color of an 
area depends not only on the sur­

roundings of the area but also on the 
running history of the region of the ret­
ina on which the area's image falls. 
That is, a set of receptors exposed to 
many different lights in succession will 
give a signal for any specific presenta­
tion of light that is different from the 
signal they will give if their history 
of exposures is an impoverished one. 
This conclusion too derives from the 
first display. Recall that if you fix your 
gaze on any of the four outlying hex­
agons, it rapidly becomes indetermi­
nate in color. On the other hand, if 
you observe the picture cursively, let-
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ting your gaze wander about it, the 
impression of four differently colored 
hexagons remains. 

The phenomenon of stabilized im­
ages suggests the explanation. Since a 
stabilized image vanishes, the strategy 
of looking fixedly at any surface in or­
der to determine its color is 

'
unavail­

ing. But since the receptors do not 
adapt instantaneously (modern appa­
ratus shows that an image, however 
bright and contra sty, vanishes in about 
two seconds), the ordinary jiggle of the 
gaze gives abundant and varied infor­
mation to the individual cones. 

The second display and the ones that 
follow it teach the same lessons. They 
show that as the surroundings of an 
area become more varied, the. color of 
the area becomes more definite and 
also more stable over time. Moreover, 
the color becomes more reliably a cor­
relate of the area's reflectance. In the 
real world, diversity is the rule. There 
is rarely an orderly display of the kind 
shown in the first image-except in the 
patterns that give some animals pro­
tective coloration. This natural diver­
sity, and the continual change of the 
direction of the gaze, ensures that the 
spatial surroundings of an area and 
the temporal history of the exposure 
of cones to light are as variegated as 
the engineer of a color-vision system 
could wish. 

We turn, then, to some of the con­
cerns of an engineer who under­

takes to design a color-vision system. 
One of the most useful operations 
in any sensing system, natural or arti­
ficial, is a running normalization. In 
psychology it is called adaptation; in 
engineering it is automatic gain con­
trol. The idea is to adjust the sensitivity 
of the system to the average level of in­
put so that all changes are made to lie 
in the same limited dynamic range. 
This is done by taking a running aver­
age of the input and using it to set the 
gain, or amplification factor. Imagine, 
for instance, a camera lens that dark­
ens in bright light, grows clear in dim 
light, and does it so well that photo­
graphs taken with the same exposure 
time at bright noon and at twilight 
have the same quality. 

The strategy of automatic gain con­
trol, applied to cone sensitivity, might 
take the following form. Call the in­
tensity of the light currently falling on 
a cone L. The running history of arriv­
ing light is designated A. The latter is 
an average of the intensities of lights 
that recently fell on the cone and is ad­
justed so that the effect of a light di­
minishes with its distance into the past. 
Helmholtz called it "dark light." 

Examine the difference between the 

light and the dark light, divided by the 
sum of the two (that is, the ratio of 
L.- A to L + A). It achieves automat­
ic gain control. Under steady light, 
such that A (the dark light) is the same 
as L (the light), the ratio is zero. If L 
suddenly increases, the ratio becomes 
positive; if the increase is maintained, 
A builds up to L and the ratio lapses 
back to zero. If L suddenly decreases, 
the ratio becomes negative and then, 
as A reduces to L, returns to zero. If L 
increases or decreases by a fixed frac­
tion of its value, the response is a fixed 
change in the ratio. Finally, a sudden 
increase of L to an immense multiple 
of A can only drive the ratio to a value 
approaching 1; a sudden decrease of 
L to a minute fraction of A can only 
drive the ratio to a value approach­
ing - 1. Indeed, the ratio can never go 
beyond ± 1 (the so-called compres­
sion limits). 

you must imagine now a sheet of 
cones, each of which incorporates 

�his strategy. If they were all indepen­
dent of one another, any image what­
ever, stabilized on that sheet, would 
give zero signal everywhere. Conceive 
of the cones, however, as interconnect­
ed laterally, so as to communicate the 
A's to one another with a strength in­
versely related to distance. A stabi­
lized image still gives zero signal ev­
erywhere. Yet a change in L at any 
cone is now read not only with respect 
to the cone's own adaptation level, A, 
but also with respect to all the A's of 
the cones around it. That is, the indi­
vidual cones provide a temporal aver­
age of the dark light and their inter­
connections provide a spatial average. 
Three interconnected sheets of such 
cones, one for each of the three cone 
pigments and interdigitated with one 
another, provide a trichromatic refer­
ence for a change in L in any part 
of the image. The output signals tell 
nothing of the normalizations that un­
derlie them; they have automatically 
adjusted themselves to compensate for 
changing circumstances of illumina­
tion. The system is well on its way to 
achieving color constancy. 

At this point diversity, as a feature 
of the real world, enters in an impor­
tant role. Diversity provides that the 
history of all local retinal areas, for an 
eye that moves about, is on the whole 
much the same. It also provides that 
the average of the various lights falling 
on any local retinal area has a good 
chance of approaching the average for 
the wider visual field around it. Fur­
ther, it provides that the spatial aver­
ages resemble the temporal averages. 
Hence the diversity of the world en­
sures that local comparisons across 

boundaries have a good chance of 
yielding reliable color constancies for 
an entire scene. 

Diversity applies not only to the dis­
tribution of reflected lights but also 
to the distribution of reflectance ratios 
across boundaries and around vertex­
es. These ratios are largely indepen­
dent of the relative sizes of the areas 
that are bounded, so that these ratios 
are the basic information in vision, an 
imbalance in size between neighbor­
ing areas becomes unimportant over 
a fairly wide range of imbalance. In­
deed, in the fourth display a small area 
of marked spectral dissimilarity from 
the ordered background is enough to 
ensure the color constancy of the adja­
cent gray hexagon. 

To what extent does this color the­
ory apply to the human visual sys­

tem? It is known that the visual system 
employs a succession of processing 
stations. The cones pass information 
to neural circuitry in the retina, which 
recruits further stations by means of 
its output channel, the optic nerve. 
The nerve engages the brain struc­
ture called the lateral geniculate body, 
which in turn engages the part of the 
cerebral cortex called the primary vi­
sual cortex. The cones, then, are the 
very first elements in a complex senso­
ry system. It may seem surprising that 
we assign them (and their interconnec­
tions) so much responsibility in the 
color process. 

Physiological evidence has estab­
lished, however, that the detection of 
boundaries and vertexes begins in the 
retina. And since each boundary signi­
fies a change in quality (a difference in 
color or brightness, for instance), the 
detection of a boundary implies the 
prior existence of that quality, so that 
a difference can be detected. (Distin­
guishing a boundary between red and 
green implies the prior distinction of 
redness and greenness.) It would be ex­
tremely uneconomical, and also unre­
liable, for the retina to defer the color 
process to later stages of the visual sys­
tem by exporting information about 
qualities such as color by channels that 
are separate from the channels that 
signal boundaries. Moreover, it would 
take up an inordinate amount of chan­
nel space. 

Simple economy leads, therefore, to 
the position that the processing of col­
or determinants by the cones and their 
intimately associated retinal appara­
tus offers a reliable system-one that 
is preferable, we think, to any deferred 
processing by more central tissue, such 
as the visual cortex. It remains to be 
seen whether this is the strategy nature 
has chosen. 
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INTERACTION OF THE SUN with the surrounding interstellar 
medium, consisting primarily of hydrogen and helium gas, is illus­
trated schematically. In the early 1960's astrophysicists thought ra­
diation from the sun could ionize the interstellar medium, carving a 
huge zone of plasma that would extend far beyond the entire solar 
system (top). Such a zone is called a Stromgren sphere, or H II re­
gion. The discovery of large amounts of neutral (un-ionized) hydro­
gen well inside the solar system rendered that model invalid. Inter­
stellar material does engulf the solar system, but the material is 
moving with respect to the sun and is able to penetrate well within 
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the solar system before it is ionized. As the gas streams through the 
solar system its particles are swept into a long tail downwind of the 
sun (teardrop regioll al top alld ell/arged "iew al bollom). A bound­
ary known as a collision less shock front forms as a consequence of 
interactions between charged particles in the in flowing interstellar 
material and the outflowing solar wind, the stream of charged parti­
cles emitted by the sun. Immediately inside the shock front lies a 
turbulent "shell" of plasma called the heliospheric interface region. 
The outer surface of the interface forms the heliopause; the inner 
surface of the interface bounds a region known as the heliosphere. 
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The Sun and the 
Interstellar Medium 

A cloud of interstellar gas is now streaming through 
the solar system. Past encounters with denser clouds 
may have substantially aikcted the earth's climate 

by Francesco Paresce and Stuart Bowyer 

E
very star is born within a dense 

cloud of gas and dust, and dur­
ing the early stages of its life 

it resides within the remnants of the 
cloud. The primordial cloud eventual­
ly dissipates, leaving the star to shine 
in solitary brilliance, but this does not 
necessarily mark the final meeting of 
the star with interstellar matter. Later 
one of many immense clouds of gas 
drifting randomly through the galaxy 
may engulf the star in the course of a 
chance encounter. 

The sun is now immersed in a cloud 
of gas that is relatively tenuous by as­
tronomical standards and enormously 
tenuous by human standards, contain­
ing only about .1 atom per cubic centi­
meter of space. This local interstellar 
medium is composed primarily of hy­
drogen and helium and is streaming 
through the solar system at the modest 
astronomical speed of about 20 kilo­
meters per second, or nearly 50,000 
miles per hour. The material appears 
to be coming roughly from the direc­
tion of the constellation Centaurus 
and to be heading in the direction of 
the constellation Cassiopeia. 

It is surprising that a thorough un­
derstanding of the interaction of the 
sun with the interstellar medium has 
begun to emerge only in the past 15 
years. Before then most astrophysi­
cists believed a simple model that suc­
cessfully accounts for the interaction 
of hot, massive stars with interstel­
lar clouds could also be applied to the 
sun, which is relatively cool and small. 
The subsequent work of many investi­
gators including ourselves has culmi­
nated in a new model, rich in detail, 
that describes the interaction of the 
sun with the interstellar medium. The 
model has even led some workers to 
conjecture that the earth's ice ages 
may have resulted from past encoun-

ters of the solar system with dense mo­
lecular clouds. 

I n discussing how the sun interacts 
with the interstellar medium it is 

convenient to begin with the simple 
model that explains the interaction in 
the case of hot, massive stars known as 
spectral types 0 and B. They are 20 
times more massive than the sun and 
have surface temperatures that exceed 
3 0,000 degrees Celsius (which is five 
times more than the surface tempera­
ture of the sun). Type 0 and B stars 
emit prodigious amounts of radiation 
that has wavelengths of less than 912 
angstrom units, or 91.2 billionths of a 
meter-the critical value at which hy­
drogen ionizes. Ionization is a process 

in which an atom is stripped of its va­
lence, or outermost, electrons. In the 
case of hydrogen, for instance, ioniza­
tion yields a single negatively charged 
free electron and a single positively 
charged free proton. 

It follows that a type 0 or B star can 
carve a huge zone of highly ionized 
plasma into virtually any interstellar 
cloud that might surround it. The zone 
is called a Stromgren sphere, or an H II 

region, and may extend 100 to 200 
light-years from the star. A particular­
ly striking example of such a process 
occurs in the Orion nebula, which is 
a relatively nearby complex of hot 
young stars and dense interstellar ma­
terial. In this case the material is suf­
ficiently inhomogeneous so that no 

10 5 o 5 10 15 20 
DISTANCE (ASTRONOMICAL UNITS) 

IONIZED CAVITIES of both hydrogen and helium gas surround the sun, but they are 
several orders of magnitude smaller than the calculated size of the hypothetical static solar 
Stromgren sphere. Both cavities are well within the bounds of the heliosphere. The outer 
surfaces are drawn at the point where half of each of the neutral species has been ionized. 
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actual spherical zones are formed, but 
the physical process is nonetheless 
the same. The effects are spectacular 
enough for the Orion nebula to be a 
prime subject for astronomical posters 
and similar illustrations. 

The tremendous success of the 
Stromgren-sphere model in describing 
the interaction of massive stars with 
the interstellar medium led astrophysi­
cists to believe the model would also 
hold for the sun. They thought even 
the relatively small amount of elec­
tromagnetic radiation emanating from 
the sun would be enough to create a 
solar Stromgren sphere. Although the 
calculated .02-light-year-diameter re­
gion would be small by galactic stan­
dards, it would be large compared 
with the size of the solar system, ex­
tending 25 times beyond the orbit of 
Pluto, the outermost planet. In this 
picture the only neutral atoms that 
would exist within the spherical cavity 
would be found in the atmospheres of 
some of the planets. The rest of the re­
gion would be filled with plasma. 

A startling discovery made in the 
early 1960's by Herbert Friedman and 
his colleagues at the Naval Research 
Laboratory would ultimately lead to 
the overthrow of the concept of the 
solar Stromgren sphere. The N.R.L. 
workers launched several rockets 
equipped with electromagnetic radia­
tion detectors high above the atmos­
phere of the earth. The instruments re­
corded an intense and diffuse glow of 
ultraviolet light that had a wavelength 
of 1,216 angstroms. Light having this 
wavelength is one of the signatures 
of neutral, or un-ionized, hydrogen. 
Hydrogen emits 1,216-angstrom light 
when its electron drops from an energy 
state called the first excited level to the 

SOLAR PHOTON OR COLLISION 

ground level, or lowest energy state. 
The intensity of the ultraviolet light in­
dicated that the neutral hydrogen must 
exist in considerable amounts in inter­
planetary space. 

I nvestigators were puzzled by Fried­
man's results because according to 

the solar Stromgren-sphere model, any 
neutral hydrogen in the immediate vi­
cinity of the solar system (except in the 
atmosphere of planets) should be ion­
ized quickly by the sun. Some theorists 
initially tried to explain the anomaly 
by postulating that gas from distant 
parts of our galaxy was the source of 
the 1,216-angstrom ultraviolet light. 
Further work ruled out that hypothe­
sis. In 1970 W. H. Chambers and his 
colleagues of the Los Alamos Nation­
al Laboratory reported that the ultra­
violet light exhibited an anisotropy 
that could not be accounted for if gas 
in distant parts of the galaxy was the 
source. Moreover, Phillip W. Mange 
and Robert R. Meier of the N.R.L. 
found that the intensity of the ultravio­
let light varies directly with the activi­
ty of the sun. 

At this point and with only these 
meager clues Hans 1. Fahr and Peter 
W. Blum of the University of Bonn 
made a bold proposal. They suggested 
that the source of the ultraviolet light 
is indeed neutral interstellar gas within 
the solar system. They argued that the 
gas remains neutral because it is mov­
ing with respect to the sun and can 
therefore penetrate well within the so­
lar system before being ionized. The 
effect would be particularly pro­
nounced in the case of the sun, whose 
radiation output is relatively weak. 

Although in retrospect the proposal 
of Fahr and Blum may seem obvious, 

at the time it represented an extraor­
dinarily innovative idea. Indeed, the 
hypothesis was initially greeted with 
skepticism. Although the present era is 
one of open scientific inquiry, research 
is nonetheless carried out by people 
who share the normal range of human 
emotions. In particular, one American 
scientist was so affronted by Fahr and 
Blum's proposal that he attempted to 
suppress the publication of their work. 
Fortunately he did not succeed. 

An enormous amount of evidence 
I\. corroborates Fahr and Blum's 
theory that an interstellar cloud com­
posed predominantly of neutral gas is 
drifting through the solar system. In 
the early 1970's a team of investigators 
led by 1. L. Bertaux and 1. E. Blamont 
of the Aeronomy Department of the 
French National Center for Scientific 
Research (CNRS) and Gary E. Thomas 
and R. F. Krassa of the University of 
Colorado at Boulder mapped the 
emission of the 1,216-angstrom ultra­
violet light. They based their map on 
data transmitted to the earth from in­
struments flown on the satellite Orbit­
ing Geophysical Observatory. They de­
termined that most of the light is ema­
nating from neutral hydrogen just 
inside 10 astronomical units of the 
sun, which is roughly a fourth of the 
distance between the sun and Pluto. 
(An astronomical unit, or AU, is the 
average distance between the earth 
and the sun: 1.5 X 108 kilometers.) 

At virtually the same time we made 
a set of measurements that also con­
firmed the suggestion of Fahr and 
Blum. Working at the University of 
California at Berkeley, we developed 
an instrument with which to detect the 
584-angstrom ultraviolet light emitted 
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SIGNATURE OF NEUTRAL HYDROGEN is ultraviolet light 
that has a wavelength of 1,216 angstrom units, or 121.6 billionths of 
a meter. Neutral hydrogen gives off light of this wavelength when 
its electron drops from an energy state called the first excited level 
(II � 2) to the ground level (II � 1), or lowest energy state. Either colli· 

sions with other atoms or absorption of 1,216-angstrom radiation can 
excite the electron to the higher level (left). After about 10- 8 second 
the hydrogen atom returns to the ground level by emitting 1,216-ang­
strom radiation in an arbitrary direction (middle). The conventional 
approach to depicting the process is an energy-level diagram (right). 
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by neutral helium when it drops from 
the first excited level to the ground lev­
el. In 1970 we flew the instrument on 
a rocket and discovered a faint but 
clearly distinguishable glow that indi­
cated the presence of neutral helium. 
The discovery was confirmed in 1972 
by other investigators who mapped the 
helium emission extensively with a 
number of satellites and interplane­
tary probes. Most notable in this re­
gard were the measurements of Meier 
and Charles S. Weller, Jr. , of the 
N . R.L. ,  who in 1974 reported data ob­
tained with detectors on a Department 
of Defense satellite. In 1978 A. Lyle 
Broadfoot, Shailendra Kumar and Jo­
seph M. Ajello constructed a more 
detailed map based on data from the 
Mariner 10 probe. 

The results confirm the fact that an 
interstellar cloud consisting primarily 
of neutral hydrogen and helium atoms 
engulfs the solar system. The hydro­
gen atoms absorb 1,216-angstrom ul­
traviolet light from the sun and reemit 
radiation of a similar wavelength in 
another arbitrary direction. An identi­
cal process takes place for the neutral 
helium, except the absorbed light has a 
wavelength of 584 angstroms. In other 
words, the neutral hydrogen and heli­
um atoms act as diffusers of solar radi­
ation. An observer who is not looking 
directly at the sun will see an essential­
ly monochromatic and diffuse radia­
tion pattern. The effect is somewhat 
like the scattering of sunlight by fog. 

When the material passes through 
the solar system, the neutral at­

oms "feel" two opposing forces: the at­
tractive gravitational force of the sun 
and its repelling radiation pressure. 
Depending on the stage of the II-year 
solar cycle, the radiation pressure can 
diminish, neutralize or even overpow­
er the gravitational pull of the sun on 
neutral hydrogen atoms. At times of 
low solar activity gravity dominates 
the radiation pressure and draws neu­
tral hydrogen atoms toward the sun. 
At more active phases in the solar cy­
cle the radiation pressure may balance 
the gravitational attraction. The atoms 
will then stream through the solar sys­
tem in a straight line parallel to their 
primary flow direction. 

At times of high solar activity the 
radiation pressure forces the neutral 
hydrogen atoms away from the sun. 
The radiation pressure of the sun is 
important for the motion of hydrogen 
only; neutral helium, which is four 
times as massive as hydrogen, is af­
fected less. Helium is always focused 
into a region behind the sun. 

A neutral hydrogen atom traveling 
at a speed of 10 kilometers per second 

will take approximately 50 years to 
traverse 100 AU's, during which time 
it is under a strong solar influence. 
Since the solar cycle lasts for only 11 
years, the atom will experience all 
three situations at some point in its ap­
proach. In practice the competition be-
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tween gravitational attraction and ra­
diation pressure will be ragged indeed. 
An averaging process is therefore ap­
plied to model the overall effect. 

In any event, there is a distinct prob­
ability that an atom will be ionized as 
it approaches the sun, a probability 
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INTERSTELLAR CHARTS mapping the 
characteristic radiation of neutral hydrogen 
and helium suggest that the solar system 
contains an abundance of interstellar neu­
tral material. The top map plots the inten­
sity of 1,216-angstrom light emitted by hy­
drogen when it drops from the first excited 
level to the ground level; the bottom map 
plots the intensity of 584-angstrom light 
emitted by helium when it undergoes the 
analogous transition. The data are from an 
ultraviolet detector on board the Mariner 
LO satellite. Because of practical viewing 
limitations, the detector could probe only 
the regions of space lying outside the cones 
illustrated in the diagram at the left. The 
unit of intensity is the rayleigh, which cor­
responds to an omnidirectional flux of a 
million photons per square centimeter per 
second. (A photon is a quantum of light.) 
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that increases as the inverse square of 
the distance. The probability of ioniza­
tion is also inversely proportional to 
the radial velocity of the atom with re­
spect to the sun. Different atoms have 
different rates of ionization; hydrogen, 
for instance, is more easily ionized 
than helium. At some point the prob­
ability of ionization becomes high 
enough that essentially all the gas is 
ionized; the rest of the streamline 
inside the trajectory is then devoid 
of neutral species. The locus of such 
points around the sun defines a region 
called the solar ionization cavity. 

Each interstellar neutral species has 
its own ionization cavity. In the case of 
hydrogen the cavity is called an H II re­
gion. For helium the cavity is called 
an He II region. We should point out 
that the observed H II region is two 
orders of magnitude smaller than the 
hypothetical solar Stromgren sphere 
was predicted to be (.02 light-years, or 
1,000 AU's); the observed He II region 
is an order of magnitude smaller than 
the H II region. Calculations based on 
relatively simple models indicate that 
at about 5 AU's in the upwind direc­
tion of the sun the density of neutral 
hydrogen drops to about half its origi­
nal value. The density falls to approxi­
mately a tenth of its original value at 
the distance of the earth's orbit. 

Even though neutral hydrogen be­
gins to ionize within a cavity approxi­
mately 5 to 10 AU's in size, neutral he­
lium remains relatively undisturbed 
until it is much closer to the sun. With­
in about .1 AU of the sun helium ion­
ization becomes appreciable and a 
true ionization cavity exists. Because 
the cavity is smaller than the earth's 
orbital distance, the earth is essentially 
immersed in an undisturbed interstel­
lar gas of neutral helium. At about 10 
AU's in the downwind region helium 
shows an enhancement over its inter-

NEUTRAL ATOMS in the interstellar me­
dium engulfing the solar system are subject­
ed to two opposing forces: the attractive 
gravitational force of the sun and its repel­
ling radiation pressure. In practice the radi­
ation pressure of the sun is important for 
the motion of hydrogen only; neutral heli­
um, which is four times as massive as hy­
drogen, is affected less and is always fo­
cused into a region behind the sun. At times 
of low solar activity gravity dominates radi­
ation pressure and draws neutral hydrogen 
atoms toward the sun (top). During more ac­
tive phases in the solar cycle the radiation 
pressure may balance the gravitational at­
traction. The atoms then stream through the 
solar system in a straight line parallel to 
their primary direction of flow (middle). At 
times of high solar activity the radiation 
pressure sweeps hydrogen atoms out of a 
paraboloidal zone around the sun (bottom). 
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Hitachi's wide-ranging technologies in energy [from left to right): 
nuclear power reactor, generator-motor, solar energy development, 
nuclear fusion plasma testing device, and laser-test of LPG gas combustion. 
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Generating energy is not simply providing kilowatts. 
It must be provided in quantity, safely, efficiently and in 
an agreeable environment. 
The world's need for energy continues to 
burgeon: and our wish to live in safe, peace­
ful and unsullied surroundings remains as 
strong as ever. Here is how we are working 
towards achieving these twin goals. 

Hitachi's scientists are making tremendous 
progress in nuclear fusion, often called 
"harnessing the power of the sun:' Nuclear 
fusion also has been called the ultimate 
energy source because it is generated by a 
mechanism similar to that of the sun. One 
gram of the fuel-hydrogen, deuterium and 
tritium-generates the same energy as 8 tons 
(a tank truck-full) of oil. 

Recently, Hitachi played a major role in 
a landmark feasibility experiment conducted 
by the Japan Atomic Energy Research Insti­
tute. The experiment succeeded in producing 
the first plasma for nuclear fusion-and 
brings us much closer to having this energy 
source 'on line' early in the next century. 

Since Hitachi's beginnings three-quarters 

of a century ago, we've become a premier 
developer of many energy sources. Besides 
hydroelectric and thermal power plants, we've 
been in nuclear power more than 30 years. 

We are also working on solar energy, 
coal gasification, and new types of batteries 
and fuel cells. 

We link technology to human needs. We 
believe that Hitachi's advanced technologies 
will lead to systems that are highly produc­
tive and efficient yet eminently safe and 
comfortable. Our goal in energy-and com­
munications, transportation and consumer 
electronics as well-is to build products and 
systems that will improve the quality of life 
the world around. 

�HITACHI 
© 1986 SCIENTIFIC AMERICAN, INC



stellar val ue by a factor of five or six. 
The enhancement comes about from 
gravitational focusing and manifests 
itself in the form of a "tail" enriched 
with neutral helium. 

Acomplete description of the inter­
action of the sun with the nearby 

interstellar medium must take into ac­
count the fact that the instreaming gas 
is not composed entirely of neutral 
material. As the charged particles and 
the accompanying weak magnetic 
field in the interstellar medium move 
toward the sun they encounter the 
outflowing solar wind, the stream of 
charged particles emanating from the 
sun. The subseq uent interaction forms 
a collisionless shock front. The loca­
tion of the shock front depends pri­
marily on the density of the electrons 
in the cloud and on the strength of the 
associated magnetic field. Although 
both parameters are poorly known, 
the estimate of the location is not ex­
tremely sensitive to either of them. De­
pending on the values chosen for the 
electron density and the magnetic field 
strength, the shock front might be any­
where from about 75 to 200 AU's up­
wind of the sun. 

Immediately inside the shock front 
and having a thickness of perhaps 
50 AU's there is a turbulent "shell" 
of plasma: the heliospheric interface 
region. The interface is drawn into 
an elongated teardrop extending per­
haps 1,000 AU's downwind of the sun, 
where the interstellar magnetic field fi­
nally pinches it off. The outer surface 
of the interface is called the helio­
pause; the inner surface of the inter­
face bounds a region called the helio­
sphere. Inside the heliospheric inter­
face region the solar wind is deflected 
into the downwind wake. 

As a result of a variety of observa­
tions carried out with space borne in­
strumentation, the speed, direcJion of 
motion, temperature and density of 
the inflowing interstellar medium are 
now reasonably well established. The 
bulk speed of the cloud is one of the 
most difficult parameters to deter­
mine. The best results have been ob­
tained by measuring the spectral shift 
of the hydrogen 1,216-angstrom light. 
Just as the pitch of a train whistle 
changes from high to low when the 
train passes a stationary observer, the 
wavelength of light emitted by a mov­
ing atom also changes. Such changes 
are known as Doppler shifts. In 1977 
Thomas F. Adams and Priscilla C. 
Frisch of the University of Chicago 
measured the Doppler shift of the hy­
drogen 1,216-angstrom light from the 
instreaming gas by means of a spec­
trometer on board the satellite Coper-
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nicus. From the data they calculated 
that the interstellar cloud is moving at 
a speed of about 22 kilometers per sec­
ond, or approximately 50,000 miles 
per hour, in relation to the sun. 

In 19841. T. Clarke and one of us 
(Bowyer) at Berkeley, in collaboration 
with Fahr and O. Lay of the Universi­
ty of Bonn, employed the same ap­
proach but with a spectrometer on 
board the space probe International 
Ultraviolet Explorer. We calculated 
that the material is moving at a some­
what higher speed of 26 kilometers per 
second in relation to the sun. The dif­
ference between these two results 
serves as a roughly indicative measure 
of the uncertainty of the true value of 
the bulk speed. 

Investigators have deduced the di­
rection in which the cloud is moving 
with respect to the sun by observing, 
from different locations on the earth's 
orbit around the sun, where the ultra­
violet light is brightest and where it is 
faintest. Only one flow direction can 
account for the observed patterns: the 
material is drifting toward the direc­
tion corresponding to the astronom­
ical coordinates right ascension 72 
degrees, declination + 15 degrees. In 
terms of astronomical landmarks, as 
we have mentioned, the cloud appears 
to be coming from the direction of the 
constellation Centaurus and drifting 
toward the direction of the constella­
tion Cassiopeia. 

An increasing amount of evidence 
.f\. suggests that there is significance 
to the direction in which the material is 
moving. Astronomers have long stud­
ied an expanding bubble of gas, com­
monly referred to as the North Polar 
Spur, which vaults a large area of the 
sky encompassing the constellations 
Ophiuchus, Scorpius and Centaur us. 
The constellations are about 500 light­
years from the earth, roughly in the di­
rection of the galactic center. A variety 
of observations indicate that the bub­
ble is in fact expanding from a point 
close to the center of the Scorpius­
Centaurus association of stars. The 
bubble is believed to have originated 
in an energetic event that took place 
some one to 10 million years ago in the 
Scorpius-Centaurus association. Ei­
ther massive winds from hot stars or 
the sudden explosion of one or more 
supernovas would have been sufficient 
to produce the observed effects. In this 
context it is quite natural to suggest 
that the observed bulk-flow direction 
of the interstellar gas surrounding the 
solar system is an effect of the Scorpi­
us-Centaur us event; the material may 
actually be part of the shell of inter­
stellar matter swept along by an ex-

panding shock front emanating from 
this region. 

Other parameters of the local inter­
stellar medium that have been de­
duced are its temperature and density. 
The temperature is about 15,000 de­
grees Kelvin. To measure it, absorp­
tion cells filled with hydrogen or heli­
um gas were mounted in front of de­
tectors that are respectively sensitive 
to the hydrogen 1,216-angstrom light 
and the helium 584-angstrom light. 
The cells act as filters that remove a 
precisely defined segment of the in­
coming radiation and hence provide 
detailed information about the emis­
sion. In 1977 a team of French and 
Russian workers led by Bertaux and 
V. O. Kurt of the Institute of Cosmic 
Investigation in Moscow flew a hy­
drogen-absorption cell on a Soviet 
spacecraft and obtained measure­
ments of the temperature of the in­
flowing hydrogen. 

The analogous approach for helium 
presents special difficulties because 
the only materials transparent to he­
lium 584-angstrom radiation (and 
hence suitable as windows for the ab­
sorption cells) are thin metallic foils 
only a few hundred angstroms thick­
less than a thousandth of the thickness 
of a human hair. Yet the foils must 
withstand a substantial pressure dif­
ferential that is typically about a torr 
(a thousandth of the atmospheric pres­
sure near the surface of the earth) on 
one side and a vacuum on the other 
side. In the early 1970's we successful­
ly designed a number of helium-ab­
sorption cells with Jay Freeman, who 
was then a graduate student at Berke­
ley, and flew the cells on a rocket in 
1974 and on the Apollo Soyuz test flight 
in 1975. In 1983 the Bertaux and Kurt 
group published an elegant analysis of 
an extensive data set obtained with he­
lium-absorption cells flown on two So­
viet spacecraft. 

The densities of neutral hydrogen 
and helium at great distances from 

the sun can be determined by measur­
ing the absolute intensity of the hydro­
gen 1,216-angstrom radiation and the 
helium 584-angstrom radiation. Ex­
ploiting such techniques, the density of 
hydrogen is found to be about .06 
atom per cubic centimeter and the 
density of helium is close to .014 atom 
per cubic centimeter. 

Consequently the ratio of hydrogen 
to helium contained within the helio­
sphere is about five, compared with 
the cosmic, or average, ratio in the uni­
verse, which is 10. Astronomers were 
initially puzzled by the discrepancy 
between the two ratios. To account for 
the difference, Fahr and H. W. Ripken 
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of the University of Bonn have sug­
gested that only about half of the origi­
nal interstellar hydrogen atoms sur­
vive the journey through the turbulent 
heliospheric interface region. With 
this correction the actual undisturbed 
interstellar hydrogen density is about 
.12 atom per cubic centimeter, which 
brings the ratio of hydrogen to helium 
to the standard cosmic ratio of 10 and 
provides an answer to the puzzle. 

I t is intriguing to speculate what 
would happen if the sun were to 

pass through a much denser region 
of the interstellar medium. After all, 
clouds with hydrogen densities of 10 
to 1,000 atoms per cubic centimeter 
are found quite commonly throughout 
intergalactic space. A reasonable esti­
mate is that in its lifetime the sun has 
encountered at least 100 clouds with 
densities greater than 100 atoms per 
cubic centimeter and at least 10 clouds 
with densities greater than 1,000 at­
oms per cubic centimeter. 
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During an encounter with a dense 
cloud the pressure of the interstellar 
medium would increase, pushing the 
solar-wind shock front closer to the 
sun and compressing the heliosphere. 
As long as the shock front lies well 
outside the earth's orbit, the solar wind 
shields the earth from any direct in­
volvement with the interstellar envi­
ronment. At some critical density (in 
some models as low as 150 atoms per 
cubic centimeter), however, the shock 
front would be driven within the or­
bit of the earth. At this point the earth 
would spend much of its time in the 
harsh environment of the interstellar 
cloud. Most hydrogen in dense inter­
stellar clouds is molecular rather than 
atomic in form. During the 100,000-
year traversal time of a typical dense 
interstellar cloud the atmosphere of 
the earth would accrete an amount of 
molecular hydrogen equal to 2,000 
times the present amount. 

What would the earth do with a 
large excess of molecular hydrogen? A 

substantial amount of work has been 
devoted to this question, and the sit­
uation is quite complex. The current 
thought is that the hydrogen would re­
act with radicals in the upper atmos­
phere to produce a downward flux of 
water vapor. The water vapor would 
condense into clouds. It seems likely 
that the clouds would reflect a large 
amount of solar radiation back into 
space. This in turn would depress the 
average surface temperature of the 
earth by several degrees. Although the 
change may seem negligible, if it were 
sustained for several thousand years it 
could trigger an ice age. Even though 
this hypothesis may be extreme, a sub­
stantial climatic effect due to an en­
counter with a dense molecular cloud 
seems quite plausible. Future genera­
tions will almost certainly have an op­
portunity to test this hypothesis by di­
rect observation when the solar system 
encounters a dense interstellar cloud 
sometime in the next few hundreds of 
thousands of years. 
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> 
� 

> 

EFFECT OF TEMPERATURE on the distribution of interstellar 
neutral atoms around the sun is illustrated for helium. At tempera­
tures near zero degrees Kelvin (-273 degrees Celsius) the typical 
thermal speeds are negligible with respect to the speed of the cloud, 
and each particle approaches the sun from the same direction and at 

the same speed (top). This results in an acute clustering of trajec­
tories in the wake. At temperatures of several thousand K. the ther­
mal speeds are comparable to the bulk speed and the flow axis is 
not as well defined (bottom). Consequently there is a blurring of the 
wake. Here the effect has been exaggerated for the sake of clarity. 
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Brachiopods 
There are two classes of these clam like creatures. One surVives 
by searching out environments suited to an unchanging form, the 
other by adapting its form or behavior to the local environment 

P
aleontologists examining sedi­
mentary formations dating from 
the Paleozoic era (from 600 to 

220 million years ago) often find pairs 
of fossilized valves, or shells, that su­
perficially look like the remains of bi­
valve mollusks (such as clams, mussels 
or scallops). Closer inspection reveals 
that, unlike mollusks, these fossilized 
creatures have valves of unequal size 
and a very different arrangement of in­
ternal organs. They are, in fact, mem­
bers of an altogether different phylum: 
Brachiopoda. In prehistoric times bra­
chiopods were one of the most abun­
dant and diverse forms of life on the 
earth: more than 30,000 species have 
been catalogued from fossil records. 

Today brachiopods are no longer 
numerous, and existing species are not 
well studied, partly because most of 
them are found in water of consider­
able depth and partly because neither 
the animal's fleshy inner tissue nor its 
outer shell has any commercial value. 
Moreover, in contrast to the diversity 
of the extinct species, the surviving 
brachiopod lineages (some 300 known 
species) are singularly uniform in ap­
pearance. Many zoologists have inter­
preted the brachiopod's current lack 
of diversity as a sign that the animal is 
unable to compete successfully with 
other marine organisms in the evo­
lutionary struggle. According to this 
view, most of the brachiopods that 
have managed to survive to this day 
have done so primarily by clinging 
to underwater cliffs in shoreline habi­
tats, having been literally driven to the 
wall by members of other phyla (such 
as mollusks) that occupy the offshore 
sea-floor sediments. 

Yet if longevity is any measure of 
success, then brachiopods are the most 
successful organisms extant. The ge­
nus Lingula, for example, has an un­
broken fossil record extending over 
more than half a billion years to the 
present day. Not even the major envi­
ronmental disruption that claimed 90 
100 
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percent of all marine-animal species 
toward the end of the Paleozoic seems 
to have affected it. Recent studies in 
southern oceans also call for a revision 
of the conventional view that brachi­
opods are an evolutionarily stagnant 
group on the brink of extinction. Spe­
cies such as those in the genus Terebra­
lelia can occupy a wide range of habi­
tats. This capability can in large part 
be attributed to the special properties 
of their pedicle, a stalklike appendage 
characteristic of nearly all living bra­
chiopod species. The properties endow 
these species with life styles of con­
siderable flexibility. Species such as 
those in Terebralella have the poten­
tial to produce the varied faunas char­
acteristic of earlier periods. Indeed, 
during the next few million years the 
world may well witness a growth rath­
er than a decline in the number of bra­
chiopod species. 

I n spite of the differences in form 
among species, all members of the 

phylum Brachiopoda share a basic 
physiology that allows them to live in 
ocean waters of varying depths, cur­
rent strengths and temperatures. Simi­
lar forms are found in soft oozes at 
depths of 4,000 meters (13,000 feet) as 
well as on intertidal rock faces. Such 
a wide distribution in habitat is possi­
ble because the organs of respiration, 
feeding, digestion, excretion and re­
production-all held within the bra­
chiopod's two valves-can function in 
almost any marine environment. 

Brachiopods are suspension feeders, 
meaning that they ingest minute food 
particles (either small organisms or 
particulate organic matter) suspended 
in the surrounding water. Although 
this entails processing relatively large 
quantities of water, the total amount 
of food needed for survival by individ­
ual brachiopods is small, since their 
metabolic rate is so low. In fact, they 
can survive more than two years in 
seawater from which all suspended 

particles have been removed. (They do 
not breed under such adverse condi­
tions, however.) 

Many of the processes necessary for 
life take place in one multipurpose or­
gan, the lophophore, which is separat­
ed by a membrane (the mantle) from 
the brachiopod's body cavity, where 
the internal organs are. The lopho­
phore handles feeding, respiratory and 
excretory functions; it also doubles as 
a brood pouch and probably as a fat­
storage organ. 

Ciliated tentacles fringing the two 
arms of the lophophore circulate wa­
ter within the space it occupies, called 
the mantle cavity. The flow of water 
facilitates respiration and directs small 
food particles to the mouth near the 
base of the lophophore. The food thus 
collected is consolidated into a mass 
that rotates constantly in the short, 
simple gut. The absence of any detect­
able fecal material suggests a highly 
efficient digestive process. 

In addition to the gut, the other 
prominent organs in the brachiopod's 
body cavity are a tiny heart and a pair 
of gonoducts, through which sperm or 
eggs are excreted into the mantle cav­
ity. The green gut and the dark red, 
frilled openings of the gonod ucts are 
held in place by translucent mem­
branes in the fluid-filled body cavity, 
which is traversed by slender silver­
pink muscles. The color and arrange­
ment of these internal organs, together 
with the coiled and delicately fila­
men ted lophophore, prod uce an inte­
rior of singular beauty, which is nor­
mally hidden from view by the two 
enclosing valves. 

Partly because the soft tissues of 
brachiopods are inacessible to poten­
tial predators (except perhaps starfish) 
when the valves are closed and the 
pedicle is retracted, the creatures are 
rarely disturbed by marine animals. 
Another reason they are not sought as 
food may be that the little flesh they 
do have has a particularly unpleasant 
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BRACHIOPODS were thought to be primarily inhabitants of sub­

tidal rocky cliffs, as exemplified by such species as Liothyrella uva 

(top), here shown at a depth of five meters (16 feet) on a rock sur­

face off the coast of Signy Island in the South Orkneys near Ant­

arctica. Closer studies in southern oceans, however, have revealed 

that they can inhabit a wide variety of environments. Neothyris len-

ticula ris (boltom), for example, can live among the shell fragments 

on the muddy sea floor 40 meters (130 feet) under the waters of 

Paterson Inlet on Stewart Island, New Zealand. A common physiol­

ogy coupled with adaptations of the pedicle, the stalklike organ of 

attachment, enables these creatures to live on different substrates 

in waters of various depths, temperatures and current strengths. 
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VENTRAL VALVE 

SETAE 

GENERALIZED ANATOMY of a brachiopod is shown in this cross section cut along its 

plane of symmetry. The most prominent organ, the lophophore, lies in the mantle cavity and 
is separated from the body cavity, which encloses the other organs. Movements of the loph­

ophore's ciliated tentacles generate water currents inside the two valves, or shells. These 

internal currents sweep food particles suspended in the water toward the mouth while di­
recting waste products out of the mantle cavity. The lophophore also serves as the brachio­

pod's organ of respiration, as a brood pouch for larvae and probably as a fat-storage organ. 

a 
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TWO CLASSES in the phylum Brachiopo­

da are distinguished by the presence or ab­

sence on the valves of a set of interlocking 

teeth and sockets that act as a hinge. Bra­

chiopods with hinges are placed in the class 

Articulata; brachiopods without a hinge are 

placed in the class Inarticulata. The larvae 

of inarticulate brachiopods, such as those 

in the genus Lingula (a), develop tentacles 

for locomotion and internal organs (visible 
through its transparent valves) for feeding 

and digestion. They lead a free-swimming 

life for prolonged periods while searching 

for the particular substrate to which their 

adult form (b) is adapted. The larvae of ar­

ticulate brachiopods, such as those of the 

genus Terebratella (c), are released by the 

mother before feeding organs have devel­

oped, and their free-swimming life is brief. 

They metamorphose into the adult form 

(d) bonded to whatever substrate they hap­

pen to settle on soon after their release. 

taste. (It seems to be as unpalatable to 
fish as it is to my colleagues and me: 
in both field and laboratory situations 
fresh brachiopod tissue is rejected by 
fish, even in the absence of alterna­
tive foods.) 

Reproduction is sexual among bra­
chiopods, the sperm being released by 
the male of the species into the sea­
water and carried to the female in 
the feeding currents. The larvae are 
brooded in the lophophore before they 
are also released into the surrounding 
water. (As far as we know, brachio­
pods do not exhibit any social behav­
ior. Nevertheless, since any tendency 
to disperse would limit the transmis­
sion of sperm to female members of 
the population, brachiopods tend to 
cluster in "communities.") 

Although brachiopods are funda­
£\. mentally similar in anatomy and 
physiology, two classes can be distin­
guished within the phylum: Articulata 
and Inarticulata. As the names imply, 
the Articulata included species (such 
as those in the genus Terebratella) 
whose valves are hinged together by a 
set of interlocking teeth and sockets. 
Members of the class Inarticulata 
(such as species in the genus Lingula) 
lack such a hinge arrangement; their 
valves are held in place by muscles. 
There are other characteristic differ­
ences as well, primarily in larval be­
havior and in the nature of the pedicle. 

An inarticulate larva is able to feed 
and maintain itself for periods of six 
weeks or longer while it searches for a 
suitable substrate on which to settle. 
Once it has found a substrate, the de­
veloping pedicle uncoils and emerg­
es from between the larval valves to 
bond with the underlying surface. The 
larval life of an articulate brachiopod 
is brief, on the other hand, and settle­
ment (marked by the bonding of the 
incipient pedicle of the larva to the 
substrate) precedes metamorphosis 
and the development of feeding, diges­
tive and other maintenance systems. In 
both cases the attachment of the pedi­
cle to a substrate is necessary for the 
brachiopod to develop into an adult 
form; if no bond is established, the 
brachiopod dies while it is still in the 
larval stage. 

The pedicles of articulates vary in 
both form and composition. In con­
trast, only two pedicle forms are 
known for inarticulate brachiopods: 
a short form, characteristic of species 
that live on hard substrates (the Acro­
tretids), and a long form, characteristic 
of those species that live on unconsoli­
dated sediments (the Lingulids). 

The reason for the limited pedicle 
forms of the inarticulates can be found 
in the way the organ develops in the 

© 1986 SCIENTIFIC AMERICAN, INC



2 3 4 

LIFE CYCLE of an articulate brachiopod begins when it is released 

as a trilobate (three-lobed), free-swimming larva (1) from the moth­

er's lophophore. The larva soon settles on or near members of the 

parental population (2). Settlement is accompanied by the bonding 
of the incipient pedicle (which develops from the hind lobe of the 

larva) to a substrate. The setae, or bristles, protruding from the 

larva's underside may aid in this process. Metamorphosis follows 

bonding, the internal organs and lophophore developing from one 

lobe and the mantle and valves from another (3). In the adult form 

(4) the pedicle and its substrate function jointly as one appendage. 

larva. The inarticulate larva consists 
of two lobes, one developing into the 
adult body and pedicle and the other 
developing into the valves. The pedicle 
develops from a pouchlike outgrowth 
of the body while the inarticulate is 
still in the free-swimming larval stage. 
In contrast, the articulate larva has 
three lobes. One of them turns into the 
pedicle on settlement, before the oth­
er two can differentiate to become 
valves, mantle and internal organs. 
Hence the pedicle and its muscles de­
velop in an articulate brachiopod as a 
distinct unit separate from the body. 

O riginally it had been thought that 
the pedicle was solely an organ 

for attachment, much like the stem 
and roots of plants. This misconcep­
tion arose from the fact that studies of 
living brachiopods in their natural en­
vironments were made on rocks and 
reefs close to the shore. In such habi­
tats brachiopods do seem to exhibit a 
sedentary life style. They were there­
fore generally regarded as being in­
shore animals, permanently attached 
to rocky cliffs or outcrops. Those spec­
imens found loose on the sea floor 
were thought to have been cut loose by 
misadventure from the rocks on which 
they had first settled. It was not un­
til marine biologists began to study 
bottom-dwelling faunas in southern 
oceans more closely that the pedicle's 
main purpose became clear: it enables 
the brachiopod to adjust its position in 
relation to its surroundings, even on 
the sea floor. 

Unlike more familiar organs of mo­
tion such as feet, wings or fins, the ped­
icle is not a free appendage. From the 
time of bonding (in the larval stage) 
onward, the pedicle and the substrate 
function as one system, regardless of 
the substrate's size. The brachiopod's 
motile system therefore consists of the 
pedicle itself, a cl uster of muscles at­
taching one end of the pedicle to the 
inner surfaces of the valves, and a sub-

strate bonded to the other end of the 
pedicle. 

Pressure on the valve surfaces (such 
as that from accumulated sediment) 
stimulates contraction of the pedicle 
muscles, which in turn cause move­
ment either of the brachiopod itself or 
of the pedicle and substrate, depend­
ing on the relative masses of the ani­
mal and the substrate. For individuals 
bonded to large substrates, the pedicle 
functions as a pivot and the shell ro­
tates about it; in the case of brachio­
pods bonded to small masses, contrac­
tions of the pedicle muscles instead 
move the pedicle and along with it the 
substrate. If the masses of the brachio­
pod and the substrate are about equal, 
then either or both can move depend­
ing on the immediate conditions, in 
particular whether more sediment lies 
on one body than on the other. Re­
gardless of which mass moves, the re­
sult is the same: sediment is shed from 
the shell surface. 

Although there is no difference in 
the way the pedicle system operates in 
cliff-hanging and in bottom-dwelling 
brachiopods, the way the muscle con­
tractions are manifested and the am­
plitude of motion may differ. In cliff­
hangers, where the substrate is typical­
ly a firm rock surface, the muscular 
activity causes the brachiopod to ro­
tate from side to side. On the other 
hand, bottom dwellers, which are gen­
erally attached to bits of gravel or 
small shell fragments, twist the pedi­
cle-substrate system one way to cause 
a slight twisting motion of the brachio­
pod in the opposite direction. These 
twisting movements may be weak and 
may seem undirected, but they are 
as effective in preventing the buildup 
of sediment on the brachiopod as the 
stronger rotatory movements of bra­
chiopods fixed to large masses. 

I n all probability the only reason for 
these peculiar movements is that 

they keep the brachiopod from being 

buried and so maintain its access to 
water in whatever environment it has 
the capacity to occupy. Because they 
are suspension-feeding organisms, ac­
cess to nonturbid water is vitally im­
portant to brachiopods. Observations 
of many living species confirm that the 
movements that shed sediment auto­
matically result in a favorable feeding 
position at the interface between the 
water and the substrate. 

In this context species that can main­
tain a stable feeding position on sub­
strates of any type are called general­
ists. Their patterns of behavior may 
vary as much during the life history of 
one individual as they do among dif­
ferent members of a population. Uther 
species are labeled specialists because 
they stick to a uniform behavior that is 
appropriate for achieving feeding sta­
bility only on a limited range of sub­
strates. Specialists can be identified 
anatomically by various adaptations 
of the valves, pedicle and muscles that 
make movement on a particular sub­
strate more efficient but would be in­
compatible with life on any other type 
of substrate. 

For example, some articulate bra­
chiopods have valves that are weight­
ed at the base like self-righting toys. 
This differential thickening gives the 
valves a constant orientation in soft 
sediments and so facilitates the ani­
mal's movement on such substrates. 
The added weight, however, would re­
strict free movement on large, solid 
substrates. By the same token, the ped­
icles of other specialist species have 
tended to merge over the course of 
time with the pedicle muscles into one 
strongly contractile unit that has an ex­
tensive attachment area. Such a design 
makes movement impossible without 
a large, hard surface for leverage. Indi­
viduals of such species would die be­
fore reaching adulthood if they settled 
on unconsolidated substrates. Gener­
alist species, on the other hand, tend to 
display less variability in valve shape 
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and pedicle structure. Their more lim­
ited morphology nonetheless endows 
generalists with the capacity to occupy 
a wide range of environments. 

As one looks over the brachiopod 
I\. fossil record it becomes apparent 
that most brachiopod lineages have 
followed a trend toward increased spe­
cialization, a trend that culminates in 
loss of the pedicle. In the absence of a 
pedicle system the adult organism is 
immobile, and adjustments of its posi­
tion in relation to its surroundings is 
no longer possible. Stability in such a 
case is achieved by specialized valve 
shapes and by outgrowths from the 
valve surfaces. 

G. Arthur Cooper and Richard E. 
Grant of the U. S. National Museum 
have documented the diversity of bra­
chiopods from earlier eras. The abun­
dant faunas they uncovered from the 
Glass Mountains of western Texas in­
clude numerous articulate forms that 
lack a pedicle and are therefore highly 
specialized. Buttressing spines and a 
cementing secretion are two of the ad­
aptations that endowed some of the 
extinct nonpediculate species with the 
capacity to fix themselves firmly onto 
hard substrates. Other extinct species 
relied on the weight and flanged shape 
of their valves as well as on anchoring 
spines to ensure their stability on soft 
substrates. 

Today, however, all articulate bra­
chiopods (with a few rare exceptions) 
have pedicles. What happened to the 
many nonpediculate articulate species 
of the pasP The answer reveals the 
conseq uence of specialization: vulner­
ability to environmental change. The 
specialization that gradually evolves 
in response to prolonged colonization 

PEDICLE MUSCLES (dark color) can be 

found among other muscles (which open and 

close the valves) in the posterior section of 

the brachiopod (top). The pairwise contrac­

tion (light color) of the pedicle muscles 

(shown here in rear-view cross sections) can 

produce an up or down motion of either the 

pedicle and substrate (0, b) or of the bra­

chiopod's valves (c, d), depending on the 

size of the substrate. If the pedicle is bond­

ed to a small substrate, contraction of one 

of the lower pair of pedicle muscles twists 

the entire pedicle-substrate system, result­

ing in a weak counterrotating motion of 

the valves (e, f). If the pedicle is attached 

to a large substrate, by contracting the 

same muscles a brachiopod can rotate itself 

strongly (g, h). Regardless of whether the 

brachiopod or the substrate undergoes the 

stronger motion, such twisting action is ef­

fective in shaking off sediment that might 

bury the animal. By virtue of these simple 

movements a brachiopod automatically oc­

cupies a favorable feeding position at the in­

terface between the water and the substrate. 
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of a particular substrate depends criti­
cally on that substrate. Hence during 
periods of environmental instability, 
when the particular substrate to which 
a specialist species has adapted is 
no longer available, the species quick­
ly dies out. Generalist species have a 
greater capacity for riding out envi­
ronmental change, since they are not 
dependent on a particular substrate. 
The rate of extinction of specialist spe­
cies is related to both the magnitude of 
environmental change and the degree 
of specialization. 

Environmental disruptions need not 
be global in extent, like the one at the 
end of the Paleozoic, to cause the ex­
tinction of specialized species. Study 
of local geographic regions shows that 
extinctions are not uncommon and 
that small-scale shifts in geology may 
be quite devastating. Finn Surlyk of 
the Geological Survey of Greenland 
and Marianne Bagge Johansen of the 
Institute of Historical Geology and 
Paleontology in Copenhagen have me­
ticulously documented such a local 
mass extinction in the late Cretaceous. 
They show that many brachiopod spe­
cies adapted for chalky substrates 
found in Danish waters became ex­
tinct following a change in sedimenta­
tion recorded stratigraphically as a 
layer of clay overlying the chalk. Of 
the 35 brachiopod species found in the 
chalk deposits, only six could be found 
in the clay-all of them generalists. 

A lthough periodic extinctions of ar­
I\. ticulate brachiopods can be ex­
plained by the vulnerability of special­
ized species, a look at the history of 
inarticulate species would appear to 
contradict this explanation. Living in­
articulate brachiopods are specialized; 
as I mentioned above, they are adapt­
ed either for hard surfaces or for soft 
muds, but not for both. (In fact, the 
acrocretid genus Crania is character­
ized by the very acme of specializa­
tion: the absence of a pedicle.) Yet 
they display remarkable longevity and 
continuity in the fossil record. Where­
as the articulate species have fluctuat­
ed between periods of specialization 
(resulting in the formation of new spe­
cies) and extinction, the inarticulate 
species have preserved the same spe­
cialized forms, and presumably the 
same life styles, since pre-Paleozoic 
times. The surviving lineages of both 
articulates and inarticulates must have 
achieved invulnerability to environ­
mental change, but, as their strikingly 
different evolutionary histories attest, 
that invulnerability has apparently 
been achieved by completely different 
methods in the two classes. 

The inarticulates, although they are 
specialists, have survived for eons be-

cause their larvae are self-supporting 
and are therefore not limited to set­
tling in the vicinity of the parental 
population. If the local environment 
becomes inhospitable, the inarticulate 
larvae can move on to other areas in 
search of the substrate for which their 
specialized adult forms are adapted. 

Among articulates, as I have indicat­
ed, it is the generalists that survive: 
species that can live equally well on 
any type of substrate. Unlike the lar­
vae of inarticulate species, articulate 
larvae settle at random directly on 
or near parental populations and must 
depend on their adaptability to carry 
them through periods of environmen­
tal change. The continuance of artic­
ulate brachiopods therefore depends 
critically on the maintenance of 
enough generalist species. This is en­
sured if varied substrates are present 
within the larval dispersal range (as is 
the case in coastal areas), so that long­
term colonization of a uniform sub­
strate does not occur and the ensuing 
specialization is prevented. 

Given this view of the factors that 
govern the continuance of bra­

chiopod species, it seems unlikely that 
the phylum is close to being extin­
guished. A study of Antarctic and sub­
antarctic seas led by Merrill W. Foster 
of Bradley University showed that 
articulate brachiopods are common, 
sometimes even dominant, members 
of marine communities there. They 
are also prominent among the marine 
faunas of South America, Australia 
and New Zealand. 

Some of the brachiopods in those 
waters are generalists; others have 
pedicles modified to some degree for 

ADAPTABILITY of certain articulate spe­

cies is illustrated by the changes in behavior 

that one such individual (color) exhibits in 

the course of a lifetime (top to bottom). Al­

though the young brachiopod begins life as 

a sedentary cliff-hanger, when its substrate 

(in this case a member of the parental popu­

lation) breaks off the cliff wall and falls, it 

can readily adapt to the different life style 

required of a bottom dweller. During the 

rest of its life the creature is subject to 
changes in position resulting from changes 

in its own size (through growth) and that of 

its substrate (through disintegration). As 

the relative sizes of the brachiopod and sub­

strate vary, the developing brachiopod must 

modify its behavior: first it rotates itself to 

shake off sediment, but later it must twist 

the substrate to accomplish the same thing. 

When the brachiopod and the bonded sub­

strate are approximately equal in mass, 

then either can move, depending on whether 

sediment has accumulated more on one than 

on the other. The lengths of the arrows indi­

cate the relative magnitudes of the move­

ments of the brachiopod and the substrate. 
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life on either soft or hard substrates. 
Given sufficient long-term stability of 
the local area they occupy, species 
more highly adapted for particular 
regimes should evolve. Trends toward 
the loss of the pedicle in muddy sedi­
ments and toward its modification as a 
free appendage in carbonate sands are 
already evident in two lineages. Nev-

ertheless, most southern brachiopods 
are little modified for specific regimes. 
Most of them have characteristics 
of generalists or of nascent specialists, 
which are in the process of colonizing 
new habitats. They do not appear to 
have the characteristics of a biologi­
cally monotonous group that is head­
ing toward extinction. 

.6CM Terebratella sanguinea 

� 
1CM Neothyris lenticularis 

.1 CM Magadina sp. A .2CM Magadina cumingi 

GENERALIST AND SPECIALIST articulate species are distinguished by anatomical fea­
tures such as the shape of the valves and the structure of the pedicle system (color). Gener­

alist species such as Terebratella sallguinea can live either as cliff-hangers or bottom dwell­

ers. In either situation the motion generated by the pedicle system allows members of the 

species to shed sediment, regardless of orientation. In specialist species the pedicle system 

and valves have adapted to suit particular substrates. In Notosaria lIigricalls, for example, 

the pedicle muscles have fused with the pedicle to form one stout contractile unit with· a 

large attachment area_ Such an adaptation allows N. nigricans to live on large rock sur­

faces, but the pedicle is ineffective on small, unstable surfaces. The pedicle of Neothyris 

lellticl/laris, in contrast to that of Notosaria nigricalls, has atrophied over millenniums, 

making it useless for attachment to a large substrate. Yet the size, shape and thickness of 

the lower valve alone enable the species to maintain a stable feeding position in muddy 

sediments. Two other specialist species, Magadilla sp. A and M. Cl/lIlillgi, have also evolved 

peculiar valve shapes and pedicles that enable them to successfully colonize sea floors com­

posed of carbonate sands. These two species are unique in that their pedicle pushes them in 

a ratchetlike manner through overlying sediment. The larvae of these species bond to grains 

of sand or small shell fragments, but processes that later develop at the pedicle's tip free the 

adult from the bonded substrate. In periods of environmental change generalist species are 

more likely to survive than specialists: they are not limited to a particular substrate type. 
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Leonardo's Contributions 

to Theoretical Mechanics 

A close look at his visual mode of thinking, particularly 

in his studies of the crossbow, reveals that his ideas had 

a bearing on the evolution of four aspects of mechanics 

by Vernard Foley and Werner Soedel 

I
t has been argued by some histori­

ans of the Renaissance that even 
though Leonardo da Vinci was 

talented in many fields, he did not real­
ly make worthwhile contributions to 
such exact sciences as theoretical me­
chanics. We contend that if one con­
siders recently discovered Leonardo 
manuscripts and pays close attention 
to his visual mode of thinking, one can 
see that his contributions were often 
substantial. It appears that his work on 
weaponry, particularly the crossbow, 
was important in leading his thoughts 
to these matters. The areas that inter­
ested him, to give them their modern 
names, were the principle of velocity 
additions, the law of the composition 
of forces, the concept of the neutral 
plane and the role played by the center 
of gravity in a moving body. 

Part of the controversy over wheth­
er Leonardo worked effectively in the 
exact sciences stems from the history 
of his notebooks. After his death they 
passed into the hands of private collec­
tors, and for a long time access to them 
was limited. Systematic publication of 
the notebooks began only at the end of 
the 19th century. Then for a while Le­
onardo was seen as the man who had 
discovered almost everything, centu­
ries before its time. 

The fascination with Leonardo also 
had the effect of focusing interest on 
his predecessors and contemporaries, 
however. Soon it was discovered that 
Leonardo took a great deal from these 
sources, sometimes even copying their 
illustrations closely. This finding gave 
rise to the contention that Leonar­
do had done nothing original worth 
mentioning. 

The pendulum began to swing the 
other way with the discovery in Ma­
drid some 20 years ago of two new 
Leonardo manuscripts, known as the 
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Madrid Codices. Their chief initial 
student, Ladislao Reti of the Universi­
ty of California at Los Angeles, work­
ing with able assistance from the en­
gineer-historian Bern Dibner, pointed 
out that the manuscripts went far to­
ward restoring Leonardo's reputation 
as an investigator of natural princi­
ples. In order to carry the task further 
it is important to remember that Leo­
nardo was educated as an apprentice 
in painting and sculpture and so was 
chiefly a man of eye and hand. We be­
lieve significant additions to the ap­
preciation of him as scientist and en­
gineering theorist can be achieved by 
putting less emphasis on his words and 
mathematics and instead giving de­
tailed attention to his sketches. 

W
e begin with an instance that 
shows Leonardo struggling with 

weapon-design problems, never fully 
resolved, that took him into the areas 
of velocity additions and the composi­
tion of forces. Even though gunpow­
der weapons were evolving rapidly 
during his lifetime, archers and pike­
men were still prominent in the field. 
Accordingly he devoted much thought 
to such older weapons as the cross­
bow. It often happens that a technolo­
gy reaches its prime only after it comes 
under pressure from its successor. The 
process can produce fundamental sci­
entific insights. 

Earlier empirical work on cross­
bows had brought them to a pitch 
of efficiency even before Leonardo's 
time. For example, the short bolt (the 
crossbow's arrow) had achieved about 
twice the aerodynamic efficiency of 
traditional hand bow arrows. A begin­
ning had also been made in the quest 
for underlying principles, as one can 
see from a sketch by an anonymous 
artist in what is generally called the 

Hussite Wars manuscript. It shows an 
attempt to model the crossbow on the 
form of the circle. The tiller, or stock, 
of the bow forms a diameter. The nut, 
or string-release mechanism, falls at 
the center. The bow sweeps out a third 
of the circumference. When the string 
is at rest after a shot, it bisects a radius. 

In a sense this picture represents a 
form of early engineering theory that 
is worse than having no theory at all. It 
attempts to subordinate the require­
ments of functional design to an ideal 
geometric form. Yet not all the results 
of this philosophy were bad. Even here 
there is some glimmering of utility, be­
cause a bow will last longer if its cur­
vature is fairly uniform. If that is im­
possible, the radii of curvature should 
blend into one another smoothly. 
Modeling the bow on a circle gets at 
least the essence of this idea. 

In attempting to move beyond the. 
traditional design, Leonardo investi­
gated such ideas as making the ar­
row shaft fixed and launching only 
the head. Here he seems to have un­
derstood that the reduction of mass 
in a missile helps to achieve a high 
exit velocity. 

Some of his designs called for multi­
ple bows, working simultaneously in 
some cases and sequentially in others. 
In sequential operation a heavy bow 
would actuate a smaller and lighter 
one, which would actuate a still small­
er one and so on. The last in the series 
would launch the bolt. Leonardo ex­
plicitly thought of this process in terms 
of additive velocities. He says, for ex­
ample, that to launch a bolt for maxi­
mum range one should shoot forward 
from a galloping horse and thrust the 
weapon forward at the moment of 
loosing the bolt. Actually the com­
bined effect would not greatly increase 
the velocity of the bolt. Nevertheless, 
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Leonardo's thoughts represent one of 
the beginnings of the debate over 
whether one can add velocities indefi­
nitely. Later theorists tended to as­
sume that the process had no limit, un­
til Einstein proposed that the speed of 
light was an absolute upper bound. At 
lower speeds the additive principle still 
holds true. 

T
he law of the composition of for­
ces, also referred to as the no­

tion of the force polygon, was fully es­
tablished only after Leonardo's time. 
It concerns the branch of mechanics 
that asks what happens when two or 
more forces interact at different an­
gles. In dealing with such problems to­
day one draws rectangles, parallelo­
grams or polygons and solves for the 
resultants (the diagonals). Leonardo 
may have had earlier ventures into this 
matter in the back of his mind when he 
analyzed crossbows in order to solve a 
particular design problem. It arises in 
a process called tillering, which bow-

makers employ in preparing the weap­
on for use. 

In making a crossbow it is critical to 
achieve equal strength in each limb. 
Ineq ualities in strength can wrench the 
bolt sideways out of its launching 
groove, ruining the accuracy of the 
shot. Tillering provides the means of 
checking the strength of the limbs. 
(Today tillering is done with all bows, 
but from its name it would seem to 
have originated with crossbows.) The 
weapon is mounted on a wall with the 
string horizontal and the arc of the 
bow facing upward. Weights of vary­
ing size are hung from the center of the 
string. Each weight holds the bow in 
a fixed degree of flexure so that the 
strength of the two limbs can be com­
pared. An easy means of checking is 
to note whether the center point of 
the string descends in a vertical line as 
weight is added. 

Leonardo's familiarity with the til­
lering process may have prompted 
him to make diagrams (found in Co-

dex Madrid I) that plot the displace­
ment of the bow, with special empha­
sis on the center point of the string, 
against the amount of weight applied. 
He realized that the amount of force 
needed to draw a bow is low at the out­
set and increases steadily as the limbs 
of the bow move. (This anticipates the 
spring law, formulated much later by 
Robert Hooke: Force is proportional 
to displacement.) 

Leonardo's term for this relation 
was "pyramidal" because, like the 
sides of a pyramid, it began at a point 
and grew uniformly with displacement 
of the bow limb. In plotting string po­
sition v. draw weight, however, he not­
ed nonlinearities. One is that although 
force is related to limb displacement in 
a linear way, it is not so related to 
string displacement. Applying the con­
sequences of this relation, he seems to 
have worried that in some bows the 
string tended to move faster (for a giv­
en increment of applied weight) just 
after release than it did when it was ap-

GIANT STONEBOW was probably sketched by Leonardo in con­
nection with his studies of how to deal with the buildup of tension 
and compression in a bow. The apparatus was designed to hurl 
stones. As Leonardo drew it, the front and back of the bow's limbs 

differ in construction. In particular he shows the back of each limb 
made with separate blocks, which will touch one anoth�r only when 
the bow is at full draw. The first noticeable failure of an over­
strained bow is on the back side, resulting from compression forces. 
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proaching its normal straight position. 
This kind of nonlinearity may have 

been evident in poorly designed bows. 
Perhaps Leonardo's inference rests on 
erroneous deduction rather than on 
measurement, although he sometimes 
provides numbers. Nevertheless, the 
problem apparently led him deep into 
questions of crossbow design. Did the 
bolt, which accelerated rapidly at the 
beginning of the shot, actually outrace 
the lagging string and leave it before 
the bow had fully relaxed? 

Lacking a full understanding of in­
ertia, force and acceleration, Leonar­
do may not have made up his mind. 
Definitive statements on both sides 
can be found in his pages. His concern 
with the subject, however, led him to a 
further redesign of the crossbow. It in­
dicates that he was intuitively aware of 

what would now be called the princi­
ple of the composition of forces. 

I
n attempting to grasp and quantify 
the issue Leonardo flailed about, 

sometimes wide of the mark. Did a 
bow that was twice the weight of an­
other shoot twice as far? If the weight 
of all the bolts needed to reach end to 
end to the maximum range were deter­
mined, would it equal the bow's draw 
weight? Sometimes he saw deeply in­
deed, as when he asked whether the vi­
bration of the string after a shot repre­
sented a waste of the bow's energy. 

Eventually he made a clear and sim­
ple statement (found in Codex Madrid 
I) of the relation between bow force 
and string displacement: "The power 
of the mover of the string of the cross­
bow increases, as much as the angle 

THEORETICAL APPROACH to the design of a crossbow appeared in this late-medieval 
sketch by an anonymous artist in what is usually called the Hussite Wars manuscript. The 
bow is modeled as an ideal geometric form, the circle. Important parts of the mechanism 
are at key geometric positions. An example here is the string-release mechanism, which is 
at the center of the circle. Simple ratios also are evident, one of them being the fact that 
the bowstring bisects a radius. Such idealistic approaches to engineering design represent 
one of the starting points for Leonardo's more sophisticated investigations of the subject. 
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created at the center of the string de­
creases." That the remark is not re­
peated elsewhere may mean Leonardo 
stuck with it. Certainly he embodied 
the concept in a fundamental redesign 
of the bow that he returned to repeat­
edly: the pulley bow. 

Pulley (or compound) bows, in 
which the string passes around pulleys, 
are familiar to modern archers. They 
are characterized by a high launch ve­
locity and a substantial falloff in draw 
weight as the bow approaches full 
draw, and both characteristics are well 
understood. Leonardo did not reach 
this degree of understanding, but he 
did design crossbows whose strings are 
led around pulleys. His pulleys seem 
to have always been pivoted solidly on 
the tiller, rather than moving with the 
limb tips as the crucial pulleys do in 
the modern design. Hence his pulley 
bow would not display the multipli­
er effect of modern compound bows. 
In any case, he apparently intended 
to make a bow that would solve the 
string-angle problem, increasing the 
force of launch by decreasing the an­
gle at the center of the string. He also 
sought to make the bow avoid the 
waste of energy entailed in a prema­
ture launching of the bolt. 

In his basic design a highly flexible 
bow is mounted on a tiller. Some ver­
sions show the bow strained almost 
into a circle. The string runs straight 
inward from the bow tips, encounter­
ing a pair of pulleys mounted on top 
of the tiller next to the arrow groove. 
Passing around both pulleys, it loops 
back to the nut, where it meets the rear 
of the bolt. 

Leonardo seems never to have ex­
plained the reason for this design. It 
appears repeatedly in his drawings, 
however, together with another odd 
form of crossbow, again extremely 
curved, in which the string reaches 
straight back from the tips to the nut, 
forming a deep V shape. 

The most plausible explanation for 
both designs is that he wanted to min­
imize the central angle of the string 
in order to get better acceleration on 
launch. He probably also led the string 
around pulleys to keep the angle be­
tween the string and the limbs as close 
to 90 degrees for as long a time as pos­
sible. His intuitive appreciation of the 
law of force composition allowed him 
to propose such a radical redesign of a 
time-tested weapon on the basis of a 
quantified relation between the energy 
stored in a bow and the motion of the 
string. Clearly he had some idea of the 
mechanical efficiency of this arrange­
ment and sought to improve it. 

Leonardo's pulley bow may have 
been impractical, because the sudden 
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MULTIPLE BOWS represent Leonardo's interest in what would 
now be called velocity additions. The idea was to join as many as 
four bows, each bow launching the next until the last one launched 
the bolt or arrow. Leonardo's intuition told him correctly that an 
increase in the energy stored in the bow system would increase the 

energy and range of the projectile. He did not know the law of the 
conservation of energy, however, and so he was not fully aware of 
the losses of energy that would have been entailed in moving several 
bows and the projectile. It is doubtful that Leonardo's scheme was 
ever tried, or that it would have yielded much gain in performance. 

straightening of the string would have 
loaded it heavily. Only bows of sophis­
ticated composite construction could 
have withstood the extreme flexing he 
envisioned. 

C
omposite bows of a kind were in 

existence in his day, however, and 
they may have led him to his work 
on what is now known as the neu­
tral plane. The work entailed an even 
deeper insight into the behavior of 
matter under stress. 

In a typical composite bow of Leo­
nardo's time the back and belly (out­
er and inner) sides of the limbs were 
made of different materials, often sin­
ew on the side under tension and horn 
on the side under compression. Each 
material is stronger than wood for the 
particular force to which it is exposed. 
Between them was a thin layer of 
wood, by itself hardly enough to give 

the limb any stiffness. The limbs of 
such a bow can be bent through more 
than 180 degrees. Leonardo under­
stood something of how such a bow 
was made, and the design's use of dif­
ferent materials to absorb tension and 
compression may have brought him 
to a fundamental realization of how 
stresses build up in a structure. 

In a small and not very elegant two­
part drawing (found in Codex Madrid 
I) he shows a flat spring in two posi­
tions, straight and flexed. Across the 
edge of the straight spring he has 
drawn two parallel lines adjacent to 
the midpoint. They diverge on the out­
side of the curve as the spring is bent 
and converge on the inside. 

Leonardo's text states that when 
a spring is bent, the convex part be­
comes thinner and the concave part 
thicker. "This modification is pyrami­
dal, and consequently there will never 

be a change in the middle of the 
spring." In other words, the distance 
between the initially parallel lines will 
grow at the top as much as it diminish­
es at the bottom. The center part of the 
spring is thus like a kind of balance be­
tween the two sides. It is a zone where 
the stress is zero: the neutral plane. Le­
onardo also recognized that the strains 
of both tension and compression in­
crease in proportion to the distance 
from the neutral zone. 

By identifying the point where the 
stresses are zero the neutral plane pro­
vides a starting place from which one 
can measure the buildup of stresses. 
Without the twin ideas of the neutral 
zone and proportional buildup it is dif­
ficult if not impossible (except with a 
computer) to predict the stress buildup 
correctly and hence to design, for ex­
ample, a beam that will be safe from 
failure. A computer can divide ma-

1 1 1  
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FORCE RELATIONS caused Leonardo some puzzlement. Here he was examining the re­
lation between the increments of movement of the bowstring and the weight or force applied 
in cocking the bow. At times he recognized that the relation would not be simply propor­
tional. Because the string at full draw stored more energy than it did at other positions, he 
thought the arrow might leave the string before receiving all the energy stored in the string. 
He apparently realized that the central angle formed by the string was a key measure of the 
weapon's ability to transmit energy, and so he tried to maximize the angle by new designs. 

REDESIGN OF CROSSBOW by Leonardo is represented in two of his sketches. He ap­
parently never wrote down his reasons for inverting the bow and making the string angle so 
acute, in one case (right) with the aid of pulleys. Related texts suggest his objective was to 
develop a weapon that would transmit the bow's energy to the bowstring more efficiently. 
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chine or building parts into a number 
of small components and estimate the 
stresses in each one, but even so the 
neutral-zone idea is usually employed 
to keep the programs manageable. 
Here again, then, Leonardo was deal­
ing with one of the most basic concepts 
of engineering mechanics. (The Leo­
nardo scholar Carlo Zammatio has 
also noted the significance of these 
two small drawings. ) 

On this topic too a look at Leonar­
do's sketches helps to trace the genesis 
of the idea back to the crossbow. An 
example is his sketch of a giant stone­
bow, a weapon designed to hurl stones. 
The bow is drawn by a screw windlass 
and the stones are launched from a 
pouch at the center of the double bow­
string. Both features were scaled up 
from manually operated crossbows. 
Leonardo appears to have realized, 
however, that enlarging the bow in this 
way would create problems. 

His neutral-zone sketches show his 
recognition that, for a given degree of 
bending, the stresses in a bow would 
increase directly with the thickness. To 
prevent them from reaching a critical 
level he redesigned the giant bow. The 
forepart, which is the tension side, is 
made of a single piece of timber. The 
belly (under compression) is made of 
individual blocks pinned or lashed be­
hind the forepart. They are shaped so 
that they will touch only when the bow 
is at or near full draw. This design and 
others demonstrate Leonardo's belief 
that tension and compression forces 
should be handled separately. 

O
ur final example, dealing with the 
center of gravity, serves like the 

others to suggest how a serious study 
of even simple machines can indicate 
the outlines of deeper fundamental 
principles. From another small, rough 
but rather graceful sketch (in Codex 
Madrid I) one can trace connections 
between Leonardo's musings on the 
crossbow and his later theorizing on 
flight in general. 

The sketch shows a crossbow being 
shot vertically. At the outset the bolt is 
reversed because it had been loaded 
backward in the bow-something Le­
onardo may have seen crossbowmen 
do as a lark in practice. As it flies, it 
must tumble until the point is forward. 
On the way down it will reverse this se­
quence. Leonardo states that the same 
path will describe the bolt's motion in 
each case. "The center of natural mo­
tion [caused by gravity] and the center 
of the accidental motion [caused by 
other forces] are one and the same . . . .  
The center of gravity of the arrow will 
be found at the same center through­
out its motion, be it accidental or natu-
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ral." Comparing these words with the 
drawing, one sees that the reversing 
bolt rotates about its center of gravity 
as it regains its proper flight attitude. 
All the while the center of gravity is 
moving along the usual flight path. 

In other words, Leonardo has here 
taken the first steps toward reducing 
the motion of a bolt or an arrow to that 
of a mass point moving at a certain ve­
locity along a preordained line. His 
sketch is therefore important in the 
history of rotational dynamics, be­
cause it simplifies the situation enough 
to make it treatable mathematically. 
Even more important, the sketch rep­
resents what is to our knowledge the 
first attempt to apply the idea of the 
center of gravity in dynamics. (Archi­
medes had invoked it for static situa­
tions. ) Marshall Clagett of the Insti­
tute for Advanced Study in Princeton, 
a prominent student of medieval me­
chanics, has corroborated our opinion 
on this point. 

Before the discovery of the Madrid 
Codices one other sketch by Leonardo 
illustrating the center of gravity in a 
moving body was known. Found in 
a notebook called Codex Forster II, it 
shows a cube tumbling as it falls. The 
text states that the center of gravity 
will remain on the line of descent. The 
Madrid crossbow-bolt sketch appears 
to be the earlier of the two. It may well 
mark the starting point for Leonardo's 
theoretical investigations of the condi­
tions of flight. 

In the manuscript SuI Vola and else­
where Leonardo points out that stable 
bird flight occurs only when the center 
of gravity of a bird lies forward of its 
center of resistance (the point where 
there is equal pressure front and back). 
This principle remains as fundamental 
to aircraft or to rockets as it was to 
birds when Leonardo applied it. 

We found it was not difficult to veri­
fy Leonardo's finding experimentally. 
We selected a weak bow and a heavy 
arrow (to keep the velocity of the ar­
row relatively low) and put a band 
of fluorescent orange tape around the 
balance point of the arrow for visibili­
ty. A special heavy head, incorporat­
ing a nock so that the arrow can be 
shot with the feathers forward, will fa­
cilitate shooting and observation by 
shifting the center of gravity toward 
the head. It is helpful to shoot against a 
dark background such as a grove of 
trees and to face away from the sun. 
As unskilled archers we found that not 
every shot showed the mass-point ef­
fect cleanly, but in a fair number of 
cases the arrow dramatically swapped 
ends around the balance point while 
the orange marker continued down­
range in a stately curve. 

NEUTRAL ZONE in a stressed structure 
is apparently a discovery of Leonardo's. His 
sketches show a spring or a beam in both 
straight and flexed positions. The parallel 

vertical lines he drew at the center of the 
flat spring diverge on the outside and con­
verge on the inside as the spring is bent. Le­

onardo's text sets forth his recognition that 
the beam center is unstressed (the neutral 

zone) and that the stresses build up from 
there in proportion to the distance. With 

this realization of what is now called the 

concept of the neutral plane it became pos­
sible to find the theoretical level of fail­

ure in all kinds of structures and machines. 

CENTER OF GRAVITY in a body in mo­

tion engaged Leonardo's attention in these 

sketches of an arrow shot vertically. At 

first it is backward because it was loaded 
backward in the bow (something Leonardo 

may have seen done playfully by crossbow­
men in practice). The text indicates his rec­

ognition that the arrow would rotate about 

its center of gravity and that the center 
would follow the same path as if the arrow 

had been launched normally. The sketch ap­
pears to be the first effort to apply the con­
cept of the center of gravity in dynamics. It 

is a step toward Newton's attempts to con­
sider the planets as moving points of mass. 
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THE AMATEUR 
SCIENTIST 

Rainbow holograms, unlike conventional 
ones, can be observed in ordinary light 

by Jead Walker 

When holograms first became 
available, they presented the 
user with a difficulty: he 

needed monochromatic light, such as 
the light from a laser, to illuminate 
a hologram so that he could see it. 
In white light the images were blurry 
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because each wavelength of the visi­
ble spectrum formed its own image, 
slightly displaced from the others. 
Rainbow holograms, developed in 
1969 by Stephen A. Benton of the Po­
laroid Corporation, are designed to 
minimize blurring while still produc-

mirror 

All arrallgemellt for makillg a hologram 

ing colorful images in white light. 
They are employed in works of art and 
novelty items and as a security meas­
ure on certain credit cards. 

I have looked into this phenomenon 
with the help of Douglas S. Hobbs, 
who studied rainbow holography un­
der the direction of Richard W. Henry 
of Bucknell University. I have also re­
lied on two excellent books. Seeing the 
Light: Optics in Nature, Photography, 

Color, Vision, and Holography, by Da­
vid Falk, Dieter Brill and David Stork, 
examines the optics of holograms and 
related devices. Holography Handbook: 
Making Holograms the Easy Way, by 
Fred Unterseher, Jeannene Hansen 
and Bob Schlesinger, is rich in detail 
about how to produce all kinds of 
hologram on a limited budget. 

Because a rainbow hologram is usu­
ally made from a standard hologram, 
one needs to know the essential fea­
tures of that remarkable artifact. It is 
not a conventional photograph made 
when a lens focuses an image of an ob-

Sond in box 
bolote.d from Vibration 
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ject onto photographic film. Instead it 
is a photographic record of the inter­
ference pattern formed by two beams 
of light, one of which has been reflect­
ed from the object. 

In one arrangement the beam from a 
laser is split with a partially silvered 
mirror. The part that passes through 
the mirror goes next through a spa­
tial filter, which consists of a lens fo­
cused on a pinhole. The pinhole is at 
the focal point of a concave mirror. 
When the light is reflected from the 
mirror, the resulting beam (the refer­
ence beam) consists of plane waves: 
the wavefronts are straight and the 
rays are perpendicular to the wave­
fronts and parallel to one another. 

The part of the light that is reflected 
from the partially silvered mirror is di­
rected by other mirrors and spread by 
a lens until it is reflected from the ob­
ject. This beam (the object beam) con­
sists of waves that have curved wave­
fronts and diverging rays. To make 
matters simpler I assume the object is 
a point; the rays diverge from the point 
and the wavefronts are partial circles 
centered on it. 

The reference beam and the object 
beam pass through a photographic 
film. There they interfere with each 
other. As a result the film records thin 
lines where the beams interfere con­
structively (wave crests coincide with 
crests and valleys coincide with val­
leys) to yield bright light that expos­
es the silver grains. Between the lines 
are other thin lines arising where the 
beams interfere destructively (crests 
coincide with valleys), yielding dark­
ness and leaving the grains unexposed . 
When the film is developed, the un­
exposed regions are transparent and 
the exposed region; are opaque. The 
film is then a hologram: a permanent 
record of the interference patter'l of 
the two beams. 

The possibility of recording an inter­
ference pattern depends on the fact 
that at each point in the film the waves 
in the object beam always have a fixed 
relation of phase with the waves in 
the reference beam. If they did not, 
each point in the film would receive 
destructive interference at one instant 
and constructive interference at an­
other instant. The entire film would be 
exposed and no single pattern would 
be recorded. 

Creating a fixed phase relation be­
tween the two beams req uires coherent 
light, such as the light from a laser. 
One can think of the output from a la­
ser as a succession of long trains of 
waves. Each train is made up of a con­
tinuous wave with a length (the coher­
ence length) roughly the length of the 

laser tube. When the object beam and 
the reference beam arrive at the film, 
they have a fixed phase relation if they 
are parts of the same train. One 
achieves this condition by making the 
distances the two beams travel to 
reach the film approximately equal. 
Then each point in the film receives a 
single type of interference; as a result a 
single interference pattern is recorded 
by the film. 

The pattern is too fine to be seen. If 
you examine the hologram in room 
light, you do not see an image of the 
object. Nevertheless, the details of the 
object are recorded there. To display 
the object the hologram is positioned 
in a beam of laser light (called the re­
construction beam) identical with the 
original reference beam. This beam is 
diffracted as it passes through the pat­
tern of lines within the hologram. 
Much of the light passes directly 
through with no change in direction, 
but some of the light is diffracted to 
form two new beams, one on each side 
of the direct beam. 

If you look at the hologram when 
your eyes are intercepting one of these 
side beams, you see an image of the 
object. In one of the beams the waves 
emerge from the hologram traveling in 
the same directions as the waves in the 
original object beam did. Intercepted 
waves are focused onto the retina of 
each eye. Since your eyes are separat-

Reconstruction 

� 
• 

Virtual 

, 

Object bea m JL.----.. . / /J/. ' / 
\\ �\\\ � 

ObjectVV 
Film (emubion Side)( 

How light waves interfere 

ed and intercept different parts of the 
diverging waves, the locations of the 
images on the retina differ, an effect 
called parallax. Your visual system in­
terprets the difference in location as 
evidence that the source of the light 
lies on the other side of the hologram 
at the spot originally occupied by the 
object. In effect your visual system ex­
trapolates the rays of light backward 
until they cross at the location of the 
perceived image. For this reason you 

Obser'Jer 
seeing 

virtual image. 

Observer see·lng 
real ·Image 

Results when the reconstruction and reference beams are identical 
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Images made with a cOlljugate beam 

age to be at a certain location because 
of parallax. In this case you see the im­
age in front of the plane of the holo­
gram. The image, however, is usual­
ly too distorted to be recognizable; 
with some arrangements of equipment 
it may not appear at all. 

An undistorted real image can be 
produced by sending a beam of light 
through the hologram in a direction 
opposite to the direction of the origi­
nal reference beam. This reconstruc­
tion beam is said to be conjugate to the 
reference beam. As before, part of the 
light diffracts into two side beams, one 
beam capable of producing a real im­
age and the other a virtual image. This 
time it is the virtual image that is dis­
torted or missing. 

perceive depth in the scene. The image 
is said to be a virtual one because if 
you place a blank card at its apparent 
location, no image forms on the card. 
The image is only a product of your vi­
sual system. 

The other beam of diffracted light 

consists of waves that first converge 
and then diverge. If you place a blank 
card at the point of convergence, a real 
image of the object appears on it. You 
can also see the image by intercepting 
with your eyes the light diverging from 
the image. Again you perceive the im-

A hologram is actually a diffraction 
grating. A standard diffraction grating 
consists of fine, equally spaced paral­
lel lines. The lines in a hologram are 
not equally spaced because the object 
beam diverges. At any location in the 
film the spacing of the lines depends 
on the angle between the rays in the 
object and reference beams reaching 
that point. If the angle is small, the 
lines are widely spaced. If the angle is 
large, the lines are narrowly spaced. 
The variation in the spacing of the 
lines is the factor that gives rise to 
the convergence or divergence of the 
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beams diffracted to the sides when the 
hologram is illuminated by a recon­
struction beam. 

Suppose the object is extended in­
stead of being a point. Each point on 
its surface reflects diverging light to 
the film, interfering there with the ref­
erence beam. The interference pattern 
recorded on the film is quite complex. 
Still, when the reconstruction beam is 
sent through the developed film along 
the reference-beam path or the con­
jugate to it, side beams form. Two 
of them provide undistorted images. If 
your eyes intercept either beam, the 
image is three-dimensional because of 
parallax. If you change your viewpoint 
within a beam to intercept different 
parts of the waves, you see a different 
perspective of the image. This feature 
enables you to see the front of the ob­
ject or, by changing your viewpoint, to 
see along the sides, just as you would if 
you looked at the original object. (You 
cannot see an image of the back of the 
object with this arrangement of equip­
ment because rays from the back nev­
er reach the film.) 

The undistorted real image that is 
produced by a conjugate reconstruc­
tion beam can be displayed on a card. 
It is blurry, however, because only 
parts of it are in focus at any given lo­
cation of the card. When you see it by 
intercepting the rays, it has inverted 
depth. For example, the front of the 
object seems to be farther away than 
the sides, giving the impression that 
the image is inside out. The image is 
said to be pseudoscopic. 

This image from a hologram can 
be valuable in a technique in which a 
second hologram is made from the 
first. Such an arrangement is called fo­
cused-image or image-plane hologra­
phy since the copy is positioned with­
in the real image cast by the master. 
The real image is produced by send­
ing through the master hologram a re­
construction beam conjugate to the 
master's reference beam. 

In order to avoid rearranging the po­
sitions of the laser and various optical 
devices, one would like to employ the 
same beam that previously served as 
the reference beam. This can be ac­
complished by rotating the master 180 
degrees about a vertical axis so that 
what was the reference beam now be­
comes the conjugate reconstruction 
beam. Because of the rotation, the 
light passes through the master in the 
direction opposite to the path of the 
original reference beam. 

The beam that forms the real image 
then functions as the object beam for 
the copy. A reference beam also illu­
minates the copy. The film records the 

Mask, ofter rototion� 
Wave action when a film intercepts a real image 

after rotation 

The image seen in a copy hologram 

resulting interference pattern of the 
two beams. After the copy is devel­
oped it is rotated about a vertical axis 
so that what was a reference beam 
is now the conjugate reconstruction 
beam. When your eyes intercept the 
light diffracted from the beam by the 
copy, you perceive a three-dimension­
al image that appears to straddle the 
plane of the hologram. The part in 
front of the plane is a real image. The 
part that seems to be behind the plane 
is a virtual image. 

The image forms as follows. The 
light traveling from the master to the 
copy converges to form a real three-

dimensional image through which the 
copy film makes a two-dimensional 
slice. The rays that form an image of 
the front of the object converge in 
front of the film. When they pass 
through the film, they are diverging. 
The rays that form an image of the 
other sides of the object converge be­
hind the film. As those rays pass 
through the film they are still converg­
ing. The interference between these 
two sets of rays and the reference 
beam records the convergence and di­
vergence of the rays. 

When the copy is developed and a 
conjugate beam is sent through it, the 
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When white light is sent through the 
developed copy, each wavelength is 
diffracted by different amounts and 
creates an aperture image at a differ­
ent location in front of the hologram. 
If you position your eyes in the aper­
ture image created by red light, you 
see a red image of the object. As you 
move your eyes through the other 
aperture images, the image smoothly 
changes color. No blurring results 
from this procedure if your eyes are at 
an aperture image. If you move too 
close to or too far from the hologram, 
the rays passing through the various 
aperture images overlap and a blur 
results. 

Hobbs experimented with ways of 
making and conveniently viewing a 
rainbow hologram. Assuming it would 
be held vertically in descending light 
that strikes the far side, he decided to 
turn the object onto its side when he 
made the master. After the copy was 
developed he rotated it so that the de­
scending light was conjugate to the ref­
erence beam the copy had when it was 
exposed. By this procedure he made 
the top of the object appear at the top 
of the hologram. 

Hobbs also arranged for viewing 
along a line approximately perpendic­
ular to the plane of the copy. Since 
green light is in the middle of the vis­
ible spectrum, the rays forming the 
green aperture image should represent 
that perpendicular line. By moving 
your eyes upward and closer to the 
hologram you bring up the red aper­
ture image; moving downward and 
farther from the hologram makes the 
image blue. 

Hobbs calculated that if the rays of 
green light are to leave the copy ap­
proximately perpendicular to its plane 
after reaching the copy at about 45 de­
grees, the spacing between diffraction 
lines within the hologram should be 
about .78 micrometer. (This number 
and the other numbers that follow are 
only representative. The complex pat­
tern of lines actually has a range of 
spacings.) At that spacing light at the 
red end of the spectrum (wavelength .7 
micrometer) is diffracted about 1 1  de­
grees to one side of the green rays and 
light at the blue end (wavelength .4 
micrometer) is diffracted about 1 1  de­
grees to the other side. Intermediate 
colors are diffracted at intermediate 
angles. The full spectrum of aperture 
images lies in a fan covering an angle 
of about 22 degrees. 

Hobbs also gave thought to the dis­
tance between the copy and the ob­
server's eyes. If the green aperture im­
age is 35 centimeters from the copy, 
the extreme red one is about 28 centi­
meters away and the extreme blue 

Reference. light from 
and on �opy 

Eye 
moveme.nt 

change:') 
color 

of image 

(I 
f 

above. 

/ 
/� 

Eye. movement 
chonges pers\?ective 

of image. 

Where the colored images appear 

one is about 48 centimeters away. 
These distances make viewing quite 
convenient. 

The line separation within the copy 
depends on the wavelength of the light 
that made it and on the angle between 
the reference beam and the object 
beam (from the aperture on the mas­
ter) that illuminate it. If the light from 
a helium-neon laser (wavelength .63 
micrometer) is to produce a line sepa­
ration of about .78 micrometer, the an­
gle between the two beams should be 
about 54 degrees. 

Finally Hobbs considered the light 
source that would serve as the recon­
struction beam. If the source is the sun, 
the beam consists of approximately 
plane waves. Since the beam is sup­
posed to be conjugate to the reference 
beam employed in making the copy, 
the reference beam must also consist 
of plane waves. If the light source is 
a light bulb, the reconstruction beam 
consists of diverging rays. The conju­
gate of such a beam is a beam of con­
verging rays, and so the reference 
beam would have to be made up of 
converging rays too. 

Many suggestions about the making 
of rainbow holograms can be found 
in Holography Handbook. They include 
ways to concentrate the light passing 
through the aperture on the master by 
means of a cylindrical lens made from 
a test tube filled with glycerin. With 
such a lens you may even be able to do 
without making the master. The lens 
can focus a narrow, real image of the 
object directly onto the copy. 
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