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Animal cells and military tanks may crawl by similar mechanisms. 

Did loops of cosmic string once seed the growth of galaxies? 

Neural networks inspire an alternative approach to computation. 

Lunar Magnetic Fields nearly twice as strong as the earth's may have 

been generated billions of years ago in a core of molten iron. 
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THE MERCEDES-BENZ S-CIASS: 
THE ONE THING MORE IMPORT ANT T HAN  THE 

TECHNOLOGY INSIDE IT IS THE TRADITION BEHIND IT. 

A "big Mercedes" has crowned the line for almost 

as long as there has been a Mercedes-Benz. 

This is Mercedes-Benz 

engineering at its most 

ambitious. And at its 

most assertive. From 

the 540 K of 1936 

pictured at left, to 

the S-Class sedan of 1987 shown above, every 

big Mercedes and its performance has seemed to 

scale slightly larger than life. 

The 540 K, for example, thundered into 

legend on the power of a supercharged eight

cylinder engine and the flamboyance of low-slung 

roadster coachwork. Half a century of tech

nological progress later, the S-Class seems to 

glide rather than thunder over the road; in the 

case of the flagship 560 SEL Sedan on the roads of 

its native Europe, two tons of S-Class authority, 

capable of gliding along at 142 mph all day. 

The Mercedes-Benz impulse to engi

neering masterstrokes marks the S-Class in other 

ways as well. In a body design that brilliantly 

combines large dimensions and low aerodynamic 

drag. In handling agility that large sedans have 

seldom aspired to, much less achieved. In vital 

technological innovations - an Anti-lock Braking 

System (ABS); and a Supplemental Restraint 

C> 1987 Mercedes-Ben!: ofN.A., Inc .• Montvale, N.J. 

System (SRS) with driver's-side air bag and knee 

bolster, and emergency tensioning retractors at 

both front seat belts - that are 

gradually being emulated by 

other large sedans. 

And laid over 

this bedrock of technical 

excellence, a thick layer of 

civilization and creature comfort. Experienced 

within a spacious cabin redolent of fine leathers, 

plush with velour carpeting, garnished with pre

cious handworked woods. 

Part limousine, part performance car 

the uncommon versatility of the S-Class is re

flected in its selection not only by connoisseurs of 

automotive luxury, but also by most of today:s top

ranked Grand Prix motor racing fraternity. 

The S-Class is available in three dis

tinctive sedan models and as a two-plus-two 

closed coupe. You will find nothing to compare 

with them, in form or in function, wherever you 

look in the automotive world. They are unique, as 

is the tradition that spawned them. 

Engineered like no other car in the world 
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Technology in Services 
james Brian Quinn, jordan]. Baruch and Penny Cushman Paquette 

With the services sector now accounting for most of the U.S. economy, 

doubts that it can function as an engine of overall growth have 

intensified. Actually many service industries utilize advanced technology 

to improve productivity. They contribute to competitiveness in 

manufacturing and even promote a favorable balance of payments. 

The Moon's Ancient Magnetism 
5. K. Runcorn 

Lunar fossil magnetism suggests that the moon had an eventful past. The 

strength and direction of the magnetism imply that it is the relic of a field 

generated by a liquid iron core within the ancient moon. The magnetic 

poles appear to have shifted with respect to the surface, perhaps because 

collisions with orbiting satellites reoriented the moon about its spin axis. 

How Animal Cells Move 
Mark 5. Bretscher 

A white cell must be able to maneuver to the site of an infection, 

fibroblasts migrate into a wound to repair damage and wandering cancer 

cells make tumors metastasize. An animal cell moves by taking in bits of 

its surface membrane and returning them preferentially at its leading 

edge. The process somewhat resembles the action of a tank tread. 

Cosmic Strings 
Alexander Vilenkin 

Remnants of the infant universe, cosmic strings are massive, wiggling 

threads created in the second following the big bang. Their powerful 

gravitational effects may have caused the clustering of stars and galaxies 

that is evident in space-but before any firm cosmological conclusions 

can be drawn, theorists will have to prove that the strings exist. 

Collective Computation in Neuronlike Circuits 
David W Tank and john]. Hopfield 

Computers excel at rote tasks such as crunching numbers, but they 

cannot recognize a face or carry out many other operations that people 

and animals do rapidly and automatically. Electronic circuits based on 

biological nervous systems can perform significant computations and are 

inspiring new designs for chips and computers. 
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Courtship in Unisexual Lizards: A Model for Brain Evolution 
David Crews 

In several species of whiptail lizards there are no males; reproduction 

is parthenogenetic. Some females nonetheless assume the role 

of males, engaging in courtship and pseudocopulation. It appears that 

in these species the brain can give rise to both male and female 

behavior regardless of an individual's biological sex. 

The Fracturing of Glass 
Terry A Michalske and Bruce C. Bunker 

Flaw-free glass can withstand tensile loads of two million pounds per 

square inch or more-lO times as much stress as many metal alloys can 

tolerate. By exploring on an atomic scale just what goes on at the tip of a 

crack, investigators are making progress toward exploiting the 

extraordinary strength of glass in a widening variety of applications. 

H.M.S. Warrior 
Walter Brownlee 

It was the first iron-hulled warship and it profoundly changed naval 

warfare and perhaps warfare itself. Warrior gave the Royal Navy a 

novel strategic ploy: deterrence. Powered by both steam and sail, the 

invulnerable vessel could catch and destroy any ship-or fleet-on the 

seas. As France and Germany countered, a modern arms race ensued. 
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��bl28 formulas at the speed Of light. 
The Calio FX-5000F 

Formula Calculator. To save 
you the time and trouble of looking 
up or memorizing many of the 
most important mathematical and' 
scientific formulas, we put 128 of 
them in our FX-5000F Formula 
Calculator. And you can call them 
up in aflash. 

The formulas are numbered 
and cover the fields of math, 
statistics, physics, electronics and 
mechanics. Plus you can input 
12 of your own. Just key-in the 
appropriate number and the for-

mula you need appears instantly. 
T he alpha numeric display with 
10 digit mantissa plus 2 digit expo
nent is easy to read and scrolls 
to over 70 characters.  Its two-line 
display shows both the formula 
and the answer simultaneously. 

And it doesn't stop there. 
Once you've recalled the formula, 
the calculator prompts you to input 
the values of the variables and 
automatically calculates the result. 

The 

Products Division: 570 Mt. Pleasant 

grams and store them until needed. 
While an instant replay feature 
lets you review and edit formulas 
at the touch of a button. 

Adding to its usefulness are 
an additional 160 powerful func
tions, for a combined total of 288 
functions and formulas. 

To get the list of 128 formulas, 
as well as more information about 
how the Casio FX-SOOOF delivers 
them with the speed of light, call 
1800-626-2916 EXT. 89. 
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LETTERS 
To the Editors: 

As physicists working on gravita
tional wave detection we eagerly 
await the completion and successful 
operation of the LIGO system that was 
described in "Gravitational Wave Ob
servatories," by Andrew D. Jeffries, 
Peter R. Saulson, Robert E. Spero and 
Michael E. Zucker [SCIENTIFIC AMER
ICAN, June). Although such laser in
terferometric detectors hold great 
promise for the future of gravitation
al wave astronomy and may ulti
mately be the best means of reaching 
the sensitivity levels necessary' to 
observe extragalactic sources, we 
should like to point out that cryogen
ic resonant-mass detectors, the most 
sensitive of existing detectors, will 
continue to play a significant and 
possibly decisive role in the effort to 
detect gravitational radiation. 

The authors correctly pOint out 
that existing cryogenic bar detectors 
operate with strain sensitivities of 
10-18. This performance exceeds by 
about three orders of magnitude the 
energy sensitivity of earlier room
temperature bar detectors, an im-

provement chiefly due to the use of 
low temperatures to reduce. the ther
mal noise of the instruments. The 
authors state that "it is possible to 
make more delicate measurements 
with the bars, but it will be difficult." 

We believe this statement is mis
leading. After a decade of develop
ment and a total of nearly two years 
of operating bar detectors at strain 
sensitivities of 10-18, we are confi
dent that the next step in improving 
bar detectors is straightforward and 
will lead to a strain sensitivity ap
proaching 10-2°, which represents an 
additional improvement in energy 
sensitivity of four orders of magni
tude. The coming generation of bar 
detectors will include several inno
vations, the most important of them 
being the use of ultralow tempera
tures, which will reduce the thermal 
noise by as large a factor as the earli
er step from room temperature to low 
temperature did. The new bar detec
tors will be able to sense the levels 
of radiation expected from gravita
tional-collapse events occurring any
where in our galaxy. 

We support a two-pronged attack 
on the problem of detecting gravi
tational radiation. In the next few 
years, at a cost of from $1 to $2 mil-

lion per system, the cryogenic reso
nant-mass antennas should be im
proved to a strain sensitivity of about 
10-2°. Meanwhile the more ambi
tious and more costly LIGO program 
should be pursued in the hope of 
eventually reaching a strain sensi
tivity exceeding 10-22, the level re
quired for detecting the more fre
quent gravitational signals from oth
er galaxies. 

The direct detection of gravitation
al radiation is one of the most chal
lenging and important problems con
fronting 20th-century science. Ongo
ing research in this area has already 
greatly advanced the art of measur
ing tiny displacements and has pro
duced antennas that are sensitive 
enough to detect the strongest pre
dicted signals. 

We are on the verge of opening a 
new astronomical window that will 
revolutionize our view of the cos
mos. As the recent detection of a neu
trino burst from supernova 1987 A 
demonstrates, unambiguous detec
tion of even a single event can be 
very important. We must be ready 
to seize such opportunities. In an 
age in which the cost of new instru
ments for investigating the frontiers 
of knowledge is often measured in 

Where we got the idea that something small 

could be powerful. 

Cae Computers and Communications NEC is a registered trademark of NEC Corporation. NEC has no affiliation with Porsche. 
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billions of dollars, there should be 
no doubt that investing millions of 
dollars in what is perhaps Albert 
Einstein's most important legacy will 
pay generous dividends. 

WILLIAM M. FAIRBANK 

PETER F. MICHELSON 

JOHN C. PRICE 

ROBERT C. TABER 

Stanford University 
Stanford, Calif. 

To the Editors: 
In "Gravitational Wave Observato

ries" the authors propose that a laser 
interferometer be used as a gravita
tional wave detector. In the absence 
of gravitational waves the interfer
ometer would be immersed in the 
"normal" gravitational field existing 
at the installation site: the arms 
would have some "normal" length. A 
gravitational wave would cause the 
arm lengths to deviate from "nor
mal." I think this transient change in 
the gravitational field will change the 
speed of light so that the effects of dif-

ferent path lengths along the arms 
might be canceled. 

Could this be another impasse of 
the kind encountered in the Michel
son-Morley experiment? 

ANTHONY V. RAINIS 

Sudbury, Mass. 

To the Editors: 
We strongly support the efforts of 

our colleagues at Stanford and at 
other research centers to seek gravi
tational waves with resonant-mass 
detectors and look forward to the 
possibility that bar antennas will 
make the first confirmed discovery 
of gravitational waves. The discov
ery would have a great impact on 
astrophysics and would give a tre
mendous boost to the worldwide en
deavor of experimental gravitational 
wave astronomy. 

In reply to Mr. Rainis and other 
readers who raised the same point, 
we note that the general theory of rel
ativity makes a distinction between 
physical effects, potentially observ
able by experiment, and descriptions 
of these effects that depend on the 
choice of reference frame. Specifical-

What we did with it. 

You won't hear it say vroom, but the 
MultiSpeedN HD is the fastest and most powerful 
laptop computer around. 

What's it got under the hood? The NEC 
16-bit V-30 processor and a 20 megabyte 
hard disk. Which means it performs at 90% 
of the level of an original AT class PC. And 
it's PC compatible. 

What's more, the MultiSpeed HD has a 
brilliant backlit EL screen. So you can 
easily read it anywhere you 
choose to use it. 

ly, the interaction of a gravitational 
wave with a detector of the type we 
have described can be viewed from 
two vantages: (1) the wave moves the 
test masses but does not affect the la
ser beams or (2) the wave changes 
the path followed by the laser beam 
through space-time without disturb
ing the masses. Either description, or 
even an intermediate one in which 
both the masses and the laser beams 
are affected, can be applied in pre
dicting how a detector would re
spond to a gravitational wave. The 
predictions are the same: light waves 
launched in phase down orthogonal 
arms of the interferometer return 
slightly out of phase. 

ANDREW D.JEFFRIES 

PETER R. SAULSON 

Massachusetts Institute 
of Technology 

Cambridge, Mass. 

ROBERT E. SPERO 

MICHAEL E. ZUCKER 

California Institute of Technology 
Pasadena, Calif. 

And when you're on the move, the 
Multi's easy to handle: 

With switchable battery / AC power. 
For product literature or the 

MultiSpeed dealer nearest you call 
1-800-447-4700. Or for technical details 
call NEC Home Electronics (USA) Inc. 

at 1-800-NEC-SOFT. 
We think you'll agree that the Multi

Speed HD is one hot little machine. 

MultiSpeed'" HD 
Take the Multi and run. 
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SO AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

DECEMBER, 1937: "The threads of 
which all life fabric, every animate 
shape, is woven are the nitrogen-con
taining proteins. The center of life
control, the nucleus within every liv
ing cell, is rich in protein-therefore 
in nitrogen. Now heavy atoms of ni
trogen can be used as tags or labels 
by which to distinguish certain mole
cules from others of the same kind 
found in the body. By such tags, mol
ecules can be traced even into the 
most obscure of life's laboratories 
within the tissues." 

"An automatic landing system for 
airplanes, wherein the plane, without 
human contact with its instruments, 
literally finds its own way to the land
ing field and makes a safe landing, 
has been designed and reduced to 
practice by a group of engineers co
operating with the Army Air Corps. 
The system makes use of radio guid
ing stations that control the heading 
and altitude of the plane through a 
Gyro-pilot and the speed through a 
small throttle engine." 

"Thanks to the common sense and 
co-operativeness of 11 governments 
representing both the economic in
terests of the whaling industry and 
the broad interest of science in the 
preservation of our remaining fauna, 
that valuable and ever-fascinating 
aquatic mammal the whale, by far 
the hugest bulk of animate flesh this 
old earth has known at any period, is 
now probably saved. Game laws are 
now to be applied to whales. These 
game laws are to go into effect in the 
Antarctic regions on December 8, 
and whaling will continue only until 
March 7." 

"One motor car company reports 
that black is gradually losing its 
place as the favorite color for auto
mobiles, the indications being that 
the American public is going in for 
greater diversification of color." 

"It would be quite proper to call 
1936 the squarest year because: 1936 
is the square of 44, 1 the square of 1, 
9 the square of 3, 36 the square of 6, 
16 the square of 4, 196 the square of 
14, 361 the square of 19, 169 the 
square of 13, 961 the square of 3l." 

DECEMBER, 1887: "A very large 
area of the arable lands of Australia is 
now overrun by rabbits. So numer
ous and active are these animals that 

The main pumping engine of the new Boston sewage system 

lO 

they destroy trees, grass, crops and 
everything that grows. They move in 
great armies and carry destruction in 
their path. The authorities now offer 
the handsome reward of $125,000 for 
a method of overcoming the evil." 

"A giant raft of timber is now ex
pected at this port. It left Nova Scotia 
on December 8, in tow of the steam
ship Miranda. In general shape it is a 
pointed cylindroid of elliptical sec
tion. The total length is 585 feet. The 
great structure is estimated to weigh 
11,000 tons, or 2% times as. much as 
the Great Eastern." 

"A steam horse power is equal 
to three actual horses' power, and a 
living horse is equal to seven men. 
The steam engines of the world rep
resent, therefore, approximately the 
work of 1,000,000,000 men, or more 
than double the working popula
tion of the earth, whose total popu
lation amounts to 1,455,923,000 in
habitants. Steam has accordingly 
trebled man's working power, en
abling him to economize his physi
cal strength while attending to his 
intellectual development." 

"The new cellar-fire apparatus of 
the Paris fire department consists of a 
suit like that used by divers, which 
allows a fireman to enter a cellar in 
which the air has been rendered ir
respirable by a conflagration. The 
fireproof suit consists of a leath
er blouse fastened at the waist and 
wrists with ligatures and provided 
with a hood and iron mask. The air 
necessary for respiration is intro
duced through an aperture in the 
back of the suit by means of a rubber 
tube of great length. The blouse is 
very roomy and allows of great liber
ty of motion." 

"The city of Boston, Mass., has re
cently built and now has in full opera
tion a system of sewage and drainage 
works that mark an important ad
vance in sanitary engineering. Origi� 
nally, the sewage.was disposed of as 
in New York. It was allowed to run 
out into the water from numerous 
outlets. This was found objection
able. The water became contaminat
ed, and the dock frontage was in
jured by deposits of sludge. It was de
termined to surround the city with an 
intercepting sewer, which receives 
the delivery from all the lines former
ly discharging into the harbor and 
adjacent water. The sewage is taken 
to a distant point and, after proper 
clarifying, is discharged." 
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If cars were simply about coming and 
going, we suspect buses and streetcars would 
be a lot more crowded. 

But the fact is, whether you drive because 
you want to, or because you need to, your 

car is as much a part of 
who you are and how 
you live, as the place that 
you call home. 

It's the only privacy 
you get at times. 

A less than terrific, but often necessary, 
place to eat breakfast. Or a place to sing out 
loud to your heart's content. 

Nissan®manufactures and assembles cars 

and trucks in 21 countries. From America to 
Australia. From Peru to Portugal. 

And if weve learned anything from the 
millions of people around the world who are 
driving Nissans, it's that there are some univer
sally desirable things a car or truck should be. 

It should be functional, without looking 
it. It should be sophisticated, without being 
complicated. It should be reliable, without 
being boring. 

I t should be able to take on the jungles of 
Peru. And the jungle of New York Summer 
in the Sahara. And winter in Minneapolis. 
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But above all, it should feel as if it were 
custom-built for you. At Nissan, we call this 
personal approach to automotive design 
Human Engineering�M 

And it means a lot more than just radio 
knobs that are an arm's reach away 

It means everything about the vehicle 
works for you. From the way the mirrors 
adjust, to the way the transmission shifts, to 

the way the jack works. 
So no matter who you are, or how you 

use your Nissan, the end result is always the 
same. You feel good about your car or truck 
and what it does for you. 

In striving to build these kinds of vehi-

building a car that's actually more cars than 
you ever thought possible. 

Yet, of all the things engineered into Nissan 

The herifiJ.ge of the famous Nissan Z-Car lives on in aD its turbocharged. fuel-injecred 
splendor with the n� sleeker-chan-ever 300ZX 

Why pay a fortune for a performance sedan when the Nissan Maxima'" lets you have your 
power Your luxury And your bank account. 

Nissan's Pathfinder'" blends the famous 4 x4 HardbodY' performance with sleek styling, 
exceptional comfort and uncommon pIacdaJicy 

cles, Nissan faces some diverse and difficult vehicles, we're most proud of the one thing that 
engineering challenges. L-f¥;�it:-We haven't engineered out of them. 

In the case of the Newman-Sharp 300ZX 
Turbo, it's building the fastest car possible. 

In the case of the Sentd,M it's building the 
most economical car possible. 

In the case of the modular Pulsar® NX, it's 

T he pure pleasure of driving one. 
Because at Nissan, we never forget why we 

build cars and trucks. 
O� who we build them for 

NISSAN 

�® 
Built for the Hlll1lan Race: 
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THE AUTHORS 
JAMES BRIAN QUINN, JORDAN ]. 

BARUCH and PENNY CUSHMAN PA
QUETTE ("Technology in Services") 
share an interest in strategic plan
ning and the management of tech
nological change. Quinn is William 
and josephine Buchanan Professor 
of Management at the Amos Tuck 
School of Business Administration at 
Dartmouth College. He earned a mas
ter's degree in business administra
tion at Harvard University in 1951, af
ter which he became a new-products 
analyst in industry and a marketing 
instructor. He moved to the Tuck 
School in 1957 and was awarded a 
doctorate in economics from Colum
bia University in 1958. Baruch is pres
ident of jordan Baruch Associates, 
which advises industry and govern
ment on strategic planning and the 
integration of technology. He re
ceived a doctorate in electrical in
strumentation from the Massachu
setts Institute of Technology in 1950, 
remaining there to teach until 1971. 
He continued his academic career 
until 1977, initially at the Harvard 
University Graduate School of Busi
ness Administration and then at Dart
mouth. He has also cofounded and di
rected two companies. From 1977 to 
1981 Baruch was the Assistant Secre
tary of Commerce for Science and 
Technology. Paquette, who works as 
Quinn's research associate, holds a 
1970 bachelor's degree from Smith 
College and a 1976 master's degree in 
business administration from the 
Tuck School. She has worked as a 
management consultant. 

S. K. RUNCORN ("The Moon's An
cient Magnetism") is head of the 
school of physics at the University of 
Newcastle upon Tyne, where he has 
been a professor since 1956. He ob
tained a master's degree in mechani
cal sciences at Gonville and Caius 
College of the University of Cam
bridge in 1946 and a doctorate in 
physics from the University of Man
chester in 1949. He was a fellow of 
Gonville and Caius College from 1948 
to 1955 and assistant director of re
search in geophysics at Cambridge 
from 1950 to 1955. 

MARK S. BRETSCHER ("How Ani
mal Cells Move") is head of the di
vision of cell biology at the Medical 
Research Council's Laboratory of 
Molecular Biology. He completed his 
Ph.D. at the University of Cambridge 

14 

i n  1965 and spent a year a s  a Ful
bright scholar at Stanford University 
before returning to Cam bridge to join 
the laboratory he now directs. He has 
been a visiting professor at Harvard 
(1974) and Stanford (1985) universi
ties. This is Bretscher's second arti
cle for SCIENTIFIC AMERICAN; his first, 
"The Molecules of the Cell Mem
brane," appeared in October, 1985. 

ALEXANDER VILENKIN ("Cosmic 
Strings"), who has been professor 
of physics at Tufts University since 
1983, has devoted the past few years 
to the study of cosmic strings and the 
question of how the universe was 
created out of "nothing." A native 
of the Soviet Union, he received a 
bachelor's degree in physics from 
Kharkov State University in 1971 . In 
the five years that followed he first 
served in the army and then worked 
at odd jobs while studying physics
and publishing papers-in his spare 
time. He came to the U.S. in 1976 and 
earned a Ph.D. the next year from the 
State University of New York at Buffa
lo. Vilenkin went to Tufts after post
doctoral studies at Case Western Re
serve University. 

DAVID W. TANK and JOHN ]. HOP
FIELD ("Collective Computation in 
Neuronlike Circuits") work together 
on the technical staff of the AT&T Bell 
Laboratories. Tank has a bachelor of 
science degree from Case Western 
Reserve University. He joined Bell 
Laboratories in 1983, the year he got 
his doctorate in physics from Cornell 
University. Hopfield has been at Bell 
Laboratories since 1973 and is also 
Roscoe Gilkey Dickinson professor 
of chemistry and biology at the Cal
ifornia Institute of Technology. He 
got a Ph.D. in physics from Cornell 
University in 1958 and spent two 
years at Bell Laboratories before ac
cepting a position as a research phys
icist at the Ecole Normale Superieure. 
He returned to the U.S. in 1961 to 
teach physics at the University of 
California at Berkeley, leaving there 
in 1964 for Princeton University. He 
took his post at Caltech in 1980 . 

DAVID CREWS ("Courtship in Uni
sexual Lizards: A Model for Brain 
Evolution") is professor of zoology 
and psychology at the University of 
Texas at Austin. He received a bache
lor's degree in 1969 at the University 
of Maryland at College Park and a 

doctorate from Rutgers University in 
1973. After two years as a research 
associate at the University of Califor
nia at Berkeley he moved to Harvard 
University in 1975. Crews left there 
for Texas in 1982. He is currently 
studying the hormonal modulation 
of sexual differentiation and the fac
tors that in garter snakes regulate ad
aptation to extreme environments. 

TERRY A. MICHALSKE and BRUCE 
C. BUNKER ("The Fracturing of 
Glass") have collaborated in devel
oping simple models to describe the 
molecular reactions that take place 
when glass cracks. Michalske has 
just assumed responsibility for man
aging the metals and ceramics sci
ence section at the Battelle-Pacific 
Northwest Laboratories. He got a 
doctorate in ceramic science in 1979 
from Alfred University and then 
worked at the Center for Materials 
Science of the National Bureau of 
Standards until 1981, when he joined 
the technical staff of the Sandia Na
tional Laboratories. In six years with 
the company Michalske created a 
glass-ceramic material that has im
proved fracture resistance and devel
oped a laser-based technique to re
pair cracks in glass. Bunker has been 
a member of the technical staff at 
Sandia since 1979, the year he com
pleted his Ph.D. in inorganic chem
istry at the University of Illinois at 
Urbana-Champaign. In addition to 
studying how glass fractures, he is 
developing chemical methods for the 
synthesis of ceramics. Bunker's re
search projects include the chemical 
synthesis of high-temperature semi
conductors and oxide films for inte
grated-optics devices. 

WAL TER BROWNLEE ("H.M.S. War
rior") has been the full-time historian 
of the Warrior since 1983 . He is also 
the author of a book about the ship, 
which he helped to restore. He en
tered the Merchant Navy of Great 
Britain in 1948 and served on cargo 
vessels and oil tankers throughout 
the world. After rising through the 
ranks from deck officer to chief offi
cer, he earned a Master's Certificate 
of Competency in 1959. Two years 
later he changed careers, becoming a 
teacher specializing in history and 
geography. For many years Brown
lee, who became a headmaster in 
1968 and the warden of a teacher's 
center in 1973, has combined his 
teaching skill with a passion for mari
time history to write books and arti
cles that present history in a form 
palatable to nonhistorians. 
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"Overall the best frequent 
flyer program of any major 

airline� 
We couldrrt have 

said it better ourselves. 
Actually, we've been saying this for years, but 

somehow it's a lot more credible coming from a 

third party. 
So it's not hard to speculate why "What 

to Buy fot" Business;' the only independent 
report for business consumers, came to their 
conclusion in the August 1986 issue. 

For one thing, TWA offers unlimited free 
upgrades once you've accumulated minimal 
mifeage levels. 5,000* for unlimited Business 
Class domestic upgrades, 30,000* for unlimited 
First Class domestic upgrades and International 
Business Class upgrades. And unlike many other 
airlines, you can take advantage of these 
upgrades without cashing in your bonus miles. 

If you're not yet a member in TW!\s Frequent 
Flyer program, call 1-800-325-4815 to enroll. 

The Ultimate Award. 
After only 10,000 miles, you're eligible for 

free travel. After 40,000, Hawaii. 
Or save up for our ultimate award: two free 

First Class tickets around the world. An award 
no other airline offers. 

Our Platinum Program. 
Our Platinum Program will have you earning 

awards almost twice as fast. 

When you fly overseas on TWA, you'll get 
your anticipated Frequent Flyer Bonus miles. 
Then, in addition, you'll receive "Platinum 
Points" which allow you to claim additional 
awards without ever having to cash in on your 
bonus mileage. 

TWA's Personal Service Commitment. 
TWA is determined to bring you the best 

personal service in the airline industry. So we've 
assigned an In-Flight Service Manager to every 
flight to make sure your trip is as hassle-free as 
possible. 

In addition, our Chairman of the Board has 
put together a Quality Control Team. A group of 
30 very picky people who fly TWA, assessing the 
service they receive. on a checklist of over 100 
service items. They report directly back to him 
with their comments, good and bad. And if 
anything needs improvement, it gets improved. 

Fast. 
Because at TWA, great service is a top priority. 

• Actual TWA miles within a twelve month qualifying period. 

TODAY'S TWA. 
FIND OUT HOW GOOD WE REALLY ARE. 
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artmental. 

Thanks to ETA Systems, Control 
Data's supercomputer company, 
we've created the first true 
supercomputer a department 
can afford: The ETAlO-P. 

THEP STANDS 
FOR PERFORMANCE. 
ULTRA PERFORMANCE. 

The air-cooled ETAlO-P 
offers a processing speed of 
375 megaflops. 

That's as fast as the first 
generation Class VI machines. 
That's 30 times faster than a 
well-known, similarly config
ured mini-super. And over 100 
times faster than today's most 
popular super-mini. 

Yet an ETAlO-P CPU is 
priced at an incredibly low 
$850,000. And a fully opera
tional ETAlO-P, including a 
CPU, disk, IOUs and software, 
is only $995,000. 

You get a true supercom
puter that's faster than a CRAY-2 
CPU (based on Unpack 100x100, 
all FORTRAN) for under a 
million dollars. 

INlRODUCING 
TIffi ETAIO-P 

SUPER
COMPUTER. 

AWESOME 
PERFORMANCE 

AT AN 
AFFORDABLE 

PRICE. 

�SYSTEMS 
A Control Data Company 

AND THE ETAlO-P IS 
JUST THE BEGINNING. 

Because the ETA10-Q, an 
air-cooled supercomputer 
that's even faster than the P 
model, is also being announced. 

Together with the present 
ETA 1 0 machines-the liquid 
nitrogen cooled ETAlO-E and 
the fastest supercomputer in 

the world, the ETAlO-G-the 
new P and Q models help create 
the only complete line of super
computers in the industry. 

Each model is available with 
single or multiple processors. In 
fact, there are 44 different con
figurations . 

The result is a continuous 
family of processors with an 
unprecedented 27 to 1 perfor
mance ratio-that's the largest 
operating range in the business. 

And because they all share 
the same operating system, they 
provide you with what you 
need most: 

A COMPLETELY 
COMPATIBLE GROWTH 
PATH TO TOM ORROW. 

Call your local Control 
Data sales office for complete 
information on the ETAlO-P and 
the ETA10 family. Or call Hal 
Julsen, Vice President of Sales, 
at 800-553-2214. Or write him 
at ETA Systems, Incorporated, 
1450 Energy Park Drive, St. Paul, 
MN55108. 

<S 2) CONTR.OL DATA 
CRAY-2 is a trademark ofCray Research, Incorporated. 
ETA and ErAto are trademarks oCETA Systems, Incorporated. 
7033 Copyright © 1987 Control Data Corpof"Jtion. 
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SCI ENe E AND THE CIT I ZEN 
All Shook Up 

Los Angeles earthquake reveals 
new signposts of seismic danger 

S eismologists trying to predict 
where potentially destructive 
earthquakes will strike in Cali

fornia have usually relied on a some
what comforting assumption: that 
the faults along which large quakes 
occur almost always extend all the 
way to the surface, where they can 
be detected and monitored. Califor
nia is riddled with such highly visible 
faults. Most, including the notorious 
San Andreas, are strike-slip faults: 
vertical fissures between crustal 
plates moving in different directions. 

Understandably, then, when a 6.1-
magnitude earthquake rocked east
ern Los Angeles on October I-kill
ing six people and causing more than 
$200 million in damage-most seis
mologists quickly blamed the near-

26 PHYSICAL SCIENCES 
32 TECHNOLOGY 

40 BIOLOGICAL SCIENCES 
45 NOBEL PRIZES 

est strike-slip fault marked on their 
maps: the Whittier fault, which runs 
southeast from the suburb of Whittier 
for about 30 miles. But in subsequent 
weeks analysis of seismic data pin
pointed the epicenter of the quake 
several miles northwest of the end 
of the Whittier fault; moreover, the 
quake's motion seemed indicative 
not of strike-slip but of thrust fault
ing, which occurs when a highly 

Folds-not just faults-near the earth's surface 
may mark regions threatened by earthquakes 

THRUST FAULT in schist (brown) some 12 kilometers below the earth's surface is thought 

to have caused a 6.1-magnitude earthquake that rocked eastern Los Angeles on October 1. 

Although South San Gabriel lies above the quake's hypocenter, towns to the south, the 

direction of slippage, sustained the heaviest damage. Previous faUlting (red) in the schist, 

resulting from compression of the region, contributed to the folding of sedimentary rock 

(yellow) near the surface. The drawing is based on work done by Thomas L Davis. 
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compressed plate shears so that one 
section is lifted over another. Gradu
ally investigators came to the dis
turbing conclusion that slippage 
along a thrust fault hidden deep be
low the surface-and probably un
connected to the Whittier fault or any 
other fault visible at the surface-had 
triggered the quake. 

Actually danger signs were there 
all the time in the form of folds near 
the surface of the earth, according 
to Thomas L. Davis, a geological con
sultant. For several years Davis has 
gathered core-sample data from oil 
wells dug throughout the Los Ange
les basin. He found that long-term 
compression of the basin has caused 
sedimentary rock below its surface 
to buckle in numerous areas, includ
ing the site of the recent earthquake. 

Correlating this information with 
seismic data and measurements of 
surface deformations, Davis conclud
ed that the folding has come about 
not by slow "creep," as was com
monly thought, but by the sudden 
rupture of thrust faults in layers of 
schist that underlie the sedimentary 
rock. The October quake, in other 
words, is simply the most recent of 
many quakes that have driven the 
folding over millions of years. Davis 
maintains that the earthquake threat 
in Los Angeles-and in other parts 
of the state-may be greater than 
seismologists have thought. "You 
see these young, active folds all over 
California," he says. 

"I'm in complete agreement with 
Davis," Lucile M. Jones of the U.S. 
Geological Survey in Pasadena says. 
"His work, and this quake, show that 
we've got to take this threat more se
riously." Jones thinks that thrust 
faults underlying Los Angeles proba
bly cannot create quakes with a mag
nitude greater than 6.5 or 7. But she 
suggests that such earthquakes, orig
inating directly under the city, could 
prove more devastating than an 8-
magnitude quake along the San An
dreas fault, which passes some 35 
miles northwest of the city. 

Ross S. Stein of the Geological Sur
vey's Menlo Park office concurs that 
"our approach to earthquake-haz
ard reduction has been flawed. We 
thought that large quakes always cut 
the surface, and so the strategy we 
followed was to search for large 
faults that offset through recent de
posits." Stein points out that an earth-
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If you've always thought getting there is 
only half the fun, you obviously never 
got the chance to drive a quick, exciting 
Escort GT. 

Its aggressive 1.9 L port-fuel-injected 
engine and sport tuned suspension not only let 
you get there in good time, but let you have a 
good time getting there as well. 

But then, you knew that the moment you 
saw it. 

So the next time you're going somewhere, 
go in an Escort GT. You may just find that 
getting there can actually be all the fun. 
6-Year/60,OOO-Mile Powertrain Warranty. 

Covers major powertrain components for 
6 years/60,OOO miles. Restrictions and deduct-

Getting there can be 
more than half the fun. 
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ible apply. Also, participating dealers back 
their customer-paid work with a free Lifetime 
Service Guarantee, good for as long as you 
own your vehicle. Ask to see these limited 
warranties when you visit your Ford Dealer. 
Ford. Best-built American cars ... seven 
years running. 

Based on an average of owner-reported 

problems in a series of surveys of '81-'87 
models designed and built in North America. 
At Ford, "Quality is Job 1:' 

Ford Escort GT. 
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quake that struck near the city of 
Coalinga, in south-central California, 
actually delivered the thrust-fold 
warning four years ago. 

A deep anticline, or downward
bending fold, runs past Coalinga, but 
because the region lacked faults at 
the surface, workers had thought it 
was seismically inactive. "Geologists 
typically assumed that the earth was 
gradually progressing, not jumping, 
under these folds," Stein says. When 
the 6.7-magnitude quake deepened 
the bend in the anticline without rup
turing the earth's surface, investiga
tors realized that the anticline had 
been created by repeated slippages 
of a thrust fault deep underground. 

Stein declares, "We can and must 
predict which folds may rupture." 
Once such folds have been identified, 
he says, workers must then try to 
forecast when the next quake might 
occur. The task is more straightfor
ward if there has been a recent earth
quake. Investigators can determine 
the increase in surface folding by 
comparing surveys of the earth's sur
face made before and after the quake. 
By comparing the recent increase 
with the total amount of folding that 
has occurred over geologic time, 
indicated by subsurface mapping, 
workers can estimate a "repeat time" 
for the quake. With this methodolo
gy, Stein says, he and another Geo
logical Survey worker, Geoffrey C. P. 
King, derived a repeat time of rough
ly 1,000 years for the Coalinga 
quake. Stein is now trying to do the 
same thing for the October 1 quake. 
These efforts, he says, should help 
workers to take on a more difficult 
and important task: forecasting when 
a quake might strike sites where no 
quakes have been observed. 

The key to forecasting, Davis says, 
is information about the subsurface 
structure of folds. Although oil com
panies gather such information, he 
notes, seismologists too often rely 
solely on seismic data and meas
urements of surface deformations. 
"That's just one aspect of what leads 
to a quake," he says, adding: "Geol
ogists haven't been communicating 
that well." -John Horgan 

Computing Cornucopia 

Government is moving to exploit 
massively parallel machines 

The White House's Office of Sci
ence and Technology Policy 

(OSTP) is putting the final touches on a 
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plan for concerted Government ac
tion to ensure that scientists and en
gineers benefit from the potentially 
enormous gains in computing power 
afforded by the new generation of 
parallel machines. The National Re
search and Development Strategy for 
High-Performance Computing is 
largely a response to congressional 
requests; the plan is being drawn up 
for the OSTP by a committee of the 
Federal Coordinating Council for Sci
ence, Engineering and Technology 
and will go to Congress after a White 
House review. 

In spite of the military and com
mercial promise of massively paral
lel computers-machines in which 
a host of processors attack a prob
lem Simultaneously-some officials 
are concerned that private industry 
will not act quickly enough to devel
op new architectures, software and 
networks to harness parallelism for 
key applications in science and engi
neering. Stephen L. Squires, comput
er-systems director at the Defense 
Advanced Research Projects Agency 
(DARPA), believes that without Feder
al efforts to catalyze innovation, mar
ket forces can "actually slow down" 
new technologies, because large cor
porations do best by exploiting their 
earlier investments. 

Squires thinks that machines capa
ble of 1,000 billion operations per 
second will be feasible by the early 
1990's, and that the cost of comput
ing will fall dramatically. To give in
vestigators at universities and other 
scientific institutions routine access 
to such computing power, the plan 
would establish a national comput
er research network. Many Govern
ment agencies, such as the Nation
al Science Foundation, DARPA and 
the Department of Energy, already 
have their own networks, but the 
"bridges" between the different net
works are seen as inadequate even 
for present needs. Officials think an 
integrated national network should 
be able to transmit up to 300 million 
bits of data per second-a capacity 
more than 1,000 times greater than 
that of existing networks. 

Such speeds would make the net
work "a tool for major break
throughs in science," according to 
Kenneth G. Wilson, director of Cor
nell University's Theory Center. It 
could readily cope with the huge 
amounts of data generated by high
speed scientific computation, mak
ing it possible, for example, to trans
mit moving color images represent
ing scientific simulations in real time. 
Workers would also be able to access 

data generated at large experimental 
facilities and to collaborate on pro
gram development. For very large 
computing projects, the network 
might make it possible to pool the 
power of large machines at different 
sites. Paul G. Huray, who chairs the 
committee that produced the Federal 
plan, points out that many of the fi
ber-optic cables needed to build such 
a network are already in place, laid 
as redundant capacity by telecom
munications companies. 

Officials expect that, besides the re
search network, the plan will call for 
increased Federal investment in par
allel computers themselves and in 
their software, perhaps through spe
cialized computing-research centers 
similar to those now operated by the 
NSF. Development of software for par
allel machines is widely seen as lag
ging seriously, particularly in scien
tific applications; Wilson says "the 
whole framework of scientific com
putation is hopelessly backward," 
primarily because "nobody has been 
able to get a committee of scientists 
together to address" how to translate 
abstract scientific ideas into soft
ware. The plan will also address con
cerns about a predicted shortage 
of trained manpower; one solution 
would be to increase research funds 
allocated to universities, thereby en
couraging them to create new faculty 
positions. 

Estimates of the cost of mounting 
a national computing initiative vary, 
but one official thinks that a good 
case could be made for spending 
$500 million per year. A study of 
the topic led by Harold]. Raveche of 
the Rensselaer Polytechnic Institute 
called earlier this year for an expen
diture of $1.5 billion over the next 
five years. Specific funding proposals 
may be included in the Federal bud
get for fiscal 1989. -Tim Beardsley 

Scientific Philanthropy 

The Hughes legacy supports 
a booming research effort 

A fter a decade of disputed claims, 
.t-\.complete with forged Mormon 
wills and courtroom battles, much of 
the fortune of the late multimillion
aire industrialist, aviator and recluse 
Howard Hughes is now supporting 
the largest scientific charity in the 
world. The Howard Hughes Medi
cal Institute, which he established in 
1953, has assets of approximately $5 
billion, gained from the 1985 sale of 
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For Bill Def!1by, the difference means 
getttng another shot. 

When Bill Demby was in Vietnam, he 
used to dream of coming home and play 
ing a little basketball with the guy s. 

A dream that all but died when he lost 
both his legs to a Viet Cong rocket. 

But then, a group of researchers dis
covered that a remarkable Du Pont plastic 
could help make artificial limbs that were 
more resilient, more flexible, more like 
life itself. 

Thanks to these efforts, Bill Demby 

is back. And some say, he hasn't lost a 
step. 

At Du Pont, we make the things that 
make a difference. 

Better thing,> for better living. @ PO fft> 
REG. u.s. PAT. a TM_ OFf 
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For anyone who's ever 
IBM presents personal 

Now it's easier than ever to become 
a newsmaker in business, thanks to IBM's 
new desktop publishing system. 

It's called the IBM® SolutionPac™ 
Personal Publishing System. And it 

comes complete with every
thing you need to start 

The IBM SolutionPac for Personal Publishing lets you design 
and print near typeset quality documents. 

making headlines: the hardware, soft
ware, service and support. 

Just one purchase, and you'll be on 
your way to designing and printing the 
kinds of presentations, reports and 

newsletters bound to open people's eyes. 
The Personal Publishing System is 

as easy to set up as it is to buy. All the 
components are designed to work to
gether, from the Personal Systeml2™ 
Model 30 to IBM's laser printer, the Per
sonal Pageprinter. 

We've also preloaded all the neces
sary software-including Windows;M 
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wanted to mal(e headlines, 
publishing. 

PageMaker® and PostScript® -on the 
system's hard disk All you have to do is 
turn the system on, run through the 
tutorial program and begin composing 
your thoughts. 

Because it's from IBM, you can 
transfer many of your IBM -compatible 
files directly into the Personal Publish
ing System-where you can then turn 

them into eye-catching documents. 
There's good news for IBM PC 

XT™/286 and Personal Computer AT® 
owners, too. The IBM Personal Publish
ing Option offers you everything you 
need to upgrade your PC 
• • I 
mto a cost-savmg 
print shop. 

To see that 
Your newsworthy The IBM 

3117 Scanner transfers artwork 
ideas are note- directly into the system. 
worthy, visit your IBM Authorized Ad
vanced Products Dealer (ask about the 
IBM Credit Card), or call your IBM 
Marketing Representative. 

For the certified dealer nearest you, 
call 1-800-447-4700, ext. 48. (In Canada, 
call 1-800-465-6600.) § : :  === ® 

-------_.-

© IBM 1987. IBM and Personal Computer AT are registered trademarks, and "Solution Pac;' 
PC XT and" Personal System/2" are trademarks, of I BM Corporation. Page Maker is a 
registered trademark of Aldus Corporation. Windows is a trademark of Microsoft Corporation. 
PostScript is a registered trademark of Adobe Systems Inc. 
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its major holding, the Hughes Air
craft Company, to the General Motors 
Corporation. 

In its early years HHMI'S opera
tions were as obscure as those of its 
founder, and this year the institute 
was touched by scandal when its 
president, Donald S. Fredrickson, re
signed after an investigation into his 
wife's use of HHMI funds. With a new 
president, Purnell W. Choppin, and 
an ambitious agenda of support for 
biomedical research and education, 
HHMI'S prominence seems assured. 

In order to preserve its tax-exempt 
status as a medical research or
ganization HHMI has been obliged to 
spend at least 3.5 percent of the value 
of its endowment each year on med
ical research. As a result the insti
tute's annual research budget has 
grown from $15 million a decade ago 
to $170 million this year and is ex
pected to reach $235 million by 1992. 
What is more, a settlement reached 
early this year in a long-standing dis
pute with the Internal Revenue Serv
ice obliges HHMI to spend an addi
tional $500 million for charitable 
purposes over the next 10 years. 
The institute has announced that the 
money will go to support biomedical 
education. 

HHMI'S research agenda focuses on 
five main areas: cell biology, genetics 
(including efforts to map the human 
genome), immunology, neuroscien
ces and (most recently) the study of 
biological structures at the molecular 
level. Most Hughes research is fun
damental, but much of it also has 
near-term clinical applications. Sev
eral Hughes investigators are study
ing the molecular basis of inherited 
diseases, for example, which is lead
ing to better diagnoses and may sug
gest treatments; others are exploring 
immune-system activation, a process 
central to AIDS. 

Traditionally HHMI'S research has 
been done by its own salaried in
vestigators at institutes set up with
in leading research universities and 
hospitals around the country. HHMI 
does not require long and time-con
suming grant applications, a major 
bugbear for Federally supported re
searchers. Investigators can write 
their budget requests on a year-by
year basis, and they are entitled to 
seek research grants from other or
ganizations as well. 

The salaries HHMI funds are no 
higher than those funded by the Na
tional Institutes of Health, the major 
source of Government money for 
biomedical research, but Choppin 
thinks Hughes investigators have "a 
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bit more flexibility and stability" 
than workers supported by Federal 
grants. Once chosen, an investiga
tor can count on continuing support 
(providing his or her work is favor
ably reviewed) for a set period that 
can be as long as seven years. "We 
bet on individuals, not on projects," 
Choppin says, which enables HHMI 
to take "a more long-term approach" 
to problems. 

There are now 170 Howard Hughes 
Investigators at 27 institutes nation
wide; 13 more institutes are currently 
under construction, and HHMI ex
pects to have a total of 270 investiga
tors in five years' time. In a new em
phasis, many of the investigators will 
be one-person "institutes." Choppin 
says that HHMI is considering "in 
depth" the possibility of supporting 
research abroad. 

To its tradition of supporting its 
own investigators HHMI is now add
ing a program of educational fund
ing. Grants that next year will total 
$30 million will go to colleges to 
strengthen education in biology and 
related disciplines; special provi
sions have been made to solicit appli-

cations from historically black insti
tutions. In addition 60 doctoral fel
lowships-open to U.S. or foreign 
citizens-will be supported next year 
at U.S. universities, a number that 
will increase to 300 over five years. 
HHMI has underwritten a program to 
foster "greater public understanding 
of science and studies in health sci
ences policy" at the Institute of Medi
cine and a study of precollege biolo
gy education at the National Acade
my of Sciences. It has also awarded a 
total of $9 million to the Cold Spring 
Harbor Laboratory (for a neuroscien
ces teaching facility) and the Jackson 
Laboratory at Bar Harbor (for genet
ics teaching). 

Choppin modestly points out that 
HHMI'S total assets, although "consid
erable," are less than the annual bud
get of the NIH and expresses the hope 
that HHMI'S research will "comple
ment, not compete with," NIH-fund
ed work. Choppin's understatement 
notwithstanding, HHMI's continuing 
search for new ways to deploy all 
its resources will certainly have a 
broad impact on biomedical science 
in the U.S. -T.M.B. 

PHYSICAL SCIENCES 

Force of a Different Color 

New results bolster the case 
for a "fifth" fundamental force 

N early two years ago Ephraim 
Fischbach of Purdue Universi
ty and his colleagues caused a 

stir in the physics community with a 
report that experimental data collect
ed at the turn of the century by the 
Hungarian physicist Roland von E6t
v6s contained evidence of another 
fundamental force in nature. The pu
tative weak, repulsive force was said 
to have an effective range of sever
al hundred meters-longer than the 
range of two acknowledged forces 
(the strong and weak nuclear forces) 
but shorter than the range of the oth
er two (the electromagnetic and grav
itational forces). Its strength was held 
to depend not on the mass or charge 
of the interacting objects but on a fea
ture that varies with chemical com
position: the total number of bary
ons (protons and neutrons) per unit 
of mass. 

Fischbach's hypothesis unleashed 
a flurry of experiments, certain of 
which seemed to support the exis
tence of such a "fifth" force whereas 

others appeared to rule it out. Recent
ly a group headed by Paul E. Boynton 
of the University of Washington has 
performed what is regarded as the 
most sensitive test for the fifth force. 
Coupled with the earlier findings, the 
results appear tantalizingly consis
tent with the existence of an interme
diate-range, composition-dependent 
force, albeit one whose strength var
ies not with the total number of neu
trons and protons per unit of mass 
but with the difference in their num
bers-a quantity known as isospin. 

In the original E6tv6s experiment 
weights made of different materials 
were hung from the ends of a torsion 
balance (essentially a bar suspend
ed horizontally from a wire). E6tv6s 
hoped to detect any slight rotation of 
the bar that would result if the earth 
exerted an uneven attraction on the 
weights. E6tv6s thought he found 
nothing beyond statistically insignifi
cant inconsistencies. Yet according 
to Fischbach and his collaborators, 
these slight inconsistencies actually 
reveal a systematic pattern that 
would be expected if a force that 
depended on baryon number were 
working against the earth's gravita
tional pull. 

In its original paper Fischbach's 
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A 'tifth" force that counteracts gravity can be 
reconciled with seemingly contradictory findings 
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EVIDENCE IN FAVOR of a "fifth" force was inferred from the oscillations of a special torsion 
pendulum (top left) and the movements of a buoyant copper sphere (top right) placed 

near a large mass: a cliff. A re·creation of Calileo's classic experiment (bottom) yielded 

negative results. As two masses of differing composition fell in evacuated tubes, a laser in· 
terferometer measured and compared their accelerations. To lessen drag, a servomecha· 
nism accelerated an inner chamber downward at the same rate as each falling mass. 
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group called for more precise meas
urements. In due course a group at 
the University of Washington led by 
Christopher W. Stubbs and Eric G. 
Adelberger built a torsion balance 
and placed it on a hillside, hoping to 
detect any torque produced by the 
combination of the gravitational at
traction of the hill and some addi
tional effect on the test bodies. With
in the sensitivity limits of their set
up Stubbs and Adelberger found no 
evidence of the fifth force. 

Timothy M. Niebauer, Martin P. Mc
Hugh and James E. Faller of the Uni
versity of Colorado at Boulder then 
re-created the classic experiment 
Galileo is said to have performed 
from the tower of Pisa. They dropped 
two test masses of differing composi
tion and measured the difference be
tween their accelerations by means 
of a laser interferometer. The results 
of this test (which was less sensitive 
than the experiment of Stubbs and 
Adelberger to a short-range force) 
were negative: the bodies seemed to 
fall at the same rate. 

Such results might well have dis
couraged other experimenters from 
pursuing the matter further if Peter 
Thieberger of the Brookhaven Na
tional Laboratory had not derived 
evidence for the fifth force from a 
third type of experiment Since the 
number of baryons per unit of mass 
is different for copper and water, 
Thieberger reasoned that a buoyant 
copper sphere would move through 
water if the gravitational attraction of 
a nearby large mass (namely a cliff) 
were modified by the fifth force. The 
results of an experiment designed 
along these lines, Thieberger report
ed, were indeed "compatible with 
the existence of a medium-range, 
substance-dependent force which is 
more repulsive (or less attractive) for 
copper than for water." 

Boynton's group has now entered 
the fray by publishing the results of 
its own experiment in Physical Review 
Letters. In place of the bar in the tradi
tional torsion balance they employed 
a ring, half of which was made of 
beryllium and half of aluminum; in
stead of measuring small angular dis
placements they set the ring in mo
tion, creating a torsional pendulum, 
and looked for changes in the peri
od of the oscillations. When the ex
periment was done at the base of a 
granite cliff, the oscillations of the 
ring varied in a way that suggested 
"a static interaction of the cliff mass 
with some kind of asymmetry be
tween the beryllium and aluminum 
halves of the pendulum ring." 
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©1987 Volkswagen I Seatbelts save lives. I 

vagen. Rearwheels that turn. 
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How can these most recent results 
be reconciled with the other findings, 
which, if they do not rule out the fifth 
force altogether, set tight constraints 
on its strength and range? Boynton 
and his colleagues write that their re
sults "may be made consistent with 
recent experimental constraints . .  .if 
one assumes that the candidate inter
action couples almost exclusively to 
[isospinJ." 

Robert H. Dicke of Princeton Uni
versity acknowledges that Boynton's 
experiment is "an impressive piece 
of work" but believes such experi
ments "are notoriously difficult to 
carry out" without systematic errors. 
Sheldon Lee Glashow of Harvard Uni
versity is more skeptical: "I have yet 
to see decisive and convincing evi
dence. Until then, I'm not interested." 

One issue on which all observers 
seem to agree, however, is the need 
for more experimentation. Accord
ingly Boynton's group is replacing 
the ring of aluminum and beryllium 
with one of copper and polyethyl
ene, materials with a greater differ
ence in isospin. The group has also 
invited Stubbs and Adelberger to set 
up their experiment in the same area, 
in order to subject their apparatus 
to the pull (and push?) of the same 
cliff face. -Gregory Greenwell 

Vapor Lock 

Bubbles in Antarctic ice record 
carbon dioxide and climate 

The concentration of carbon diox
ide in the earth's atmosphere is 

increasing at a rate of .4 percent each 
year, primarily because of the com
bustion of fossil fuels. Carbon diox
ide is a "greenhouse gas": it traps 
heat from the earth's surface that 
would otherwise be radiated into 
space. Its continuing increase is 
widely expected to cause a global 
warming, and so understanding its 
role in climate has assumed some im
portance. Hard evidence about the 
relation between atmospheric car
bon dioxide and climate, however, 
must come from the past. 

Fortunately nature has provided 
an extensive record of carbon diox
ide and climatic change. The record 
consists of tiny bubbles of air trapped 
in the polar ice sheets-samples of 
prehistoric atmospheres preserved 
for millenniums-together with char
acteristics of the ice itself. 

By recovering ice cores from the 
unprecedented depth of 2,083 me-
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ters, members of the Soviet Antarctic 
Expeditions at Vostok in East Antarc
tica have greatly extended the period 
for which that record is accessible. In 
collaboration with French investiga
tors from the Laboratory of Isotopic 
Geochemistry and the Laboratory of 
Glaciology and Geophysics of the En
vironment, Soviet workers from the 
Arctic and Antarctic Research Insti
tute in Leningrad and the Institute of 
Geography in Moscow derived from 
the cores a history of both carbon di
oxide levels and global temperature 
over the past 160,000 years-a period 
beginning in the next-to-last ice age. 
They report the results in Nature. 

The technique for estimating tem
perature relies on the relative abun
dances of hydrogen and its isotope 
deuterium in the water molecules 
locked in the ice. Ice deposited at 
lower temperatures contains rela
tively less deuterium, the heavier 
isotope; at lower temperatures water 
containing deuterium is more like
ly to condense and precipitate before 
it can reach polar regions. Analyses 
of isotopic ratios, elaborately cross
checked, enabled the investigators 
to conclude that average tempera
tures during the two most recent ice 
ages were nine degrees Celsius lower 
than today's temperatures; tempera
tures during the interglacial period 
about 130,000 years ago were two de
grees higher. 

When the workers analyzed the air 
bubbles, they found that during the 
postglacial warmings, which took 
only about 2,000 years, atmospheric 
carbon dioxide increased by about 
40 percent. Indeed, carbon dioxide 
levels closely paralleled temperature 
over the entire 160,000 years, and so 
it now seems clear that the gas does 
play an important role in climate. 

In the past, carbon dioxide prob
ably only amplified the more funda-

mental effects that initiated and end
ed the ice ages. These are Milanko
vitch cycles: very slow oscillations in 
the shape of the earth's orbit and the 
inclination and direction of its spin 
axis, which cause slight variations 
in the amount of heat the planet re
ceives from the sun. Subtle period
icities in the new temperature and 
carbon dioxide histories reflect such 
astronomical influences: one cycle 
has a period of 100,000 years, which 
matches the timing of recent ice ages, 
and another has a period of 21,000 
years. A 40,000-year cycle is also 
apparent, but only in the tempera
ture record. 

Wallace S. Broecker of the Lamont
Doherty Geological Observatory 
comments that although the new 
measurements are "extremely im
portant," their interpretation will be 
debated. Warming seems to coincide 
with the carbon dioxide increases, 
but cooling precedes the decreases 
in carbon dioxide. Broecker believes 
the changes in atmospheric carbon 
dioxide abundance could be ex
plained by supposing that the astro
nomical changes somehow cause a 
"major reorganization" in ocean cir
culation patterns. Such a shift would 
affect both heat flow around the 
globe and the amount of carbon diox
ide stored in the oceans, thereby am
plifying the climatic effects of the or
bital changes. 

In their account the French and So
viet investigators sound a similar 
note. They believe the rapid warm
ings and the concomitant surges in 
carbon dioxide support the idea that 
"an abrupt modification of the deep 
oceanic circulation" can result from a 
slow external influence, such as the 
Milankovitch cycles. Unfortunately 
such ideas cannot yet predict the ef
fects of rising carbon dioxide caused 
by human beings. -T.M.B. 

TECHNOLOGY 

Electronic Taskmasters 

Does monitoring degrade 
the quality of working life? 

I s Big Brother alive and well in the 
workplace? As more and more 
clerical tasks are performed at vid

eo-display terminals and over tele
phone lines, private employers are 
taking advantage of the equipment 
to monitor employee performance. 
Computers can be programmed to 

count keystrokes per minute or sales 
per hour; telephone conversations 
can be monitored routinely and si
lently to ensure that salespeople and 
operators remain courteous and fol
low their script. A recent study by 
Congress's Office of Technology As
sessment (OTA), titled "The Electron
ic Supervisor," estimates that six mil
lion workers in industries such as 
telecommunications, financial serv
ices and airlines are routinely eval
uated on the basis of monitoring; 
many more are monitored but do not 
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get evaluations based on the results. 
To the companies that practice it, 

among them the American Express 
Co. and AT&T, employee monitoring 
is sound management. They say that 
it helps to increase competitiveness 
and efficiency, since it enables them 
to provide feedback on employee 
performance. After all, they say, em
ployees have been assessed for as 
long as there have been j obs. Unions 
disagree: the Communications Work
ers of America (CWA) believes new 
technology has brought changes that 
invade workers' privacy and intimi
date them. The pressure that moni
toring creates to complete transac
tions quickly can lead to inferior 
service, the CWA contends, and in
creases stress-related illnesses such 
as anxiety, high blood pressure and 
ulcers. The union has begun a cam
paign to limit the practice. 

The OTA study found evidence that 
electronic monitoring exacerbates 
stress-related illnesses to be sugges
tive, not conclusive. It says the prac
tice raises legitimate concerns, how
ever, about fairness and quality of 
life, and it acknowledges "strong ar
guments" that monitoring could be 
abused. The OTA also believes eaves
dropping on telephone calls raises 
concerns about the privacy of the 
customer. 

The statutes that protect people 
against wiretapping in their private 
lives do not extend to employees 
(and customers) who are subj ect to 
such "service observation." The OTA 
notes, moreover, that "there is no le
gal right to be treated with dignity or 
as an autonomous person." But it 
points out that although the law has 
traditionally upheld the notion of 
"employment at will" (which, for the 
employee, might be roughly translat
ed as "If you don't like it, lump it"), 
that view has been gradually eroded 
with the passage of antidiscrimina
tion and safety legislation. Legisla
tion to protect privacy in the work
place would therefore not be totally 
without precedent. Bills have been 
introduced in Congress that would 
prohibit service monitoring of tele
phone conversations without a beep 
tone to alert the participants. 

The OTA report points out that simi
lar threats to employee privacy are 
posed by other technologies. Poly
graph screening and testing for drug 
residues are becoming widespread, 
and emerging biomedical technolo
gies may soon enable organizations 
to screen employees for susceptibil
ity to a large number of diseases. A 
system that is said to be capable of 
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detecting drug abuse by analyzing 
brain electrical activity is already be
ing marketed, and research in prog
ress suggests that analysis of brain 
waves can uncover specific "guilty 
knowledge"-for example knowl
edge relating to a crime. -T.M.B. 

A Mild Alternative? 

Government takes a new look 
at a coal-gasification process 

O il has become the lifeblood of in
dustrial society because its prod

ucts, such as gasoline and fuel oil, are 
ready sources of energy; it is also a 
feedstock for the chemical industry. 
Coal can serve many of the same 
functions, but it is much harder to 
transport and process, largely be
cause it is a solid. It has the great 
virtue, however, of being domesti
cally abundant. 

The search for better ways to ex
ploit coal and its products has led the 
Department of Energy to reexamine 
the process it calls mild gasification, 
which was first discovered in the ear
ly 1800's. When coal is heated to be
tween 1,100 and 1,500 degrees Fahr
enheit in the absence of oxygen, it 
breaks down, producing a fuel gas, 
liquid hydrocarbons and a solid resi
due called char. (This process is dis
tinct from the coal-gasification proc
ess employed in existing large-scale 
plants, in which coal is heated to 
much higher temperatures in an oxy
gen-rich atmosphere.) The Energy 
Department has recently awarded 
four contracts worth $13.5 million 
over the next three years for studies 
of mild gasification and its economic 
prospects. If the indications are good, 
the department will commission a 
demonstrator plant capable of proc
essing 1,000 tons of coal a day. 

Workers agree that mild gasifica
tion will be economical only if high
value applications are found for the 
products and the process is then ad
justed to maximize returns. A mild
gasification plant built in New Jersey 
some years ago was a commercial 
flop because power companies were 
reluctant to buy the char for fuel: its 
high ash content makes it harder to 
burn than coal. The Electric Power 
Research Institute in Palo Alto stud
ied the process more recently and 
also could not make it pay. 

The gas product provides an indus
trial fuel. The liquid hydrocarbons 
could be valuable feedstocks for spe
cialty chemical production, accord-
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g o l d  n i b  a n d  t h e  g o l d - p l ated f i tt i n g s .  
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FLY TO WHfRE 
THE BUFF�lO ROAM 
ANDJ99 OTHER PLACES: 
No�west Airlines 
has 1400 flights 
a day througit9ut 
the Unltedfiates. 
We serve the great 
American plains, and 
200 great American 
cities. We can fly 
you to the coast, 
the mountains and 
the beaches. 

So Whether traveling 
is a part of your 
routine 01' a way to 
get away from It, 
call your travel 
agent 01' Northwest 
and see how easy It 
is to roam America. 
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ing to Robert O. Ness, Jr., of the Ener
gy Research Center at the University 
of North Dakota. They might also 
serve as fuels; the Energy Depart
ment has shown that they can be 
converted into a high-energy jet fuel 
for the military and is investigating 
the feasibility of burning them in 
locomotives instead of diesel fuel. 
Mixed with char, the liquid products 
might also make a high-yield boiler 
fuel for industrial applications. 

Refinements of the mild-gasifica
tion process could make it possible 
to convert as much as 40 percent 
by weight of the coal into hydrocar
bon liquids, according to Madhav R. 
Ghate of the DOE'S Energy Technol
ogy Center at Morgantown, W.Va. ; 
past yields reached only 20 percent. 
Ghate has found that yields can be 
increased by forcing inert gases 
through the vessel to sweep out con
densable products before they are 
broken down. Pretreating the coal 
with steam also improves yields by 
aiding chemical decomposition. 

The char that is left behind is also 

finding new applications. John M. 
Lehto of Northern States Power, Inc., 
has demonstrated a process that em
ploys it for smelting taconite, a low
grade iron ore; in addition the proc
ess yields heat, which could make it 
possible to produce iron and power 
at the same site. Ness believes Leh
to's scheme could consume enough 
char to make a mild-gasification 
plant economical. Because char is 
rich in elemental carbon, it can also 
serve in the production of activated 
carbon, carbon fibers, graphite elec
trodes and hydrogen (made by react
ing char with steam). 

If the Energy Department shows 
mild gasification to be economically 
viable, plants might eventually be 
built at coal mines to minimize trans
portation costs, according to Ghate. 
The process does raise environmen
tal concerns. Coal products contain 
high levels of sulfur and nitrogen, 
which are released in harmful emis
sions when the products are burned, 
but Ghate believes control technolo
gies are feasible. -T.M.B. 

BIOLOGICAL SCIENCES 

Flocking Together 

It may help ospreys 
to fish more effiCiently 

D uring bluefish season on Cape 
Cod, Mass., one often sees a 
few fishermen casting fruit

lessly into the surf while many oth
ers look on. As soon as someone 
hooks a fish, the others-knowing 

that bluefish travel in schools-jump 
from their beach chairs and jeeps to 
try their own luck. 

Ospreys, large fish-eating hawks 
found in North America, take advan
tage of one another's efforts in a simi
lar way, according to Erick Greene of 
Princeton University. Greene spent 
five months watching a colony of os
preys nesting on a small, spruce-cov
ered island in Cow Bay estuary, Nova 
Scotia; the colony, he reports in Na-

ADULT OSPREY AND CHICK, about five weeks old, share a nest built high in a spruce tree 

on an island in Cow Bay estuary, Nova Scotia. The photograph was made by Erick Greene. 
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ture, served as an "information cen
tre" on good fishing spots. 

The 11 nesting couples built their 
nests ' high in the tallest spruces on 
the island, from which the birds had 
clear views of their fishing grounds. 
They fed largely on four fish speCies: 
winter flounder, pollock, alewife and 
smelt. Winter flounder live scattered 
on the bottom of shore waters and es
tuaries; the other three species com
monly travel in large schools. 

Male ospreys do most of the fishing 
during the breeding season, bringing 
their catches back to the nest and 
sharing them with their chicks and 
mates. Other ospreys can easily dis
tinguish what kind of fish a returning 
bird clutches in its talons (the eye
sight of ospreys is about 100 times 
keener than that of human beings). 
Greene observed that hawks on the 
island often flew toward a bird re
turning with a schooling fish and 
retraced its flight. If the bird carried 
a winter flounder, the other hawks 
usually stayed put. 

Occasionally a successful forager 
seemed to communicate actively to 
others in the colony by persistent
ly uttering shrill cries and rapidly 
swooping up and down. Greene not
ed that an osprey performed this dis
play only if it had caught a schooling 
fish; moreover, such displays usually 
followed long periods when none of 
the ospreys had caught any fish. 

"Although these displays were un
common," Greene recalls, "the re
sponse of other ospreys to this dis
play was dramatic: all of the non-fish
ing birds at the colony immediately 
flew towards the displaying bird and 
began hunting near where the fish 
had been caught." 

Greene speculates that kin selec
tion may explain this actively altru
istic behavior. He points out that 
whereas female ospreys range quite 
far in search of mates, male ospreys 
usually settle near their birthplace. In 
alerting males nesting nearby to the 
presence of a school of fish, an os
prey might help its brothers or cous
ins to feed their offspring and so per
petuate the family genes. -JH. 

A Nervous Disposition 

Some cells in an embryo's skin 
are "predisposed" to be nerves 

t\ few hours after fertilization the 
!-\.embryo of a vertebrate is a 
smooth sphere with an outer layer of 
apparently identical cells called the 
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WHICH 15 THE PHONE, 
AND WHICH 

15 THE COMPUTER? 

Once, a phone was 
a phone and a com

puter was a computer. 
And anybody could 

tell the difference. 
Today, however, tele

phones routinely boast 
computer memories, com
puter intelligence, even 
computer screens. 

And computers are 
discovering the power 

of networking, as tele 
phones already have. 

The name of the 
game is getting the right 
information to the right 
people at the right time. 

Because being able 
to do that easily will 
make our work more pro
ductive and our lives 
less hassled. 

And that's what 
AT&T is all about today. 

Our goal is to do 
for information what 
we've already done for 
conversation. 

To accomplish that, 
the people at AT&T Bell 
Laboratories are working 
to combine everything 
you like about telephones 
with everything you 
expect from computers. 

So computers will 
finally deliver what they 
have been promising 
for decades. 

Consider some 
examples: Some day soon, 
instead of being limited 

to the new cars available 
in a dealer's inventory, 
you'll be able to sit down 
at a computer terminal 
in the dealer's showroom 
and enter the model you 
want, the engine, the 
options, the color, etc. 

A data network 
will automatically trans 
late your order into 
instructions to dozens 
of suppliers and plants 
in the production process. 
The result is a custom
made car delivered faster 
than you ever thought 
possible. 

In banking, powerful 
and versatile data net
works could mean loan 
approval in minutes 
instead of weeks. And 
account balances that are 
always current. 

In retailing, a chain 
whose stores employ 
a data network could 
always have hot - selling 
items in the stores 
where they're selling hot-

test. Pleasing both the 
customer and the com 
pany controller. 

The idea is networks 
which not only move in
formation instantly, but 
which also interpret it, 
rearrange it and apply it 
in the most useful way. 
All automatically. 

Just as the AT&T 
long distance network 
handles a telephone call, 
instantly, intelligently, 
automatically. 

Which is to say, we're 
very close to the day 
when you won't be able 
to tell a phone from 
a computer, and won't 
even care. 

But until then, the 
phone cord is the one on 
the top. 

ATSaT 
The r ight choice. 
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Sometimes you're confronted with a sit

uation that can seem overwhelming at 

first. How it turns out is solely determined 

by how you respond. And how you re

spond is a reflection of how strongly you 

believe in yourself. 

Recently, we've faced some tough 

times as a company. But we've responded 

by being tougher. We had to in order to 

build the leaner, more efficient, better 

disciplined company we have become . 

We had to ask ourselves what kind of 

company did we want to be? 

We decided we want to be an integrated 

domestic petroleum company with an 

emphasis on foreign exploration. For the 

time being , most of our capital will go 

to developing proven reserves . We are 

suspending high-risk, high-reward ex

ploration and sticking to the more mature 

oil basins . And while we are spending 

less,  we are spending smarter. 

We will continue to support our main 

business through strong research and de

velopment as well as stronger reliance on 

high technology. It was this unshakeable 

commitment that resulted in our holding 

more active U .  S .  patents than any other 

oil company last year. 

It's true we came face to face with 

adversity, but we'll come roaring back. 

Because we're ready to take on the future. 

For more information please write to 

Patricia Marshall , Phillips Petroleum, 

1 6D-4 Phillips Building , Bartlesville , 

Oklahoma 74004 . 

Phillips Petroleum Company 
Performing to meet 

the challenge of change. 

PHi lliPS 

W 

TRUE CHARACTER IS REVEALED WHEN 
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YOU COME FACE TO FACE WITH ADVERSITY. 
© 1987 SCIENTIFIC AMERICAN, INC



ONE-DAY-OW EMBRYO of an African 

clawed frog already displays a dark neural 

plate in a micrograph by john B. Gurdon. 

ectoderm. Grown alone in culture, 
ectoderm cells become skin cells, 
and in fact most of the ectoderm is 
destined to become skin. But during a 
process known as gastrulation a lay
er of cells within the embryo called 
the mesoderm pushes up against a 
strip of the ectoderm; this ;trip differ
entiates into a new lay l r of cells 
known as the neural plate. Visible ini
tially only as a dark ridge along the 
dorsal, or top, side of the still spheri-

"Knowledge is of two kinds. We mow a subjed ourselves, or we know where we can find information upon it." 
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Boswell. Life o/Johnson (1775) 

You can find a wealth of 
infonnation from the Federal Government 

at Depository [jbraries, Contact your 
local library, 

The Federal Depository 
Ubrary Program 

Office of the Public Printer, Washington. OC. 2040J 

cal embryo, the neural plate is the 
precursor of the brain and spinal 
cord. What triggers its appearance? 

Biologists have long thought that 
the external influence of the meso
derm spurs certain ectoderm cells to 
differentiate into neural tissue. This 
process of "induction" requires di
rect contact between the ectoderm 
and the mesoderm. Recent studies of 
the development of Xenopus, the Afri
can clawed frog, suggest that an in
ternal program may also play a role. 
Colin R. Sharpe and John B. Gurdon 
of the University of Cambridge and 
Andreas Fritz and Eduardo M. De 
Robertis of the University of Cali
fornia at Los Angeles School of Med
icine report in Cell that some ecto
derm cells, even before they come in 
contact with the mesoderm, have a 
special "predisposition" toward be
coming neural tissue. 

A key step in the group's research 
was its isolation of a DNA fragment 
that is expressed in cells of Xenopus' 
developing neural plate. De Robertis 
notes that the fragment "is probably 
not only a marker of neural differen
tiation but also the causative agent."  
To stress this possibility the investi
gators call the marker a homeobox, a 
term first applied to a similar DNA se
quence found to control the early de
velopment of the fruit fly Drosophila. 

The workers took ectoderm cells 
from various regions of the undif
ferentiated embryo and combined 
them in vitro with mesoderm cells. 
The "surprising result," the team 
observes, was that ectoderm from 
the dorsal region of the embryo ex
pressed the homeobox marker with 
greater frequency-that is, showed 
a greater sensitivity to induction
than ectoderm from the bottom, or 
ventral, region, The implication, ac
cording to Gurdon, is that even be
fore gastrulation takes place changes 
have been wrought in the dorsal 
cells, preparing them for their trans
formation into neural tissue. Some 
earlier form of induction may be re
sponSible, he says. 

De Robertis hypothesizes that the 
ectoderm of mammals-including 
human beings-also differentiates 
into neural tissue in response to both 
induction and internal cues. The hu
man genome, he notes, contains ge
netic sequences that resemble the 
homeoboxes of Xenopus and Dro
sophila. Confirming this hypothesis, 
however, will be difficult: in the first 
stages of differentiation mammali
an embryos are thousands of times 
smaller than the embryos of amphib
ians like Xenopus. -}.H. 

Smoking Gun? 

Activation of an oncogene 
may be a cause of lung cancer 

A decade of research points to a co
J-\. hort of normal genes that, when 
altered, have some role in the devel
opment of cancer. These proto-onco
genes, as they are called, code for 
proteins that are vital to normal cel
lular processes. Structural abnormal
ities in or around the genes can ac
tivate them and convert them into 
oncogenes, which contribute to the 
malig'nant transformation of normal 
cells. The nature of that contribution 
is unclear, however, and clinical evi
dence about the role of oncogenes in 
human cancer is still scarce. Dutch 
investigators led by Sjoerd Roden
huis of the Netherlands Cancer Insti
tute have helped to fill that gap. Their 
data, published in the New England 
Journal of Medicine, implicate the K
ras oncogene in the development of 
five out of 10 studied cases of adeno
carcinoma of the lung. 

An important mechanism in the ac
tivation of proto-oncogenes is point 
mutation: a one-base substitution in 
the DNA that results in a correspond
ing one-amino-acid difference in the 
protein product of the gene. Three 
members of the ras gene family, H
ras, N- ras and K- ras, acquire carcino
geniC potential by point mutations at 
positions 12, 13 or 61. 

Rodenhuis' team examined 39 tu
mor speCimens from patients with 
various types of untreated lung can
cer. A highly sensitive hybridization 
assay revealed the significant point 
mutations in the three ras genes. 
Point mutations were observed only 
in K- ras, at position 12, and only in ad
enocarcinomas (which account for 
some 30 percent of lung cancers). 
The data support a previously ob
served connection between the K-ras 
gene and adenocarcinomas. 

The ras genes code for proteins, 
termed p21, that are strikingly simi
lar to G proteins, which help to pass 
growth signals from the cell surface 
to the nucleus. The ras proteins, like 
the G proteins, are at the inner side 
of the cell membrane, and they too 
seem to be part of a signal system. 
They are thought to have both "on" 
and "off" configurations, If a point 
mutation occurs at position 12, 13 or 
61, Rodenhuis explains, the protein 
"sticks at 'on' and transduces a signal 
that in fact is not there." Such a muta
tion, Dennis]. Siamon of the Universi
ty of Galifornia at Los Angeles School 
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of Medicine writes in an editorial 
accompanying the Rodenhuis paper, 
is "clearly . . .  a possible pathogenic 
event in lung adenocarcinomas." 

Pinning down that possibility is 
difficult. A number of successive 
changes, perhaps including the acti
vation of one or more oncogenes, 
se em to figure in the multistage initi
ation and promotion of cancer. To 
test where ras activation falls in the 
development of adenocarcinomas, 
Rodenhuis' team examined tumors 
in as early a stage as possible. The 
workers concluded that the activa
tion of ras is a relatively early change 
in lung adenocarcinomas: the point 
mutations occurred in tumors less 
than two centimeters in size. 

Many more patients will have to be 
studied, the workers write, in order 
to explore differences in the course 
of adenocarcinomas with an activat
ed ras gene and those without one. 
Because all five patients with activat
ed K- ras were heavy smokers, how
ever, "it is tempting to speculate that 
activation of K- ras by a carcinogen in 
tobacco smoke may provide an 'al
ternative pathway' for the develop
ment of an adenocarcinoma, bypass
ing the ne ed for one or more uniden
tified carcinogenic events unrelated 
to smoking." -Elizabeth Collins 

FINEST BLENDED SCOTCH WHISKY 

"This year has real ly flown by 
Do you realize there are only 
18 shopping days left 'ti l 
bankruptcy? Lucki ly. Ballantine 's 
is sti l l  a good value:' 

NOBEL PRIZES 

Physiology or Medicine 

Biologist is honored for cracking 
the mystery of antibody diversity 

Good health is the result of an 
unremitting battle fought in 
the bloodstream. There the 

immune system wards off the contin
ual threats posed by pathogens and 
toxins. For each invading agent 
white blood cells called B lympho
cytes secrete specific protein tags, or 
antibodies, that bind to the invader 
and mark it for destruction. The B 
cells make a staggering variety of 
antibodies; they can respond to a vir
tually limitless array of invaders. 

How the immune system generates 
its impressive repertoire of antibod
ies was a mystery just 12 years ago. 
Today the mechanism of antibody di
versity is well understood. Much of 
the credit for the explanation goes to 
Susumu Tonegawa, a biologist at the 
Massachusetts Institute of Technolo
gy who recently won the Nobel prize 
in physiology or medicine. 

The question Tonegawa faced in 
the early 1970's was one that had 

stumped immunologists for years: 
How can a finite set of genes dictate a 
se emingly infinite variety of antibod
ies? If each antibody were coded for 
by a separate gene, a B cell 's genome 
would have to carry an improbably 
large number of antibody genes. Al
ternatively, the genes for the various 
components of antibody molecules 
might join together in different com
binations in different white blood 
cells. At the time, however, no one 
knew a mechanism by which this re
arrangement could occur. 

In 1976, when Tonegawa was at 
the Basel Institute for Immunology, 
he and his colleague Nobumichi Ho
zumi obtained the first evidence that 
antibody genes are in fact shuffled 
during cell maturation [se e  "The Mol
e cules of the Immune System," by 
Susumu Tonegawa; SCIENTIFIC AMER
ICAN, October, 1985]. The workers 
used techniques from the budding 
field of genetic engine ering to reveal 
that the DNA sequences encoding 
different parts of a single antibody 
molecule are far apart in the ge
nomes of embryonic mouse cells, 
whereas in mature antibody-secret
ing cells they are closer together. 

The more you know about Scotch, the more you like Bal lantine's. 
Blended Scotch Whisky. 86 Proof. Bottled in Scot�nd. Imported by " 21" Brands. Inc . .  New 'Ibri<. NY © 1987. 
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Over the next few years Tonegawa 
and other investigators put together 
a dynamic profile of antibody genes, 
showing how as few as 1,000 coding 
regions can give rise to millions of 
specific antibodies. They described 
the way in which cellular enzymes 
"cut and paste" strands of DNA to 
vary the components of the resulting 
antibody molecule. When mutations 
were also demonstrated to be a 
source of antibody diversity, it be
came clear how a single immune sys
tem could produce more than a bil
lion distinct antibodies. 

Tonegawa's research has already 
furthered efforts to understand vac
cine efficacy, autoimmune disorders 
and the rejection of transplanted or
gans. The broader significance of his 
discovery a decade ago lies in its re
buttal of the notion of an individual's 
genome as a static, immutable entity. 
The idea of a plastic genome-one 
that can change during an organ
ism's lifetime-has ramifications far 
beyond immunology. -Karen Wrigh t  

Physics 

IBM duo wins for seminal work 
in superconducting ceramics 

Barely two years ago K. Alex Muller 
and ]. Georg Bednorz of the IBM 

Zurich Research Laboratory were 
trying in vain to find materials that 
could conduct electricity without re
sistance at temperatures higher than 
23.3 degrees Kelvin (degrees Celsius 
above absolute zero). Their subse
quent success with a ceramic metal 
oxide transformed superconducting 
from an extremely costly, esoteric 
technology into one that promises 
to become integral to a host of in
dustries. For their achievement the 
Swiss workers have received the No
bel prize for physics. 

Before the breakthrough, research 
into superconducting materials had 
been stagnant. The previous holder 
of the record temperature for su
perconducting-an alloy composed 
of the metals niobium and germani
um-had been discovered more than 
a decade earlier. Cooling niobium
germanium to below its transition 
temperature of 23.3 degrees K. re
quires bathing it either in liquid he
lium (boiling point 4.2 degrees K.), 
which is expensive and difficult to 
keep from evaporating, or in liquid 
hydrogen (bOiling point 20.3 de
grees), which is combustible. 

Investigators hoped someday to 
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find a material that could supercon
duct while being cooled by liquid ni
trogen (bOiling point 77 degrees K.), 
which is cheap, safe and easy to in
sulate. Many workers, frustrated by 
prolonged failure, decided they were 
confronting a fundamental lirnitation 
of nature and dropped out of the 
field. Most of those who remained ex
plored two-metal alloys similar to ni
obium-germanium. 

In a speech this past spring Muller 
recalled why several years ago he 
and Bednorz decided to examine a 
class of materials that other investi
gators considered unpromising: ce
ramic metal oxides. The laboratory 
had "a tradition of two decades of re
search" into oxide conductors, Mul
ler said, and had found that many 
of these materials show strong "elec
tron-phonon interactions." Phonons, 
which are vibrations in the crystal
line lattice of a conductor, help to in
duce superconductivity. 

Early in 1986 Muller and Bednorz 
found a mixture of lanthanum, bari
um and copper oxide that showed an 
abrupt drop in resistance to electric
ity at 30 degrees K. They published a 
somewhat cautious report in Octo
ber, 1986, in the German physics 
journal Zeitschrift fur Physik. 

Muller noted that the results "at 
first were met with skepticism in the 
U.S. and Europe." When a group at 
the University of Tokyo reported at 
a meeting in November that it had 
confirmed the results, investigators 
worldwide began to experiment with 
other ceramic metal oxides. Within 
months researchers at the Universi
ty of Houston led by Paul C. W. Chu 
developed a compound of yttrium, 
barium and copper oxide that super
conducts at more than 90 degrees 
K. The race continues: recent, uncon
firmed reports describe materials 
that superconduct at room tempera
ture and above. -].H 

Chemistry 

Workers are lauded for making 
enzymelike "host" molecules 

One of the most active fields in 
modern chemistry relies not just 

on apparatus that is visible on labo
ratory benches but also on a set of 
molecular tools: molecules that play 
"host" to other, "guest" molecules, 
selectively recognizing and coupling 
to them in much the same way as 
enzymes interact with speCific sub
stances in an organism. By means 

of host molecules other chemicals 
can be measured and manipulated; 
host-guest chemistry underlies pre
cise assays, processes for captur
ing and eliminating toxic substances, 
and techniques for assembling new 
materials from elusive and unstable 
components. For their pioneering 
and independent achievements in 
this large and rapidly expanding 
field, Charles]. Pedersen, formerly of 
E. I. du Pont de Nemours & Company, 
jean-Marie Lehn of the Louis Pasteur 
University in Strasbourg and the Col
lege de France in Paris and Donald]. 
Cram of the University of California 
at Los Angeles have won the Nobel 
prize in chemistry. 

Pedersen is generally recognized 
as the founder of host-guest chemis
try. In 1967, just two years before he 
retired from du Pont at the age of 65, 
he developed a class of molecules 
known as crown ethers. These two
dimensional loops of carbon, hy
drogen and oxygen can couple to 
ions-charged particles that are nor
mally highly reactive-to form a 
new, relatively nonreactive mole
cule. Lehn improved on crown ethers 
with a three-dimensional molecule, 
known as the cryptand, that com
pletely "cages" the guest; cryptands 
are more selective than crown ethers 
and form stabler molecules. Cram de
veloped yet another type of host, 
called a spherand, that is still stabler 
and more selective. 

In recent years, according to james 
L. Dye of Michigan State Universi
ty, workers around the world have 
synthesized thousands of new host 
molecules. "Natural enzymes," Dye 
notes, "are the most speCific cata
lysts that exist, but they tend to be 
unstable and degrade. The goal is to 
make artificial enzymes that are ro
bust for chemical processing." Work
ers can design a host molecule, for 
example, to capture a small, difficult
to-detect guest molecule in a solu
tion. The product of the coupling is 
easier to detect and measure than the 
guest alone and is easier to separate 
from the solution. Hosts have been 
designed to bind to toxic or radio
active chemicals and either render 
them harmless or make them easier 
to eliminate from the environment. 
Workers have also developed hosts 
for research in biology. Lehn, for ex
ample, has synthesized a molecule 
that couples with the neurotransmit
ter acetylcholine. Other investigators 
have created new materials based on 
the host-guest interaction [see "Elec
trides," by james L. Dye; SCIENTIFIC 
AMERICAN, September, 1987]. -].H 
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The Clinical S�_ec_tru_m 
___ _ 

Medical diagnoses sometimes depend on the ability to trace or detect 
minute amounts of biological species. Now researchers at the General Motors 
Research Laboratories have developed a method of spectrometry using 
a tunable diode laser that could lead to simpler, less costly, non- invasive 
diagnostic techniques. 

Enhanced Resolution 

Wavenumber (em- I ) _ 

A. I'C'8() P(3) 2081.039 em·1 C. "CnO P(9) 2081.368 em-' 
B. ''C'8() P(4) 2081.169 em·1 D. "O8() PllS) 2082.003 em·1 

Figure 1: ( Top) The a bsorption spectrum of CO 
obta ined with a con ventional spectrometer show
ing the P series Ivta tion-vibration transitions 
separated by a bout 4 cm - 1• (Bottom) The diode 
laser spectrum ceu tered at '2C '60 POS) region 
showing the complete resolution of 12e ' 7o P(9), 
'2C '80 P(3) and '3C '60 P(4) transitions. 

Figure 2: The second harmonic detection of the 
13(; 160 and '2C'60 as naturally present in exhaled 
human breath. 

I n the process of living and grow
ing, the body routinely takes in 

chemicals in the air we breathe and 
the food we eat, uses them, and con
verts them into other chemicals . 
These chemical activitie s ,  there
fore , are often very good indicators 
of the health of the body or of its 
individual systems . The detection 
and measurement of particular 
chemical species is also of value in 
environmental , scientific and engi
neering studies.  

Radioactive isotop es  of e l e 
ments i n  these chemicals have been 
extensively used as tracers . Many 
investigations , however, preclude 
their use either because no suitable 
radioisotope is available, or because 
radiation exposure raises health or 
environmental concerns.  

The use of stable ,  non-radio
active isotopes for detection and trac
ing predates that of radioisotopes . 
But routine application of stable iso
topes has been hindered by the lack 
of a detection method as versatile 

2131. 005 Wavenumber (em- ! )  2131. 632 

Carbon monoxide in exhaled human breath. 
The scale has been expanded to show the excellent signal-to· noise ratio for 13CI60. 

Other than removal of water vapor, no specific sample preparation or separation was needed . 

and simple as the scintillation count
ing used for radioisotopes . Mass 
spectrometry is  the traditional 
method of detection of stable iso
top e s ,  but it  req uires extensive 
sample preparation , expensive 
equipment ,  and a highly trained 
operator to distinguish and measure 
chemically different molecules of 
the same nominal mass - nitrogen 
gas 14N I4N and carbon monoxide 
12(160 , for example .  

It was this need for high reso
lution and greater versatility that 
prompted Dr. Peter S .  Lee and 
Richard F. Majkowski to develop a 
system for stable isotopic tracer 
analysis based on the molecular 
absorption of infrared light.  A 
tunable ,  single-mode diode laser, 
developed originally by the Physics 
Department of the General Motors 
Research Laboratories to measure 
automobile exhaust gases, was used 
as the IR emitting source in what 
has proved to be a remarkably sen
sitive spectrometer. 

The infrared absorption spec
trum of molecules normally consists 
of transitions between series of 
vibration -rotation energy l eve l s .  
W h e n  an atom in a molecule is  
replaced by an isotope of  the same 
element, there is a shift in the energy 
levels due to a change in mass. The 
resulting frequency shift in the tran
sitions forms the basis of the laser 
spectroscopic analysis system. 

In the case of carbon monox
ide , for example , there are six pos
sible forms of the molecule involv
ing stable isotopes :  12(160 , 12(170 , 
12(180 , 13(160 , 1 3(1 70 , and 13( 180 . 
Consequently, there would be six 
sets of overlapping spectral l ines . 
Within a region of 1 em-I , there can 
be lines from several isotopic mole
cules,  with as little as 0 . 1 cm-I or 
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less between adjacent lines. 
This adj acency presents no 

problem for a diode laser system. 
The spectral resolution ( the laser 
linewidth ) is typically better than 
10-4 cm-1 , which is orders of magni
tude less  than the isotopic l ine  
spacings. Since the diode laser is  
tunable ,  it can be centered in  a 
region where the absorption lines 
of several isotopic molecules can 
be scanned within a single longi
tudinal laser mode ( Figure 1 ) . 

In the initial experimental sys
tem ,  the source of the monochro

matic IR radiation was a diode laser, 
made out of a single crystal contain
ing layers of doped lead telluride 
and a lead-europium-selenium-tel
luride alloy. The IR l ight was col
l imated through a cell containing 
the sample to be studied and then 
focused onto an IR detector. 

The cell was designed to have 
two optical path lengths that can 
be varied so that isotopic molecules 
with vastly different abundances 
can be determined from the measure
ment of the incident and transmit
ted laser intensities .  U. S .  Patent 
4,684,805 covers this spectroscopic 
detection system. 

The laser system can be made 
extremely sensitive using wave
length modulation and harmonic 
detection. Figure 2 shows the detec
tion of 1 3C160 in exhaled human 
breath , where 1 3C 160 is  naturally 
present at  a typical level of  1 to 10 
parts per 100 million . 

The present system can be 
used to measure stable oxygen iso
topes in biological and organic sam
ples that can be converted into CO . 
However, the method is applicable 
to any sample that can be converted 

into a gas with a suitable IR absorp
tion spectrum.  

"The use of  radioisotopes as  
tracers is already well  established; '  
says Dr. Lee.  "The potential is j ust 
as great for stable isotopes if more 
versatil e  analytical methods are 
made readily accessible.  

"Packaged as a simpler, relatively 
inexpensive instrument, a tunable 
laser IR system could be adapted 
to many clinical tests - for fat mal
a\:)sorption, ileal dysfunction, small
intestine bacterial overgrowth, alco
holic cirrhosis and l iver function,  
lung function ,  nutritional assess
ment,  and diabetes,  to name a few. 

"Diabetes could be diagnosed 
from the lung exhalate of a subj ect 
who had been fed a stable isotopi
cally tagged sugar sample .  No tak
ing blood, no long waits, no radiation 
health and safety concerns.  

" Simpler isotopic tracer mea
surements could broaden the scope 
of tracer methodologi e s ,  could  
supplement some of  the  radioiso
top e  studies  n ow commo n ,  and 
could have significant economic 
implications:'  

General Motors 

THE 
MEN 
BEHIND 
THE 
WORK 
Dr. Peter S. Lee (right) is a Senior 
Staff Research Scientist in the Bio
medical Science Department at the 
General Motors Research Labora
tories .  He received his undergrad
uate degree in Chemistry from the 
National Taiwan University. Dr. Lee 
also holds a Ph.D.  in Physical Chem
istry from the University of l11inois 
at Urbana-Champaign. His current 
research interests at GMRL include 
the study of biosensors and laser 
spectroscopy along with his work 
in stable isotopes.  Dr. Lee came to 
GM in 1977 from the University of 
Illinois Medical Center in Chicago . 

Richard F. Majkowski was, at 
the time of the work described here,  
a Staff Research Scientist in the 
GMRL Physics Department. Both 
his B . S .  and M . S .  degrees are from 
the University of Detroit in Phys
ics and Mathematics . His research 
interests have included emission 
spectroscopy, coherent optics , holog
raphy and laser spectroscopy. Dick 
j oined General Motors Research 
Laboratories in 1955 and retired in 
September, 1987, to become a Pro
fessor of Physics at Lawrence Insti
tute of Technology. 
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Technology in Services 
Service industries can be very technology-intensive. They can 
stabilize U.S. employment, make U.S. manufacturing industries 
more competitive and support an ever higher standard of living 

by James Brian Quinn, Jordan]. Baruch and Penny Cushman Paquette 

I
n the decades since World War II 
the provision of services has dis
placed manufacturing as the larg

est element in the economy of virtu
ally all advanced nations. In the U.S. 
the service industries, broadly de
fined, now account for 71 percent (or 
$2, 996 billion) of the gross national 
product and 75 percent (or 81.4 mil
lion) of all jobs. The services sector 
continues to grow, although there 
are signs that its rate of growth may 
be slowing. In contrast, total employ
ment in manufacturing has declined 
slightly over the past 15 years; al
though manufacturing output has 
continued to grow in real terms, 
some traditional and highly visible 
industries, such as basic steel and 
auto making, have experienced pro
nounced declines in both output and 
employment. 

For the past two centuries it has 
been new technologies in agriculture 
and manufacturing that have driven 
economic growth and created steady 
increases in U.S. standards of living. 
What will be the long-term effect of 
technologies in the service indus
tries? Can they have similar favor
able consequences for the economy 
and for human welfare? To examine 
these questions we undertook a 
three-year study under the auspices 
of the National Academy ofEngineer
ing, with the support of the Bell & 
Howell Company, the Banker's Trust 
Company, the Royal Bank of Canada, 
Braxton Associates and the Bell At
lanticom Corporation. 

This article is an early report on 
our findings. What may come as a 
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surprise is the finding that many 
service industries are as large-scale, 
as capital-intensive and as thorough
ly grounded in technology as manu
facturing is. Our statistical data bases 
and case studies also demonstrate 
that new technologies can affect en
tire service industries intensely, and 
indeed restructure them, with conse
quences that radiate throughout the 
economy. 

The technologies that are now 
transforming the service industries 
have profound implications for U.S. 
manufacturing, economic stability 
and growth, for national and regional 
job markets and for the position of 
the U.S. in world politics and interna
tional competition. Perhaps more im
portant for the future is the fact that 
technology, properly applied, can 
enhance productivity, quality and 
economic output in the services sec
tor just as it has in manufacturing. 
This means that a U.S. economy dom
inated by services can continue to 
support real increases in income and 
wealth for a very prolonged period. 

W
hat is meant by "services"? A 
clarification may help to dispel 

a number of misconceptions. Most 
authorities consider the services sec
tor to include all economic activities 
whose output is not a physical prod
uct or construction, is generally con
sumed at the time it is produced and 
provides added value in forms (such 
as convenience, amusement, time
liness, comfort or health) that are 
essentially intangible concerns of 
its first purchaser. A raw material or 

manufactured product, in contrast, 
may retain its value when it is trans
ported, stored or resold. The Econo
mist has more simply defined servic
es as "anything sold in trade that 
could not be dropped on your foot." 

People alarmed at the growth of 
the services sector often caricature it 
as merely "making hamburgers" or 
"taking in laundry." Such services do 
fall within the broad definition, but so 
do activities that fulfill many much 
more basic needs: communications, 
transportation, finance, health care 
and education, to name only a few. 

Efficient and high-quality services 
are crucial not only to consumers but 
also to product manufacturers. Clear
ly an automobile manufacturer re
quires financial services to provide 
capital for its production facilities, 
communication and transportation 
services to coordinate and move its 
parts and finished products, and dis
tribution and retail networks to pre
sent the products to consumers and 
to service them. 

Why have services gained such im
portance in recent years? Steady pro
ductivity increases in manufactur
ing and agriculture-brought about 
largely by technology-have meant 
that it takes ever fewer hours of work 
to produce or buy a pound of food, 
an automobile, a piece of furniture 
or a home appliance. For example, 
in 1956 it took about 125 hours of 
work to buy a kitchen stove; in 1986 
it took 41 hours. At the same time 
the demand for goods was capped 
somewhat: the average person can 
eat only so many pounds of food in a 
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day and utilize only so many cars, so
fas or washing machines. As the de
mand for individual products 
reached such constraints, the utility 
of other possible purchases, in the 
form of services, grew apace. 

Growth in services, then, is a natu
ral effect of increasing productivity 
in manufacturing, but constantly im
proving service technologies have 
also helped to shift economic activity 
toward services. They have expand
ed the versatility of existing services 
and made totally new types of servic
es practical. Jet aircraft have radical
ly improved the efficiency and con
venience of long-distance travel and 
freight movements, opening entirely 
new markets and providing new op
tions for siting production facilities. 
Revolutionary technologies for diag
nosis and treatment have enlarged 
the dimensions of human health 
care. New methods for handling frag-

ile, perishable or volatile goods have 
vastly extended the geographic hori
zons of international trade and the 
scope of its products. Electronic in
formation and communication tech
nologies have stimulated innovation 
in virtually all service areas-notably 
in retailing and wholesale trade, en
gineering design, financial services, 
communications and entertainment. 

T
he burgeoning of the services 
sector disturbs many who hold a 

point of view-possibly first articu
lated by Adam Smith-that services 
are somehow less important than 
products on a scale of human needs. 
Perhaps in elemental societies it is 
true that production of food, shelter 
and clothing must at first take prece
dence over other demands. As soon 
as there is local self-sufficiency or 
a small surplus in a single product, 
however, any extra production has 

little value in the absence of storage, 
distribution and transportation sys
tems for reaching new marketplac
es-all service activities. In most 
emerging societies services such as 
health care, religion, banking, enter
tainment, trading, law and the arts 
quickly become more highly valued 
(high-priced or capable of generating 
great wealth) than basic production. 
And in affluent societies it is clear 
that a nation's wealth is measured 
as often by the level of its arts, edu
cation, public health and social ser
vices as by its sheer abundance of 
physical goods. 

Even products themselves gener
ally owe their value to the servic
es they can deliver. An automobile 
delivers transportation and conve
nience: services. A television set has 
value because it can present broad
cast entertainment: another service. 
A computer diskette's primary value 

SORTING SYSTEM at the Memphis "superhub" of the Federal Ex

press Corporation epitomizes the transformation of the servic

es sector by technology. More than 650,000 packages and docu

ments a night arrive from airports all over the u.S. at about mid

night, are sorted and are dispatched to their destinations by 

about 4:00 A-M_ Computer-controlled sorting equipment, now be

ing adopted by other companies, has made overnight-delivery 

systems possible. The technology has thereby helped to create a 

new niche in the service economy and has lowered costs for 
many firms, including manufacturers shipping urgent packages. 

5 1  
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SCALE OF SERVICES SECTOR is suggested by a comparison of 

the contribution to the gross national product (left) and employ

ment (right) of service (color) and goods-producing (gray) indus-

tries in 1986. according to national-income accounts. Services 

have long surpassed manufacturing; now individual services

sector categories rival manufacturing as a whole in size. 

lies not in its plastic base and mag
netic coating but in the software pro
grams or data sets it stores: more 
services. Indeed, in many cases prod
ucts and services are interchange
able. A home washing machine (a 
product) can substitute for the use of 
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a laundromat (a service), a frozen 
dinner for a meal in a restaurant or 
CAD/CAM software for additional pro
duction equipment. 

At its core the professed alarm 
about the growing dominance of the 
services sector may reflect a genuine 
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doubt that services can sustain the 
increases in real income and person
al wealth that have been hallmarks of 
the industrial era. There is serious 
concern that the kinds of productivi
ty increases automation has wrought 
in manufacturing cannot be replicat-

o 
MANUFAC- ALL NON- RETAIL 

TURING SERVICES RETAIL 

STEREOTYPED VIEW of services as being labor-intensive and 

small in scale is challenged by the evidence. The level of value 

added per employee (left) in large service companies is compa

rable to that of similar manufacturing enterprises. suggesting 

that services need be no more labor-intensive than manufactur

ing. In this survey services equaled or exceeded manufacturing 

in capital intensity (middle) and in concentration (right). a meas

ure of the dominance of companies large enough to invest in 

new technology. All three indicators suggest that service com

panies utilize technology in a major way. Data from the PROFIT 
IMPACT OF MANAGEMENT STRATEGY (PIMS) data base of the Strate

gic Planning Institute were analyzed by Christopher E. Gagnon. 
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ed in services. Continuous increases 
in productivity will be required if 
there is to be noninflationary growth 
in incomes; otherwise higher wag
es will only increase the relative 
amount of money competing for 
available goods or services. 

Can technology boost productiv
ity in services as it has in manufac
turing? To evaluate the potential 
one must understand the structure 
of service industries today. For new 
technology to have high and favor
able impact the industries receiving 
it generally must have the scale, capi
tal intensity and technical sophistica
tion to be able to apply technology 
effectively. Services, in the popular 
stereotype, are small-scale, labor-in
tensive, relatively unsophisticated 
undertakings that make few large 
equipment investments. 

T
his stereotype may be valid for 
some household-service and re

tail activities, but it clearly does not 
hold for the communications, trans
portation, pipeline, health-care and 
electric-utility systems that make up 
much of the u.S. services sector. In
creasingly some other major service 
industries, including banking, enter
tainment, mass retailing, financial 
services, car rental and package or 
message delivery, are also investing 
heavily in technology. 

Stephen Roach of Morgan Stanley 
and Company has found that total 
capital investment, in particular 
high-technology investment, per "in
formation worker" has been rising 
rapidly since the mid-1960's and now 
exceeds that for workers in basic in
dustrial activities. Similarly, in a sam
pling of 145 industries that were an
alyzed by Ronald E. Kutscher and 
Jerome A. Mark of the Bureau of 
Labor Statistics, nearly half of the 
30 most capital-intensive industries 
were services. Our own analyses of 
the Strategic Planning Institute's 
PROFIT IMPACT OF MANAGEMENT STRAT
EGY (PIMS) data base confirm these 
findings. 

PIMS and Fortune 500 data also sug
gest that major service enterprises 
are comparable in relative size and 
profitability to major manufacturers. 
The large service companies clearly 
have the financial power to buy tech
nology as it becomes available and 
needed. In fact, many of these com
panies now play a crucial role in the 
creation and diffusion of new tech
nologies for both products and serv
ices. Citicorp, for example, helped to 
develop and introduce the first auto
mated teller machines; the Federal 

Express Corporation made major in
novations in package-sorting, -han
dling and -tracking equipment that 
other express companies and materi
als-handling concerns have now be
gun to duplicate. 

C
an technology adequately im
prove productivity in the servic

es sector, however? Productivity in 
services is notoriously difficult to 
measure. For most services it is hard
er to identify a unit of output than it is 
in manufacturing, not only because 
there are no physical goods to count 
or weigh but also because output 
must be defined with reference to 
quality too, and that is even more 
ephemeral in services than in man
ufacturing. How, for example, does 
one evaluate the productivity of a 
medical procedure that may con
sume fewer resources or take less 
time than its predecessor but may 
subject the patient to greater pain or 
risk? Is the number of letters deliv
ered per postal worker an effective 
measure of productivity if such "pro
ductivity" means that more letters 
are lost or delayed? One should be 
extremely cautious in interpreting 
aggregate productivity data about 
services. 

Nevertheless, if a customer has a 
choice between a given service and a 
competing service or between the 
service and a product that performs 
the same function, the revenue the 
service brings to its producers (its 
"sales value") offers a much better in
dication of both the quantity and the 
quality of output. Comparing this 
sales value with inputs of labor or 
capital can often provide a reason
able measure of an individual service 
industry's productivity. Bureau of La
bor Statistics data for the past 3 5  
years suggest that some individual 
service industries (such as communi
cations, utilities or wholesale trade) 
can sustain rates of productivity 
growth as high as those in manu
facturing for extended periods. Al
though data on u.S. services produc
tivity growth from 1980 through 1985 
are less encouraging in the aggre
gate, rates of productivity growth 
vary widely among individual serv
ice industries, just as they do in man
ufacturing. Some service industries 
have outperformed some manufac
turing industries, and vice versa. 

In a recent study of the British 
economy Richard Barras of the Tech
nical Change Centre in London has 
shown that services-sector produc
tivity (measured as the real value of 
output per employee) grew at 2.9 per-

cent per year between 1960 and 198 1; 
manufacturing productivity, accord
ing to the same measure, grew by 
less than 1 percent per year. The data 
suggest there is no inherent reason 
individual service industries cannot 
keep up with-or outperform-indi
vidual product industries in produc
tivity increases. 

Investment in technology has also 
soared among service producers 
since 1975. Companies in financial 
services and wholesale trade, for ex
ample, have made large purchase� 
of computers and communications 
equipment; providers of health care 
have invested heavily in new medi
cal technologies and information sys
tems. Such technologies have precip
itated major structural changes and 
employment adjustments that, after 
a period of adaptation, should sub
stantially boost both the quality of 
output and productivity. 

O
ther structural changes brought 
about by service technologies 

are already apparent. In industry af
ter industry we examined there were 
similar patterns of change. Typically, 
major new service technologies at 
first created new economies of scale, 
generally favoring an industry's larg
er enterprises. Middle-size service 
enterprises, unable to afford such 
technologies themselves, were often 
forced to merge into larger compa
nies, identify a protected niche in the 
marketplace or go out of business. In
creases in the scale and relative pow
er of larger companies in transporta
tion, financial services, health care 
and banking readily attest to such 
trends. At the same time, however, 
smaller companies often flourish be
cause of the countervailing effects of 
new data-management and commu
nications systems. They make it pos
sible for small companies to serve re
mote areas or specialized niches on 
their own, or to link up in coalitions 
or networks sharing data and resour
ces with larger enterprises. 

Once they have been properly in
stalled, the same technologies that 
created the new economies of scale 
often generate a secondary effect 
that might be called "economies of 
scope." Enterprises exploiting the 
new technologies find they can han
dle a much wider array of data, vari
ety of services and range of custom
ers than before without significant 
cost increases. Banks (Citicorp), air
lines (American Airlines), retailers 
(Sears) and bank-travel services 
(American Express) have used newly 
installed information and distribu-
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JOB GROWTH in various employment categories is shown for 

the decade ending in 1984 and projected for the decade ending 

in 1995. Service·related jobs have grown more rapidly than blue· 

collar production jobs; the more highly paid professional cate· 

gories have accounted for much of that growth. Many service-

related jobs are actually in manufacturing and have been re

sponsible for much of the increase in output value in the goods

producing sector. The trends shown here are expected to contin

ue. The data are from a study done by George T. Silvestri and 

John M. Lukasiewicz of the U.S. Bureau of Labor Statistics. 

tion facilities to extend their pres
ence into a broad range of new activi
ties-in the case of Sears, for exam
ple, into insurance, real estate, 
brokerage activities, financial servic
es and credit cards. 

The recent history of the securities 
industry exemplifies both major ef
fects of new service technologies. In 
the early 1970's the volume of shares 
being traded (then between 10 and 12 
million shares daily) began to over
whelm the securities trading houses, 
which were still handling and deliv
ering each certificate physically. The 
major Wall Street firms formed what 
became the Depository Trust Compa
ny to collect and keep virtually all 
traded certificates under one roof 
and transfer their ownership elec
tronically. The resulting technolo
gies created new economies of scale 
for their sponsors but also forced 
many small and middle-size broker
age houses, which could not afford 
automation on their own, to merge or 
to affiliate with larger houses. 
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The surviving houses found that 
the in-house electronic systems they 
had developed for automated trading 
enabled them not only to cope with 
larger numbers of transactions (now 
more than 200 million per day) but 
also to provide novel speCialized 
"products" and services (such as 
"cash management" accounts) for 
their customers. Since their installed 
electronics systems allowed these 
companies to present this greater 
variety of products at low addition
al cost (the essence of economies 
of scope), many of them started 
to decentralize again: to develop 
networks of affiliated local offices 
around the country to make the most 
of their new opportunities. 

In the course of such restructur
ings, traditional industry boundaries 
have tended to blur or disappear. For 
example, as their new electronic 
technologies enabled the various fi
nancial institutions (banks, broker
age houses and insurance compa
nies) to carry out easily functions 

traditionally reserved through reg
ulation to their competitors, they 
began to seek new opportunities 
through deregulation. Soon consum
ers began to use financial-services 
houses quite interchangeably. 

Similarly, airlines, hotels and tour 
operators have all begun to collabo
rate in selling vacation "packages" 
and replacing traditional middlemen 
by means of electronic technologies 
that make direct reservations and 
ticketing possible. Even the bound
aries between public and private 
services are eroding, as town and lo
cal governments look to private com
panies for maintenance, health care, 
transportation, accounting and other 
functions they had long provided 
themselves. 

W
hat does growth and structural 
change in the services sector 

mean for employment and interna
tional trade? Perhaps the most press
ing concern is jobs. Can the service 
industries provide both the quantity 
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and the quality of jobs the U.S. needs 
for continuous growth in its econo
my and in its base of human skills? In 
recent years services have provided 
the engine for employment expan
sion throughout the country: be
tween 1976 and 1986 they accounted 
for 85 percent of the new jobs in the 
private sector. No state registered a 
decline in service jobs, whereas man
ufacturing jobs shifted markedly 
among regions, states and industries. 
Today every state has more service 
jobs than it has manufacturing, min
ing, construction and agricultural 
jobs combined. 

But what kinds of jobs are be
ing created? On the average, hourly 
wages are somewhat lower in servic
es than in manufacturing. Some ob
servers, including Barry Bluestone 
and Bennett Harrison in a recent re
port to Congress, suggest that most 
new jobs in the U.S. economy have 
been in lower wage categories and 
that the number of workers in the 
middle-income brackets is declining. 
On the other hand, Neal Rosenthal of 
the Bureau of Labor Statistics has re
ported that during the decade from 
1973 through 1982 (a period when 
service jobs represented a grow
ing percentage of total employment) 
the number of middle-income jobs 
declined only slightly, whereas the 
number of lower-income jobs fell by 
a much larger amount. 

T
he evidence on recent wage 
trends, then, is somewhat ambig

uous. More important is the future. 
The relation of pay scales in services 
to those in manufacturing will de
pend in large part on how rapidly 
technology can improve productivi
ty in each sector. The more produc
tivity grows in either sector, the 
more latitude that sector will have for 
higher wages. Rapid productivity in
creases and demand for higher skills 
will probably continue to keep wages 
in individual service industries (such 
as transportation or public utilities, 
including communications) higher 
than in some manufacturing fields. 
Moreover, the wages and work con
ditions many future service jobs offer 
should easily surpass the conditions 
employees in distressed manufactur
ing industries would have to accept 
to keep their companies from relo
cating production overseas. In either 
event, developing the services sector 
could be a better way to sustain a 
high U.S. standard of living than sub
sidizing certain outmoded manufac
turing industries. 

Services have a demonstrated ad-

vantage as a source of employment: 
they are far more resistant to reces
sions than goods-producing indus
tries. In business cycles from 1948 
through 1980, U.S. services employ
ment actually advanced at an aver
age annual rate of 2.1  percent dur
ing economic contractions. In these 
same recessions employment in the 
goods-producing sector declined by 
an average of 8.3 percent. In Canada 
the picture has been much the same: 
services employment declined only 
during the deepest recessions. 

If services really are in some sense 
less vital than manufactures, one 
would expect people to give up their 
services first during a recession, 
thereby eliminating jobs in the sec
tor. Actually much consumer spend
ing for services seems to be less dis
cretionary than spending for prod
ucts. Although people may go to 
movies, restaurants or hairdressers 
less often during recessions, they 

MINING 
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TRANSPORTATION AND 

seem reluctant to give up their tele
phone, health-care, education, bank
ing or utility services. Instead they 
tend to postpone expenditures for 
durable goods. 

The demand for certain services 
may even grow during recessions; 
people may forsake driving for pub
lic transportation, for example. And 
continuing population growth during 
these periods tends to keep increas
ing the demand for such services as 
education, health care and fire and 
police protection. 

Even when demand for services 
does decline temporarily, employ
ment can remain relatively stable. 
Because a substantial fraction of the 
income of many service workers 
comes from part-time work, tips, 
commissions or profit sharing, in
come levels can contract more easily 
during recessions without compara
ble contraction of the work force. In 
addition many service enterprises, 
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AVERAGE HOURLY EARNINGS (DOLLARS) 

AVERAGE HOURLY EARNINGS in 1981 (light) and 1986 (dark) are compared for goods

producing industries (gray) and services (color). Average wages are higher in mining, 

construction and manufacturing than in services, but some service-industries wages 

equal or exceed those in manufacturing. The service industries paying the most tend to 

be ones in which the intensive application of technology has increased output value. 
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SERVICE-INDUSTRY JOBS are stabler than jobs in goods-producing industries. During 

four recessions between 1948 and 1961, employment in private services fell (shaded ar· 
eas) an average of 1 percent; in goods·producing industries the average drop was 7.2 
percent. During four recessions between 1969 and 1982, services employment actually 

rose an average of 1 percent; in goods· producing industries it dropped an average of 

7.9 percent. Growth in services largely offset manufacturing declines, so that total non· 

farm employment losses averaged only 1.6 percent in these last four recessions. Geof

frey H. Moore of the Columbia University Graduate School of Business did the study. 

unlike manufacturing industries, do 
not build up inventories when de
mand slows. Hence when demand re
asserts itself, there is no pause in 
service rehiring, whereas product 
sales merely deplete old inventories. 

I
n addition to reducing the depth of 
recessions and their impact on em

ployment levels, the services sector 
helps to make them shorter. Stable 
employment in the service industries 
provides wages that preserve a large, 
continuing market for manufactured 
consumer goods. Moreover, service 
industries provide major markets for 
complex technological products. Ac
cording to Roach, the useful life of 
capital equipment in service busi
nesses tends to be shorter than it is in 
manufacturing. One reason is that 
services rely heavily on communica
tions and computer technologies, in 
which rapid technological advances 
quickly lead to obsolescence. Conse
quently the replacement of capital 
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equipment is usually more constant 
in services. Many service enterprises 
therefore continue to invest during 
recessions, enabling manufacturers 
of capital goods to recover more 
quickly as welL 

The large and stable markets that 
service companies create for manu
factured goods is only one of several 
strong linkages between manufactur
ing and the services sector. Some 
studies suggest that 80 percent of 
the communications technologies 
and information-management sys
tems sold in the U.S. in 1982 went to 
service enterprises. A comparable 
study in the U.K. showed that serv
ice businesses were the buyers of 
70 percent of the computer systems 
sold there in 1984. 

Similarly, manufacturing concerns 
are also major consumers of virtual
ly all modern services. Manufactur
ing activities clearly depend heavily 
on communications, financing, trans
portation and waste-handling servic-

es, to name only a few essentials. 
Manufacturers also pay for their 
employees' health care, retirement 
and life insurance-either directly 
through insurance policies or indi
rectly through wages. When new 
technologies help to provide such 
services more effiCiently, they obvi
ously lower manufacturers' costs for 
directly purchased services; to the 
extent that efficiencies in services 
lower employees' living costs, they 
can help to reduce wage demands. 

Yet the interdependence of manu
facturing and services is even more 
intricate. Services are not simply ex
ternal adjuncts to the manufacturing 
process, bought to keep a factory go
ing or to get goods to consumers; 
they are intimately embodied in the 
manufactured object itself. For the 
manufacturing sector as a whole (ac
cording to studies done by the Office 
of the U.S. Trade Representative and 
the National Association of Accoun
tants) service activities within the 
producing company itself create be
tween 75 and 85 percent of all the val
ue the average manufacturer adds in 
making its product. 

This means that the price a product 
can command (whether it is a car, a 
processed food or a home appliance) 
reflects the product's content of raw 
materials and direct labor less than it 
does the characteristics, quality and 
availability of the product, which are 
created by research, product design, 
quality control and marketing. In in
dustries such as automobiles or phar
maceuticals the cost of such services 
in a product can be from three to 10 
times its direct labor costs and can 
provide virtually all the perceived 
distinction between it and competi
tive products. Clearly, therefore, an 
important way for U.S. manufactur
ers to improve their competitive 
position is to increase the effective
ness of their own internal service 
activities. 

C
omputers, communications tech
nologies and rapid-response in

ventory-control and distribution sys
tems can also help manufacturers to 
exploit the expanding demand for 
differentiated and customized prod
ucts. Affluent consumers increasing
ly want products that reflect their 
particular tastes, and they want im
mediate delivery rather than a wait 
of weeks or even months. Not sur
prisingly, both industrial and com
mercial customers also want a larger 
variety of products to be delivered 
more quickly and on a more precise 
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schedule-a "just in time" approach, 
which can substantially lower inven
tory costs. 

Ever more frequently, success in 
manufacturing requires not only 
flexible facilities for turning out a 
wide variety of products at low cost 
but also the capacity to acquire and 
respond to rapid feedback from the 
marketplace. The service technolo
gies that make possible improved 
collection, analysis and transmittal of 
data about customer preferences 
have become crucial strategic weap
ons. For example, at the end of each 
day a national women's specialty re
tailer, Limited Stores, electronically 
gathers and aggregates that day's 
sales details (items, sizes, colors, 
styles and so on) from its entire net
work of stores. The information is 
converted into orders that are in
stantly transmitted to its manufactur
er-suppliers all over the world. The 
orders specify precise deliveries, 
many of which depend on transpacif
ic jumbo-jet flights-to defined distri
bution sites within a few days. 

Today many of the factories sup
plying such large retail chains are in 
Asia or developing countries. Yet ris
ing demand for faster response and 
more customized products offers po
tential advantages for U.S. manu
facturers. A domestic manufacturer 
with sensitive links between its own 
flexible production system and its 
distribution and customer networks 
should be able both to respond more 
quickly to the market and to enjoy 
lower transportation costs than for
eign competitors. 

In the case of heavy, bulky or com
plex products such as automobiles, 
it could even become impossible 
for overseas producers of the more 
standardized lines to compete here 
against responsive, well-integrated 
U.S. manufacturing and retailing sys
tems. As a case in point, the Honda 
Motor Company's decision to pro
duce increasing numbers of cars in 
the U.S. coincided with its introduc
tion of a much wider variety of styles 
and options to the U.S. market. Its 
U.S. manufacturing base was essen
tial for the other key element in this 
strategy: fast delivery of its full prod
uct range, which would have been 
impossible if Honda had continued to 
make cars only in japan. 

Many other foreign investors are 
also seeing the potential of more di
rect connections with U.S. services. 
Technologies have made it possible 
for U.S. service companies to grow to 
a scale where they are attractive ac-

quisitions for foreign competitors. 
The same technologies enable the ac
quirers to manage worldwide service 
networks from their home bases. To
tal foreign investment in the U.S. has 
ballooned 46.7 percent since 1982, 
much of it in services, notably in the 
areas of communications, finance 
and distribution. 

S
ervice technologies are also caus
ing another profound change in 

the worldwide competitive situation. 
Computer and communications tech
nologies are rapidly integrating the 
world's financial centers into a single 
financial marketplace. The flow of 
money from country to country has 
become largely independent of the 
movement of goods or trade. Where
as world trade in goods and services 
amounts to only between $3 and $4 
trillion per year, the financial trans
actions handled by just one interme
diary, the Clearing House for Interna
tional Payments, totaled $105 trillion 
in 1986, and transactions in early 
1987 were proceeding at a rate of 
$200 trillion per year. Instead of fol
lowing goods, these vast sums now 
flow toward the highest available 
real interest rates or toward safer, 
more stable economic and political 
conditions. 

Hence the value of a nation's cur
rency increasingly depends less on 
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its position in international trade 
than on the fiscal or monetary poli
cies of many governments and on 
banking decisions and other world 
events that affect foreign investment. 
In recent years exchange rates for 
the dollar against even stable curren
cies such as the yen, the mark or the 
Swiss franc have fluctuated by close 
to 50 percent, not so much because of 
trade choices as because of fiscal and 
monetary decisions. The effect of 
such fluctuations on the relative cost 
of a product being sold in interna
tional trade have become so great 
that they can dwarf the impact of 
a producer's internal productivity 
improvements or other managerial 
decisions. Even well-run japanese 
companies find it difficult to com
pete when the price of the yen
and hence their production costs in 
japan-can jump 43 percent in 18 
months in relation to their compet
itors' costs or their customers' buy
ing power. 

On the other hand, most govern
ments, banks and large companies 
now have much freer access to all the 
major money markets. As a result it 
is becoming increasingly difficult for 
a single nation to maintain excep
tionally low domestic interest rates 
in order to stimulate economic devel
opment-a policy followed by the 
U.S. in earlier years and by japan 

1980 

-l 
I 

I 

H 
I 

I 

� 
o 12 16 20 24 2 8  0 4 8 12 16 20 24 2 8  

OUTPUT PER HOUR (1975 DOLLARS) 

PRODUCTIVITY of u.s service industries, measured as the market value of output per 

hour of labor, has exceeded that of Japanese services except in finance and insurance. 
In addition to making service industries more competitive, service technologies reo 

duce costs and improve quality in production, distribution and sale of manufactures. 
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more recently. Today an artificially 
low interest rate simply drives capi
tal out of the country in search of 
higher interest rates-and at the 
same time it attracts foreign borrow
ers, whose demand tends to drive the 
manipulated interest rate up again. 
As variations in the cost of capital 
among nations are decreased by 
these forces, countries burdened by 
higher labor and materials costs, 
such as the U.S. and Japan, will feel 
even greater pressure from foreign 
manufacturers. 

In this environment innovation in 
services offers one of the few strate
gies for keeping the domestic econo
my competitive. First, higher produc
tivity in services will lower the cost 
or increase the value of the large part 
of the G. N.P. generated by the serv
ices sector. Second, more efficiently 
produced services will hold down 
the large component of each manu
factured product's cost that reflects 
its services content. It is heartening 
to note that in most service indus
tries U.S. productivity is higher than 
Japan's, but innovative and aggres
sive efforts will be necessary in order 
to stay ahead. 

S
ervice technologies, then, may 
help to support U.S. manufactur

ing against foreign incursions. Can 
they also enable services themselves 
to make a major contribution to the 
improvement of the U.S. trade bal
ance? It is worth noting that unlike 
merchandise, in which there has 
been a trade deficit in half of the past 
26 years (it reached $ 146 billion 
in 1986), services have consistently 
shown a positive trade balance. Since 
198 1, however, the U.S. advantage in 
services has become more tenuous. 
Indeed, data from the International 
Monetary Fund show that the U.S. 
share of world service exports fell 
from 23.8 percent in 1970 to 19.2 per
cent in 1985. 

What does it mean to export a serv
ice7 Relatively few services are pro
duced in one country and then sold 
(as a software program is) for its full 
value abroad. More typical is the ex
ample of a U.S. bank's Middle Eastern 
branch participating in a large trans
action there, or a U.S. company pro
viding overnight package deliveries 
overseas. Much of the income gener
ated by such service exports goes 
into salaries and overhead abroad 
and remains in the foreign country. 
In the case of an automobile export, 
trade data reflect the car's wholesale 
sales value; export data on services 
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often recognize only the fees or prof
its that can be repatriated to the 
home office. 

Hence the volume of U.S. inter
national service transactions would 
have to expand enormously to elimi
nate the nation's huge merchandise 
trade defiCit. A further complication 
is the fact that U.S. Government trade 
data recognize only about 40 catego
ries of services (in contrast to some 
10,000 merchandise items), so that 
the data may not capture many im
portant service exports. Many ob
servers now think the total volume of 
U.S. services trade, both export and 
import, has been seriously understat
ed. Attempting to improve on the of
ficial figures, the Office of Technolo
gy Assessment estimated that in 1984 
the U.S. exported between $69 and 
$91 billion in services and imported 
between $57 and $74 billion; the offi
cial figures were $43.8 and $4 1.5 bil
lion respectively. Even interpreted 
optimistically, these figures still do 
not come close to covering current 
merchandise trape deficits. 

In individual categories the U.S. 
services-trade situation varies great
ly. In some areas, such as public ac
counting, law, communications and 
international finance, U.S. companies 
enjoy a strong position in the global 
market. Some individual U.S. service 
companies, such as Citicorp, AT&T 
and Federal Express, enjoy econo
mies of scale and scope that few in
ternational competitors can equal. 
Their aggressive application of pro
prietary technologies has forced do
mestic competitors to follow suit, 
thereby improving the comparative 
position of both their own indus
tries and those they support in in
ternational trade. In other service 
industries, such as international air 
travel, the U.S. has been faltering. 
The once dominant U.S. carriers, Pan 
American and TWA, have done bad
ly, whereas competitors such as Ja
pan Air Lines, Swissair and Singa
pore Airlines have thrived. 

T
he causes of such shifts are al
ways complicated, but much of 

the credit for the foreign airlines' 
gains must go to their governments' 
strong support and their own long
term investment in equipment and 
exceptional attention to the quality 
of customer care on flights. Much 
thoughtful customer-oriented man
agement and serious long-term in
vestment in technology will be es
sential if U.S. service enterprises are 
to forestall and defeat further com-

petitive incursions into both their do
mestic and their international mar
kets. With more than 70 percent of its 
total economy at stake, this is a battle 
the U.S. cannot afford to lose. 

Enlightened Government poliCies 
can also help. U.S. deregulation of 
services has already stimulated sub
stantial restructuring and application 
of technology in U.S. service indus
tries, although this has sometimes 
been at the cost of extensive custom
er inconvenience. Perhaps in time 
the more open competition will 
prompt U.S. service companies to 
avoid the complacency, concern 
with short-term gains, inattention to 
quality and emphasis on economies 
of scale (rather than on customers' 
concerns) that earlier undercut U.S. 
competitiveness in manufacturing. 

The fact is that deregulation itself 
has created a need for further social 
innovations. Already new require
ments for product labeling, finanCial 
disclosure and self-reporting have 
been found to be necessary to re
place, respectively, the direct regula
tion of some over-the-counter drugs, 
SEC registrations and detailed FAA 
approvals of airline routes and 
schedules. Future dynamics will un
doubtedly call for even more imagi
native solutions. 

T
he overwhelming evidence is 
that the U.S. can bolster its stan

dard of living, the stability of its job 
markets and some aspects of its in
ternational competitive pOSition by 
developing its services sector effec
tively. That conclusion still leaves 
some nagging concerns, notably the 
sense that an economy dominated 
by services could weaken the U.S. 
in world affairs. There is no doubt 
that a drop in manufacturing and in 
raw-materials production beyond 
some point could decrease U.S. flexi
bility and capabilities in defense and 
impair the nation's bargaining power 
in world affairs. 

Nonetheless, over the next two 
decades most of the nation's growth 
and many of its greatest opportuni
ties for entrepreneurship and appli
cation of new technologies will arise 
in the services sector, as they have in 
the past 20 years. We should not fear 
an economy dominated by services, 
or deride it. Rather we should fear 
the possibility that we may misun
derstand the services sector, under
develop it or mismanage it, at the 
same time attempting to shore up 
certain troubled manufacturing areas 
at great corporate and national cost. 

© 1987 SCIENTIFIC AMERICAN, INC



© 1987 SCIENTIFIC AMERICAN, INC



The Moon's Ancient Magnetism 
The moon is now a dead body, but it seems once to have generated 
its own magnetic {ield. Since then it has been shifted with respect 
to its spin axis-perhaps by collisions with moon-orbiting satellites 

�the time of the Apollo 11 land
ing in july, 1969, it was general

ly agreed that the moon was a 
dead body. Its surface features had 
been shown to be due largely to ex
ternal processes and not, as is the 
case on the earth, to internal proces
ses. For example, it had been shown 
that the vast majority of lunar cra
ters are due not to volcanoes-as Gal
ileo and most geologists since his 
time had supposed-but to bombard
ment by meteorites over billions of 
years. No phenomenon involving 
large crustal displacements (such as 
the continental drift that takes place 
on the earth) had happened on the 
moon. The moon was thought not to 
possess an iron core, because the 
mean lunar density is very close to 
that of the ferromagnesium silicates 
that constitute the upper mantle of 
the earth. 

Certainly an inherently dead moon 
seemed to be what one would ex
pect from theoretical considerations. 
Such a small body as the moon would 
have lost its internal heat more rapid
ly than the earth, because its ratio of 
surface area to volume is much great
er than the earth's. It was therefore 
not surprising that the moon dis
played neither a magnetic field nor 
plate tectonics, even though in the 
earth there is still plentiful heat ener
gy to drive the motions of the molten 
core that produce the magnetic field 
afld to drive the much slower flow 
of the viscous mantle (the layer be
tween the core and the lithosphere, 
or rigid surface layer), which moves 
the tectonic plates. The model of 
the moon as an undifferentiated, in
ternally inactive body seemed to 
have been confirmed in September, 
1959, when the Soviet Luna 2 probe 
showed that the moon had no detect
able magnetic field. 

Yet close examination of the lunar 
samples returned to the earth by the 
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Apollo miSSIOns began to reveal a 
different story. Some of the samples 
were magnetized, implying that they 
had been exposed to magnetic fields 
when they were first forming. In 
addition, lunar probes began to de
tect magnetic anomalies-regions of 
magnetic field arising from rock for
mations-on the moon. Analysis of 
these discoveries by my colleagues 
and me and by other groups suggest
ed a surprising hypothesis: that the 

moon once had its own magnetic 
field, and a remarkably strong one. 
At one time the moon's field may 
have been nearly twice as strong 
as the present-day magnetic field of 
the earth. 

It seems that at different times 
in the moon's history the magnetic 
field has pointed in different direc
tions with respect to the crust. My 
co-workers and I have calculated 
the strengths and directions of the 

MAGNETIC MAP OF THE MOON, based on data from Apollo 15 and Apollo 16 orbiters, 

depicts fields that arise from magnetized strata of crust. According to the author's hy

pothesis, the strata were magnetized between 3.6 and 4.2 billion years ago by a field 

generated within the moon. This computer image shows the radial (vertical) compo

nent of the magnetization. Green, yellow and red contours indicate regions where the 

field points outward from the surface; red indicates the strongest field (about .5 nano-
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moon's ancient magnetism, and the 
results have striking implications 
concerning the nature of the moon 
itself and the history of the earth
moon system. For example, it seems 
that the body of the moon as a whole 
has shifted several times in relation 
to its own axis of spin. The spin axis 
has preserved its orientation and po
sition in space, but the moon itself 
has rotated in such a way that re
gions that were once at the poles 
(where the spin axis intersects the 
surface) are now closer to the equa
tor. Such a process is called polar 
wandering, because from the point 
of view of the surface it is the posi
tions of the poles that seem to have 
changed. 

This result, together with an analy
sis of the shapes and positions of cer
tain large craters, has led to what 
may be the most startling suggestion 
of all: that the earth-moon system 
once contained several other large 
bodies, all of them in orbit around the 
moon. As their orbits decayed, the 
objects broke up, each of them even
tually leaving a trail of impacts near 
what was then the moon's equator. 

Indeed, it was probably these im
pacts that caused the moon's poles 
to wander. 

These revolutionary hypotheses 
had humble beginnings. In 1965, 

when the experiments to be done on 
the samples that were to be brought 
back by the Apollo missions were 
first planned, no one gave much 
thought to testing them for their in
herent magnetization. Such proper
ties as their magnetic susceptibility 
were to be measured, but the results 
were to be used, along with other pet
rological data, mainly to gauge the 
mineral composition of the samples. 
In 1969, however, my colleagues Da
vid W. Collinson, Alan Stephenson 
and I at the University of Newcastle 
upon Tyne did test the magnetiza
tion of a few samples, as we had so of
ten done for terrestrial rocks. We 
found that the lavas, and those brec
cia (fragments of rock welded togeth
er during impacts) that had been 
heated to very high temperatures 
during their formation, were indeed 
magnetized. In many cases the mag
netization was of a kind that could 

not have been acquired after their re
moval from the moon, by exposure 
to either the earth's field or a strong 
laboratory field. 

Lavas on the earth acquire their 
magnetization after they have so
lidified, by cooling below a certain 
temperature in the presence of the 
earth's magnetic field. (The crucial 
temperature is called the Curie tem
perature and varies from material to 
material; for example, the Curie point 
of magnetite is 580 degrees Celsius 
and the Curie point of iron is 780 de
grees.) The direction and intensity of 
the earth's field are thereby "frozen 
into" the rock as a fossil magnetism. 
Just as a fossil in a rock provides evi
dence concerning the biological en
vironment at the time of the rock's 
formation, so fossil magnetism pro
vides evidence concerning the am
bient magnetic field at the time the 
rock was formed. We at Newcastle 
and investigators in other labora
tories (particularly David W. Strang
way of the University of Toronto and 
Michael D. Fuller, now at the Univer
sity of California at Santa Barbara) 
soon concluded that the moon rocks 

tesla, or 1/100,000 of the field at the earth's surface). Violet and 

magenta indicate regions where the field points toward the 

moon's center; magenta indicates the strongest field (again, 
about .5 nanotesla). The geologic features indicated (white lines) 
are lunar maria. Mare Imbrium is at the top center, to the left and 

sloping downward is Oceanus Procellarum and at the bottom 

center are Mare Humorum (left) and Mare Nubium (center). Far

ther to the right, and forming a diagonal line, are Mare Serenita

tis (top), Mare Tranquillitatis (middle) and Mare Fecunditatis (bot
tom). At the far right is Mare Crisium. The image was made by 
Christopher T. Russell of the University of California at Los An

geles and Laurence A Soderblom of the U.s. Geological Survey. 
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CONVECTION PATTERNS illustrate an early argument support

ing the suggestion that the moon has an iron core_ The moon is 

known to have a bulge many times larger than the equatorial 

bulge that would be caused by the centrifugal forces due to its 
spin. The author suggested in 1962 that the moon's bulge might 

be caused by a process known as two-cell convection (left), a cir
culation pattern in which hot material rises in two columns to

ward the lunar surface, where it cools and sinks in two columns 
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INTENSITY of the hypothesized lunar magnetic field seems to 
have declined with time, as it would have if the field had been 
generated by motions in a molten iron core that cooled slowly. 

Data points are based on the magnetization found in samples of 
lunar rock whose ages were determined by radioactive dating. If 

one assumes the samples were magnetized by cooling in the 

presence of the moon's magnetic field at the time of their forma-
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toward the moon's center. (The moving material is actually the 

moon's solid mantle-the region between the lithosphere, or rig

id outer layer, and the purported core-and it flows by a slow 

process known as solid-state creep.) Upward pressure from the 

rising hot columns creates the bulge. If the moon did not have a 

dense core (right), the two-cell pattern of convection would not 
be possible. One-cell convection-one rising column and one 

sinking column-could occur, but it would not create a bulge. 

tion, then each sample's degree of magnetization should indi

cate the intensity of the field that magnetized it and hence the 

intensity of the lunar field at the time. Circles indicate data 

based on relatively imprecise methods of determining ancient 

intensities, whereas dots indicate data based on more precise 

methods. The sharp rise in intensity before 3.95 billion years 

ago, which is based on relatively uncertain data, is unexplained. 
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had probably acquired their magnet
ization in a similar way: by cool
ing below their Curie temperature in 
the presence of a magnetic field. But 
what was the magnetic field? This 
question soon became one of the 
most intriguing and hotly debated 
questions in lunar science. 

At Newcastle we were disposed to 
answer the question by saying that 
the moon does in fact have a small 
iron core, in which a magnetic field 
could have been generated during 
the period when the lavas were being 
extruded (between 3.2 and 3.6 billion 
years ago, according to radioactive 
dating of the samples). To generate a 
field the core would have had to be 
molten at that time. The molten core 
would have undergone convection: a 
circulation pattern in which columns 
of hot material rise to the surface of 
the core, where they cool and then 
return downward in a colder, denser 
column. The circulating molten iron 
would have acted as a dynamo, gen
erating a dipole field much like the 
field of the present-day earth. Oth
er planets (Mercury, Jupiter, Saturn 
and Uranus) are now known to have 
fields that are probably generated in 
fluid, electrically conducting cores. 

A ctually the suggestion that the 
J-\.moon may have an iron core 
dates back to 1962, when I was trying 
to determine what modifications had 
to be made to the generally accepted 
models of the earth's interior in order 
to take continental drift into account. 
The earth was known to have a core 
3,500 kilometers in radius, which 
is surrounded by a 2,900-kilometer 
mantle made of iron magnesium sil
icates and a lithosphere, also made 
of silicates, from about 50 to 100 
kilometers thick. Seismologists had 
shown, by analyzing the earth's 
vibrations during and after earth
quakes, that both the mantle and 
the lithosphere were solid, although 
the core was fluid. Yet in order to ex
plain how the independent sections 
of lithosphere making up continental 
plates could move, it had to be pos
tulated that the mantle underlying 
the plates could flow, carrying the 
plates with it. 

Fortunately the field of solid-state 
physics, which was developing rap
idly, provided a mechanism where
by flow could be possible in the man
tle. The mechanism, known as sol
id-state creep, involves the slow 
deformation of a solid object as the 
result of small stresses that act over 
long periods. One example of solid
state creep can be seen in airplane 

engines, in which metal fan blades, 
under the influence of centrifugal 
force, can slowly stretch and de
form-in effect flowing, like a high
ly viscous and sticky molasses-as 
they rotate. Solid-state creep be
comes important above a certain crit
ical temperature, which in the earth 
is reached at the boundary that di
vides the warm mantle from the cold 
lithosphere. 

I suggested that the force driving 
the solid-state creep of the earth's 
mantle is convection. In other words, 
I suggested that in transporting heat 
from the surface of the core to the 
lithosphere, the "solid" mantle itself 
flows in an extremely slow-moving 
circulation pattern. The slow circu
lation of the mantle in turn drives 
the horizontal plate movements that 
were first recognized as continental 
drift by Alfred Wegener 75 years ago. 

I then suggested that if the moon 
had an iron core, a similar kind of sol
id-state convection could resolve a 
300-year-old mystery concerning the 
forces underlying the geometry of 
the moon's orbit. In 1693 Jean Domi
nique Cassini, the first director of 
the Paris observatory, discovered a 
set of three laws that describe the 
moon's rotation. According to one of 
these laws, the moon behaves in 
some ways like a slightly tilted gy
roscope: its spin axis precesses 
(revolves in space) at a regular rate. 
A century later Pierre-Simon de La
place showed that this law could 
hold only if the moon has a large 
equatorial bulge on which the earth 
pulls, providing the necessary gyro
scopic torque. Laplace showed that 
the bulge would have to be about 17 
times the size of the bulge that would 
be present as a result of the centrif
ugal force due to the moon's spin. 
Over the past century the presence of 
the equatorial bulge has been con
firmed and its size has been meas
ured by earth-based telescopes that 
operate according to the principle of 
the stereoscope. 

What caused the bulge? Laplace 
supposed that various strains might 
have developed when the moon ini
tially cooled from a molten state, and 
that the shape resulting from those 
strains had been retained after solidi
fication. Later Sir Harold Jeffreys sug
gested that the strain could have 
been caused by the tidal action of the 
earth. By this explanation the bulge 
would have had to be frozen in when 
the moon was about 40 percent of its 
current distance from the earth. 

Both Laplace and Jeffreys assumed 
the rigidity of the moon would have 

guaranteed that an early distortion 
would remain to the present day. Yet 
if solid-state creep occurred in the 
moon at one-trillionth the rate at 
which we now know it occurs in lab
oratory materials at modest tempera
tures, such a primeval bulge would 
have disappeared long ago. I there
fore suggested that the bulge is being 
dynamically maintained even now. 

I hypothesized that the interior of 
the moon is undergoing a slow solid
state convection. A certain convec
tion pattern, called two-cell convec
tion, could indeed produce the right 
kind of bulge. In areas where materi
al is rising the moon's shape would 
be stretched outward, and in areas 
where material is sinking the shape 
would pull inward [see top illustration 
on opposite page]. If the rising material 
were along the earth-moon axis and 
the sinking material were below the 
limb, the resulting shape-like that of 
a football with its long axis pointing 
toward the earth-would resemble 
the existing bulge. (Borehole meas
urements made by Apollo astronauts 
showed that the temperature within 
the moon increases with increasing 
depth, probably because of the de
cay of radioactive elements, and so 
the moon has sufficient internal heat 
to drive convection.) 

In order for such two-cell convec
tion to occur in a body, the body 
must have a dense core that does not 
take part in the convection. In the 
case of the moon I calculated that the 
core would have to be between about 
300 and 500 kilometers in radius. 
The core would consist of dense 
material, and the commonest dense 
element is iron. On that and other 
geophysical grounds I therefore as
sumed that the moon's core, like the 
core of the earth, is made of iron. 
Hence when magnetized rocks were 
returned by the Apollo missions, it 
then seemed reasonable to assume 
that such an iron core, when it was 
molten, could have been the source 
of the early lunar magnetic field that 
magnetized the rocks. 

Unfortunately the rocks returned 
were pieces of lava that had been 

broken from the bedrock by impacts 
and were lying loosely on the sur
face; their original orientations were 
not known, and so it was impos
sible to determine the directions in 
which they had been lying when 
they were magnetized or the direc
tion of the field that had magnetized 
them. Instead work was begun on the 
more difficult task of determining the 
strength of the field that had been 
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SIMPLE ARGUMENT addresses the observation that the total field due to magnetized 

areas of lunar crust does not resemble a dipole field (a field like that of a bar magnet). If 

the moon's crust had been magnetized by an external field, such as the earth's (top, 1), 
the crust would have been magnetized uniformly. After the external field vanished (top, 
2) the crust would create a small dipole field of its own. If, on the other hand, the crust 

had been magnetized by an internal dynamo in the core (bottom, 1), the direction and 

strength of the crust's magnetization would vary from place to place. When the dyna· 

mo action ceased (bottom, 2), the crust's magnetization would lead to no overall exter· 

nal dipole field. Thus the fact that the field due to magnetized crust is not a dipole field 
supports the author's hypothesis that the crust was magnetized by an internal dynamo. 

responsible for the magnetization. 
The method for determining the 

original field strength is in principle 
very simple: magnetize a sample in a 
laboratory field, and assume that the 
ratio of the applied laboratory field to 
the resulting magnetization is rough
ly the same as the ratio of the original 
lunar field to the original magnetiza
tion of the rock when it was found on 
the lunar surface. 

In practice the work involves great 
difficulties. There are three general 
techniques by which it can be accom
plished. The simplest technique is to 
heat a sample above its Curie temper
ature and then cool the sample in the 
presence of a magnetic field. This 
method gives a reasonable simula· 
tion of the conditions in which the 
original magnetization occurred, but 
it is invasive and may change the 
chemistry of the rock. 

In a second technique (developed 
largely in our laboratory by Stephen-
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son), which is somewhat less inva
sive, the sample is exposed to an in
tense alternating magnetic field and 
a weak constant magnetic field. The 
intense alternating field agitates the 
rock's magnetic structure in much 
the same way as heating the rock 
would, and it makes the rock suscep
tible to being magnetized by the 
weak constant field. The resulting 
magnetization can then be compared 
with the original magnetization of 
the sample to determine the ratio of 
the weak laboratory field to the origi
nal lunar field. 

In the third technique (developed 
by Stan Cisowski and Fuller at Santa 
Barbara), which is still less invasive, 
one applies an extremely strong con
stant laboratory field without heating 
the rock or applying an alternating 
field. The aim is to determine how 
much magnetism could possibly be 
induced in the sample under con
trolled conditions. In a sense the ex-

perimenter is calibrating the rock to 
determine its natural capacity for be
ing magnetized. It is then possible to 
estimate how close the sample's orig
inal magnetization was to its max
imum possible magnetization, and 
thereby to estimate the strength of 
the original magnetizing field. This 
technique makes it possible to ana
lyze a great many rock samples, but 
it is not as exact as the other two 
methods. 

The results of these investigations 
were startling. Studies of rocks 3.9 
billion years old indicated that the 
moon's magnetic field at the time 
the rocks were formed was about 
one gauss, almost twice the polar 
field of the earth today. In addition 
the moon's field seems to have de
creased exponentially between 3.9 
and 3.2 billion years ago, as one 
might expect if one assumes that the 
heat sources available to drive dyna
mo action in the core gradually de
clined over that period. The field's 
subsequent disappearance is also to 
be expected, because the heat sour
ces would eventually have fallen 
below the critical value necessary 
to sustain dynamo action, or even 
to maintain the core's temperature 
above the melting point of iron. 

Our results were received with 
some skepticism, in particular the 
suggestion that the moon, whose 
core would have to be much small
er than the earth's, could have pro
duced such an intense field. Never
theless, the fact that results from all 
three of our independent methods 
were in good agreement makes the 
results themselves as secure as they 
can be in a historical science: one 
cannot now reproduce exactly the 
conditions under which the lunar 
rocks originally formed and were 
magnetized, and so one must pro
ceed by testing whether different 
lines of evidence all pOint to the same 
conclusion. 

laboratory examination of returned 
Lsamples is not the only way to 
find clues to the nature of the moon's 
ancient magnetism. Many manifesta
tions of the present magnetization 
of crustal rocks were observed by 
the various Apollo and Luna exper
iments. The experiments involved 
magnetometers placed on the sur
face by Apollo astronauts or carried 
on the Soviet wheeled vehicle Luna
khod, as well as magnetic surveys 
carried out by subsatellites launched 
into low-altitude lunar orbits (l00 kil
ometers above the surface) by the 
Apollo 15 and Apollo 16 spacecraft. 
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One observation was that charged 
particles in the solar wind were oc
casionally deflected from areas of 
the moon's surface. Early observa
tions of this effect were made by the 
Explorer lunar satellite, which from 
time to time noted that magnetic dis
turbances in the solar wind were de
flected into the shadow cast by the 
moon. Even more interesting were 
the later observations by the Apollo 
spacecraft that low-energy electrons 
in the solar wind were sometimes 
reflected from the moon's surface. 
Both effects are due to regions of 
strong magnetic field just above the 
moon's surface caused by magnetic 
anomalies, whose presence indicates 
the existence of strongly magnetized 
strata of crustal rock. Such observa
tions enabled Robert P. Lin and Kin
sey A. Anderson of the University 
of California at Berkeley to map the 
strengths (but not the directions) of 
the surface magnetic field due to re
gions of magnetized crust. 

For certain strips of the lunar sur
face, maps can be made of the direc
tion as well as the strength of the sur
face magnetic field. Working with 
data from the Apollo 15 and Apollo 16 
magnetometers, Paul]. Coleman, Jr., 
Christopher T. Russell and Lonnie L. 
Hood of the University of California 
at Los Angeles have drawn contour 
maps of the vertical component of 
the field at the crust as well as maps 
of the northward and eastward hori
zontal components of the field. The 
maps show that the moon does not at 
present have a significant dipole field 
(a field resembling that of a bar mag
net). There is no dynamo within the 
moon, and the total magnetic field 
due to individual magnetized regions 
of the crust does not lead to even the 
smallest dipole field above the sur
face of the moon. 

This result is actually a good argu
ment in favor of the theory that the 
moon once had an internal dynamo. 
Many investigators who are uncom
fortable with the idea that the moon 
had its own magnetic field have sug
gested that the lunar crust was mag
netized by exposure to some strong 
external field (perhaps the earth's 
field when the earth and moon were 
closer). I have shown, however, by a 
relatively simple argument that such 
a uniformly magnetized outer shell 
would have an overall field resem
bling that of a dipole [see illustration 
on opposite page). On the other hand, I 
showed that a crust that had been 
magnetized by an internal dynamo 
field that had since vanished would 
not have any dipole field above its 

surface. The moon fits this second 
model. 

Coleman, Russell and Hood tried to 
determine the shapes and locations 
of the magnetized material responsi
ble for each anomaly. They first as
sumed that the source of each anom
aly was a simple dipole, but they 
found that in order to produce anom
alies whose characteristics (such as 
the strength and direction of the field 
at a number of points in space) match 
those of the observed anomalies, 
such dipoles would have to be some 
50 to 60 kilometers below the lunar 
surface. At that depth the ambient 
temperature is greater than the Curie 
temperature of crust minerals, and so 
any dipoles there would not remain 
magnetized. 

On the other hand, it was easily 
shown that the anomalies could also 
be simulated as uniformly magnet
ized disks of crust material on or near 
the lunar surface. By adjusting the 
strengths and magnetization direc
tions of hypothetical disks, and by 
moving them about on a comput
er-modeled lunar surface, Coleman, 
Russell and Hood found a good fit 
with the observed anomalies. In or
der for the anomalies to produce the 
observed strong fields at heights of 
from 20 to 100 kilometers above the 
lunar surface, the disks of magnet
ized material would have to be quite 
large-as much as 100 kilometers in 
diameter-and the magnetization of 
each would have to be uniform in 
direction over a considerable area. 

------"..-------

There is no problem with such a 
model if the magnetization was origi
nally due to a lunar dipole. On the 
other hand, such wide areas of uni
form magnetization direction would 
eliminate one contrary hypothesis: 
that local releases of energy, such as 
meteorite impacts, could have gen
erated transient fields, magnetizing 
small regions of the crust (as a light
ning bolt can magnetize a rock out
crop) and creating the anomalies. 
Such small local fields cannot match 
the data from the magnetic surveys. 

To interpret these results, I calcu
lated how the lunar field would 

have had to be aligned when the 
anomalies were created. In other 
words, I tried to find the direction of 
the magnetic poles of the field that 
had magnetized each anomaly. 

I found that the anomalies fell into 
three groups. Within each group the 
projected north magnetic poles fall 
into two clusters that are antipodal 
to each other (that is, they are on op
posite sides of the moon). Each pair 
of clusters thus defines an axis of 
the moon. The axis defined by each 
group points in a very different direc
tion from the axes defined by the oth
er two groups and from the moon's 
present axis of rotation: the moon 
seems to have had three separate 
sets of magnetic poles. The reason 
ancient north poles are found at both 
ends of each axis is probably that the 
lunar field switched its polarity with
out changing the orientation of its 

ANCIENT 
MAGNETIC POLE 

ORIENTA nON of the moon's ancient magnetic field can be deduced from the magneti

zation of a magnetic anomaly (a magnetized region of the crust). If one knows the direc

tion of the anomaly's magnetization (color) and assumes that the anomaly was original

ly magnetized by a dipole field, one can reconstruct the field that was present when the 

anomaly was magnetized (black lines) and find where the magnetic poles were then. 
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axis, a phenomenon that has taken 
place hundreds of times on the earth. 
But how is one to explain the three in
dependent axes? 

A clue comes from the ages of the 
anomalies. It is difficult to establish 
the time at which each anomaly was 
magnetized, because the anomalies 
are generally in regions from which 
samples have not been returned, but 
one can estimate their approximate 
dates by geological mapping of the 
moon (work undertaken largely by 
Don E. Wilhelms of the u.s. Geologi
cal Survey). Such analysis indicates 
that the anomalies within each group 

TO 
EARTH 
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4.2 BILLION YEARS AGO 

3.85 BILLION YEARS AGO 

were formed at roughly the same 
time as one another but that the three 
separate groups of magnetic anoma
lies were formed in different periods 
of the moon's history. The earliest 
period was about 4.2 billion years 
ago, the intermediate period was 
about 4.0 billion years ago and the 
most recent period was about 3.85 
billion years ago. 

Thus the axis of the moon's mag
netic field pointed in different direc
tions at different times. If one as
sumes that the axis of the moon's 
magnetic field was always roughly 
aligned with the moon's spin axis 

(the assumption is justified by stud
ies showing the overwhelming role 
of the Coriolis force-a complex 
force due to the spin of the earth-in 
the magnetohydrodynamics of the 
earth's core), then the implication is 
that at different times the moon's 
spin axis must have pointed in differ
ent directions with respect to the sur
face. How is this possible? 

The answer, polar wandering, is ac
tually an old idea that was first pro
posed late in the 19th century to ex
plain how parts of India, Australia 
and Africa, which are now near the 
earth's equator, could have experi-

4.0 BILLION YEARS AGO 

t 
TO EARTH 

ANCIENT NORTH POLES of the moon's magnetic field, as de

duced from magnetic anomalies, fall into three groups. Each 

pole position was deduced from a single anomaly. Within each 

group the anomalies from which the pole positions were de

duced are about the same age; the oldest group is roughly 4.2 bil

lion years old, the intermediate group about 4.0 billion years old 

and the youngest group about 3.85 billion years old. In each 

group (particularly the youngest two) the projected magnetic 

axis is about the same for every anomaly, but in some cases the 

north pole is at one end of the axis and in others it is at the other 

end. (Here open circles represent points on the far side of the 

moon as it appears on the page and solid dots represent points 

on the near side; colored circles represent the average position 

of the projected poles on the far side and colored dots the aver

age position of projected poles on the near side.) The moon's 

magnetic field seems to have reversed its polarity several times. 
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enced glaciations 200 million years 
ago. In the analysis of the earth's 
history polar wandering has largely 
been replaced by the idea of conti
nental drift. 

Polar wandering is based on funda
mental principles in the physics of 
spinning bodies [see "Polar Wander
ing on Mars," by Peter H. Schultz; SCI
ENTIFIC AMERICAN, December, 1985]. 
As Leonhard Euler showed, bodies 
spin most stably when the maximum 
possible amount of mass is far from 
the axis of spin. (The idea makes in
tuitive sense: when a body is spin
ning, centrifugal force will tend to 
pull the massive parts of the body 
outward, away from the spin axis.) 
If a body is spinning stably and its 
distribution of mass is suddenly al
tered, the body will tend to wobble 
and realign itself until it is once again 
spinning with the maximum possible 
amount of mass far from the axis of 
rotation. 

According to the law of conserva
tion of angular momentum, the posi
tion and orientation in space of the 
spin axis itself cannot change. Rath
er, the body reorients itself so that 
the spin axis goes through a different 
part of the body. Hence one could 
say that it is really the surface that 
wanders in relation to the pole (the 
point in space where the spin axis in
tersects the surface). Regions that 
had been at the poles move closer to 
the equator, and regions at the equa
tor move closer to the poles. If po
lar wandering had occurred on the 
moon, then at different times the 
magnetic poles would indeed have 
been at different locations on the sur
face and the magnetic axis would 
have had different orientations in re
lation to the moon as a whole. 

W hat could have caused polar 
wandering on the moon? The 

answer to this question leads to some 
of the most exciting possibilities 
raised in my investigation. When I 
plotted where the moon's equator 
would have been in each of the three 
periods during which the magnet
ic anomalies were formed, I noticed 
that many of the large impact basins 
formed in each period were near 
what was then the moon's equator. 
This turned out to be the clue to two 
important discoveries. 

First of all, it suggests that the 
moon was reoriented at least three 
times after planetesimals (small ob
jects that were the original bodies in 
the solar system) had collided with it 
near its equator. Every impact would 
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HYPOTHETICAL HISTORY OF THE MOON was deduced from the positions of the 

moon's ancient magnetic poles and from the positions, shapes and ages of certain large 

impact craters. In this model the moon was originally orbited by several satellites. One 
of the satellites, on being drawn inward by tidal forces, broke into fragments that all 

struck the lunar surface within a comparatively short time (1), leaving a trail of impact 

basins near the equator. The consequent redistribution of mass on the moon's surface 
caused the moon to shift its orientation with respect to its own spin axis, so that many 

of the basins were far from the equator (2). Then another lunar satellite was drawn in 

and fragmented (3), leaving a trail of basins near the new equator, and the moon re
oriented again (4). A similar sequence of events probably happened a third time also. 

have created a basin-a region of low 
mass-near the equator, far from the 
axis of spin. That is not a stable con
figuration. The moon would there
fore have reoriented itself so that 
more massive regions were near the 
equator and the basins lay close to 
the pole. Actually this seems to be 
what happened each time [see illus
tration on next page]. The picture is a 
little oversimplified; there are a num
ber of basins near each paleoequator, 
and so during each period there must 
have been a series of impacts sepa
rated from one another by relatively 
short intervals. 

Secondly, the fact that the plane
tesimals collided with the moon near 
its equator suggests they were not as
teroids or comets orbiting the sun, 
which would have struck the moon 
anywhere on its surface. Instead they 
were probably satellites of the moon 
itself, orbiting the moon in its equato
rial plane (much as the satellites of 
Mars, Jupiter, Saturn and Uranus or-

bit those planets nearly in their equa
torial planes). 

These satellites would gradually 
have been drawn in toward the moon 
by tidal action (as Phobos is now be
ing drawn toward Mars). I suggest 
that there were at least three satel
lites. As the first satellite was drawn 
toward the moon it would have been 
broken apart by tidal forces. Its frag
ments would have struck the moon 
within a short time of one anoth
er, leaving a trail of impact basins 
and causing the moon to reorient it
self. Some 200 million years later the 
next satellite would have been bro
ken apart by tidal forces, and so on. 

Analysis of the shapes of the im
pact basins reinforces this hypothe
sis. The fragmented satellites would 
have approached the lunar surface 
at a very small angle as their orbits 
slowly decayed. Experiments on hy
pervelocity impacts done by Donald 
E. Gault of the National Aeronautics 
and Space Administration's Ames Re-
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search Center have shown that at an
gles of approach smaller than about 
five degrees the debris from an im
pact tends to be shot outward in a 
butterfly-shaped pattern and the im
pact basin tends to be elliptical. Such 
patterns are obvious in the photo
graphs of several of the great basins 
on the moon. In addition, the long 
axes of these elliptical basins are 
roughly parallel to the line followed 
by the equator during the period 
when the basins were made, indicat
ing that the impacting objects were 
traveling in or near the plane of the 
lunar equator at the time of impact. 

I thus conclude that the moon had a 
system of satellites early in its his

tory. This first evidence for the exis
tence of other bodies in the earth
moon system should carry valuable 
information concerning the origin of 
the earth-moon system and of the 
planets generally. 

Investigators have a reasonably 
clear picture of the early evolution of 
the solar system: a cloud of interstel
lar gas and dust collapsed from a di
ameter of about 100,000 astronomi
cal units (an astronomical unit is the 
mean distance from the earth to the 
sun, about 93 million miles) to a di
ameter of about 50 A.U.'s, flattening 
into a disk as it collapsed. Our picture 
of the later stages is quite sketchy, 
however. Small grains of silicates 
and iron must have accreted some
how to form millions of small bodies, 
which must themselves have accret
ed to form larger bodies. The final 
stages of this accretion are visible in 
the many impact craters with which 
such surfaces as those of the moon 
and Mercury are peppered, but there 
is almost no evidence concerning 
earlier stages of the accretion proc
ess. The suggestion that there were 
rather large satellites in the early 
earth-moon system may well make it 
possible to reconstruct some of this 
intermediate phase in the formation 
of the solar system. 

ANCIENT EQUATORS of the moon are 

marked on images of the moon as it is 

aligned today. Solid black lines represent 

the equator in each of the three periods 

depicted. Dots show the positions of the 

magnetic anomalies whose directions of 

magnetization led to knowledge of the an

cient pole positions from which these an
cient equators were derived. The major 

basins whose names are given, which all 

lie near ancient lunar equators, may have 

been caused by the impact of fragments 

of satellites that once orbited the moon. 
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How Animal Cells Move 

They do so by bringing pieces of the outer membrane into the 
cytoplasm and then recycling them to the surface in a directed 
way. Nutrients are brought into the cell by the same process 

M
ovement is a fundamental 
property of living things. In
deed, along with such activi

ties as respiration and reproduction, 
locomotion is one of the qualities that 
distinguish organisms from nonliv
ing things. For an animal the capacity 
of its cells to move may be crucial in 
both health and disease. White blood 
cells must be able to move through 
the body to fight pathogens; in re
sponse to injury, fibroblasts migrate 
into a wound to take part in the heal
ing process. Cell movement can also 
have deadly results. Individual can
cer cells sometimes break loose from 
a tumor and travel to other parts of 
the body to establish new tumors in 
the process called metastasis. Cell 10-

comotion, then, has a fundamental 
role in life, and sometimes in death. 
Yet until recently little was known 
about the details of how an animal 
cell actually moves. 

Over the past decade, however, in
vestigators have learned a great deal 
about the processes underlying loco
motion. Here I shall describe how a 
moving animal cell brings pieces of 
its outer membrane into the cell and 
later returns them to the surface in 
the process called the endocytic cy
cle. The cycle has a dual function: it 
brings nutrient molecules into the 
cell and it is essential for ceil locomo
tion. There are two aspects to its role 
in locomotion. The cycle provides 
the means whereby a cell extends it
self forward; it may also generate the 
motive force that propels the cell. 
Whether it does in fact provide the 
motive force is still unproved, but I 
shall show how these two aspects of 
locomotion are inseparable. 

Except for sperm, all animal cells 
are believed to move by the same 

mechanism. Sperm cells have an ac
tive flagellum that operates much 
like the tail of an eel, enabling the 
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sperm to "swim" forward. All other 
animal cells "crawl" forward over a 
substratum rather than swimming 
through a liquid medium, and it is 
the great majority of crawling cells 
that form the subject of this article. In 
particular I shall concentrate on the 
fibroblastic cells that migrate into 
a wound and later help to pull the 
torn edges together. Of all the mam
malian cells that move, fibroblasts 
have been studied the most exten
sively, largely because they are easy 
to grow in laboratory culture. 

Although fibroblasts are often sta
tionary in culture, they may begin to 
move when they become crowded 
together. When a fibroblast is in mo
tion, it is often roughly triangular in 
top view: one side of the triangle 
forms the front, or leading edge, and 
the cell tapers off behind to a narrow 
trailing edge. Fibroblasts move slow
ly by macroscopic standards-a cen
timeter a day-and their motion is 
best observed in time-lapse photog
raphy. Seen in that way the leading 
edge is much more active than the 
rest of the cell. Its activity does not 
follow a predictable pattern, howev
er. One region may briefly extend 
forward over the substratum; then, 
when the activity subsides, another 
region along the leading edge may 
spread out. The sequence is repeated 
until the cell has advanced along its 
entire front. 

Sometimes the irregular forward 
spreading of the cell goes astray, be
cause the new extension of the lead
ing edge has not attached itself firmly 
enough to the substratum. When that 
happens, the detached segment rises 
up and curls back over the cell; even
tually the extension is resorbed into 
the cell body and disappears, and a 
new one takes its place. In view of all 
this disorderly lifting and fluttering, 
the leading edge of a fibroblast is of
ten called the ruffling edge. The ruf-

fling is seen only on certain sub
strates. On other substances the lead
ing edge attaches itself with such 
efficiency that there is no obvious 
ruffling, and then the cell oozes 
smoothly forward. 

Many years of observation of fibro
blasts led biologists to conclude that 
the ruffling edge is where the action 
is in cell movement. A series of ex
periments beginning in 1970 have 
confirmed that the leading edge is 
indeed the site of a crucial piece of 
the action. Those experiments have 
also helped to show how the events 
at the leading edge are linked to 
another process that takes place 
throughout the cell. 

In 1970 a key experiment was car
ried out by Michael Abercrombie, 

Joan E. M. Heaysman and Susan M. Pe
grum, then at University College Lon
don, who observed what happened 
when moving fibroblasts encoun
tered microscopic pieces of charcoal 
scattered on the substratum. Some
times the cell simply crawled over 
the charcoal. At other times, how
ever, the particle became attached 
to the upper surface of the leading 
edge. When that happened, the par
ticle was observed to move back
ward on the surface of the cell as 
the cell made its way forward. The 
motion of the particle followed a 
more or less straight line, and even
tually the little black dot came to rest 
near the trailing edge. 

Abercrombie and his co-workers 
proposed an illuminating explana
tion for these striking results. They 
suggested that since the particle is 
moving backward and is attached 
to the plasma (outer) membrane of 
the cell, the plasma membrane it
self must also be moving backward: 
there must be a continuous flow of 
membrane from the leading edge of 
the cell to its trailing edge. To ac-
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count for the flow, Abercrombie's 
group proposed that membrane ma
terial is somehow resorbed at the 
back of the cell and then transferred 
through the cell to the front, where 
it is reinserted in the plasma mem
brane. They saw that such a mem
brane-transfer cycle would enable 
the cell to extend itself forward over 
the substratum. 

The cycle proposed by Abercrom
bie resembles the propulsive mecha
nism of a tank. In his model the plas
ma membrane was seen as a contin
uous flexible sheet analogous to the 
tread of the tank. The membrane 
covering the cell's lower surface, 

adjacent to the substratum, corre
sponds to the lower tread of the tank, 
which is in contact with the ground 
and moves backward with respect to 
the tank. The intracellular transport 
of membrane from the rear of the cell 
to the front corresponds to the tank's 
upper tread. 

Experiments in many laboratories 
have shown that the Abercrombie 
model is correct in outline, but since 
its formulation major advances have 
been made in understanding the 
structure of cell membranes and the 
process by which membrane is recy
cled in the cell [see "The Molecules 
of the Cell Membrane," by Mark S. 

Bretscher; SCIENTIFIC AMERICAN, Octo
ber, 1985]. Such advances have at the 
same time confirmed Abercrombie's 
overall model and shown where it 
was lacking. 

The basis of all cellular mem
branes is a double layer of lipid 

(fatty) molecules. Into this lipid-bilay
er matrix are inserted a host of pro
teins with different functions. A key 
property of the bilayer is that al
though it is a stable planar structure, 
within the plane it is a liquid: lipids 
and proteins are free to diffuse side
ways in any direction. The distance 
traveled by a molecule depends on 

FIBROBLASTS MIGRATE out and away from a piece of embryon· 
ic chicken-heart tissue placed on a glass slide. Most animal cells 
are thought to have the capacity for movement, but not all of 
them put it to use; fibroblasts, which participate in the healing of 

wounds, are among the small class of cells that need to move 
if they are to carry out their normal functions. The photomi
crograph was made by Peter A. Lawrence of the Medical Re
search Council's Laboratory of Molecular Biology in Cambridge. 
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the square root of the length of time it 
moves and on its size and shape. Be
cause lipids are smaller, they move 
more quickly than proteins. A typical 
protein might move 10 micrometers 
(millionths of a meter) in one minute. 
Since a fibroblast is, say, 50 microme
ters long, an average protein could 
diffuse from one end to the other in 
half an hour. 

The membrane and its associated 
proteins are heavily implicated in the 
two routes by which nutrients can 
enter the cell. The first route (which 
is not directly relevant here) is by 
means of a variety of protein pumps 
and channels that span the plasma 
membrane. Such pumps and chan
nels transport a variety of small mol
ecules into the cytoplasm, including 
amino acids, sugars and inorganic 
ions. The second route, taken by 
molecules too large to be transported 
into the cell by the protein carriers, is 
by means of endocytosis. 

Endocytosis begins when a nutri
ent molecule binds to its specific re
ceptor on the cell surface. The recep
tor is a membrane protein, and the 
bound nutrient is referred to as a li
gand. A fibroblast has some 50 dif
ferent types of receptor, each of 
which accepts its ligand and no oth-

er. After the ligands bind to their re
ceptors they are rounded up-about 
1,000 at a time-at a spot where the 
plasma membrane has begun to dip 
inward. The indentation is called a 
coated pit, because of the character
istic protein layer found on its cy
toplasmic side. The coated pit buds 
inward and pinches off in the cy
toplasm as a little balloon of mem
brane called a coated vesicle. It is 
the coated vesicle that brings the li
gands into the cell. 

Much has been learned in recent 
years about coated pits, coated 

vesicles and the receptors they trans
port, and the new knowledge, from 
many groups of investigators, has 
implications reaching far beyond cell 
movement. Coated pits and vesicles 
were discovered in 1964 by Thomas 
F. Roth and Keith R. Porter of Harvard 
University. In 1975 Barbara M. F. 
Pearse of the Medical Research Coun
cil's Laboratory of Molecular Biology 
in Cambridge showed that the furry 
coat of the pits and vesicles is a bas
ketlike network whose raw material 
is a protein to which Pearse gave the 
name clathrin. Within the basket of 
clathrin there is a sphere of mem
brane; in the membrane there are a 

FIBROBLAST IN MOTION displays the vaguely triangular shape characteristic of these 
cells when they move. The convex gray border is the cell's large leading edge, or front. 
From the front the cell tapers to a narrow rear, or trailing edge. The fibroblast, enlarged 
here some 2,000 diameters, "crawls" forward by extending first one part and then 
another of its leading edge. The pace is slow: the cell covers only a centimeter a day. 
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variety of proteins, among them the 
joined receptors and ligands. 

The receptor that has been best de
scribed is the one for low-density lip
oprotein (LOLl. which has been stud
ied in exquisite detail by Michael S. 
Brown and Joseph L. Goldstein of the 
University of Texas Health Science 
Center at Dallas. The function of the 
LDL receptor is to bring cholesterol
laden LDL from the blood plasma into 
the cell, where cholesterol is utilized 
for making new membranes. Other 
well-known receptors include those 
for iron-bearing proteins called trans
ferrin and ferritin. The transferrin 
and ferritin receptors were crucial for 
my work on cell locomotion. 

The binding of the ligand to an un
occupied receptor initiates a cycle of 
endocytosis. If the receptor is not al
ready in a coated pit, it diffuses in the 
plane of the membrane until it en
counters one in formation, and then 
joins it. Not all surface proteins par
ticipate in this process. One current 
mystery of endocytosis is why some 
proteins (circulating proteins) join 
coated pits and cycle through the 
cell, whereas others (noncirculating 
proteins) are excluded from the coat
ed pits. When enough receptors have 
joined the coated pit, the pit buds 
into the cytoplasm in a process that 
takes about a minute. 

Once it is inside the cell, the vesicle 
almost immediately sheds its coat, 
releasing clathrin for further cycles 
of endocytosis. The uncloaked vesi
cle-including ligands, receptors and 
lipids-fuses with an organelle called 
an endosome. Inside the endosome 
ligands are separated from their re
ceptors in a process that is not fully 
understood. The receptors and asso
ciated lipid molecules are later re
turned to the membrane in a process 
called exocytosis, which is also not 
fully understood. Once back in the 
membrane, the receptors are avail
able for the next cycle. 

Remarkably enough, by means of 
endocytosis and exocytosis a fibro
blast is able to recycle an area equiv
alent to its entire surface within a 
short period. Coated pits are spread 
randomly over the surface of the cell, 
and at any moment roughly 2 per
cent of the plasma membrane is in 
the coated indentations. Since the 
lifetime of a pit is about a minute, the 
fibroblast takes up an area equiva
lent to its own surface every 50 min
utes. It is this dramatic recirculation 
of the cellular envelope that drives 
cell movement. 

Now, in Abercrombie's model of 
that movement the membrane car-
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form a coated vesicle, which soon sheds its clathrin coat. Next 
the ligands are separated from their receptors and removed by 
complex processes that are not well understood. Eventually the 
membrane lipids and receptors rejoin the cell membrane in 
a process known as exocytosis, which also is little understood. 
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COATED PITS form and bud into the cytoplasm in electron micrographs made by Nich
ol Thomson and the author. The pits' dense border is the c1athrin coat_ The black dots 
in the pits are molecules of electron-dense ferritin that are bound to ferritin receptors_ 

ried through the cycle of endocytosis 
is returned to the cellular surface at 
the leading edge_ But is that actually 
the case? Is the recycled membrane 
reinjected at the front of the cell? The 
question is a key one but is difficult 
to test directly. All is not lost, how
ever. Knowing that the circulating 
membrane is limited to a handful of 
receptors and lipids gives rise to a 
prediction that is subject to test. The 
prediction concerns the distribution 
of receptors on the surface of the cell, 
and in 1983, at the Laboratory of Mo
lecular Biology, Nichol Thomson and 
I decided to put it to the test. 

If membrane is exocytosed only at 
the front of a large cell, it follows 

that the receptors should be concen
trated there. The reasoning is as fol
lows. Let us say that between rounds 
of endocytosis a receptor spends 
four minutes on the cell surface be
fore it is captured by a forming coat
ed pit. Like other proteins, receptors 
are free to diffuse in the plane of the 
membrane, and in its four minutes on 
the surface a typical receptor might 
diffuse, say, 20 micrometers. On a 
smallish cell-IO micrometers long
the receptors would diffuse all the 
way from front to back in less than 
four minutes, and so at any instant 
the cell would have an even surface 
distribution of these receptors. On a 
100-micrometer cell, however, a typi
cal receptor would diffuse only a fifth 
of the way back before being recap
tured and returned to the front. As 
a result most receptors would be 
bunched toward the leading edge. 

Such calculations led Thomson 
and me to expect that the receptors 
would be concentrated at the leading 
edge, an expectation that is readily 
tested. We decided to examine the 
distribution of ferritin receptors on a 
large cell with a ruffling edge. Ferritin 
receptors were chosen for two rea
sons: they are circulating proteins 
and they are easily detected in the 
electron microscope. For conve-
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nience we worked with giant HeLa 
cells, which can be induced to grow 
from the HeLa cell line originally de
rived from a human tumor. Giant 
He La cells resemble fried eggs. They 
are round and flat, with a nucleus in 
the middle where the yolk would be 
and with a ruffling edge all the way 
around. Because the ruffling edge 
fringes the entire cell, the cell tries to 
move in all directions at once, with 
the result that it does not translocate. 
It seems likely, however, that the 
mechanism of formation of the ruf
fling edge is identical with the mech
anism in cells that do translocate. 

Thomson and I briefly exposed the 
giant HeLa cells to ferritin at zero 
degrees Celsius, a temperature low 
enough to slow diffusion and prevent 
endocytosis. Under those conditions 
ferritin receptors on the surface of 
the cell would bind ferritin mole
cules, but the distribution of ferritin 
receptors would not be changed by 
diffusion or endocytosis. The result 
would therefore be a "snapshot" of 
the distribution of receptors at one 
moment. After the cells had been la
beled with ferritin they were fixed, 
sliced into thin sections and exam
ined in the electron microscope for 
ferritin molecules bound to their re
ceptors. As predicted, the ferritin re
ceptors were indeed highly concen
trated at the cell's leading edge. A 
similar distribution was found for 
LDL receptors and transferrin recep
tors on giant HeLa cells. Noncirculat
ing proteins, on the other hand, were 
found to be distributed more or less 
at random on the surface. 

Similar observations were made at 
about the same time on moving fibro
blasts by Peter Ekblom, Irma Thes
leff, Veli-Pekka Lehto and Ismo Virta
nen of the University of Helsinki. 
Taken together, these experiments 
clearly imply that exocytosis occurs 
at the front edge of a motile cell. 
Moreover, straightforward calcula
tions show that the process of exocy
tosis directed toward the leading 

edge is sufficient to account for the 
actual forward movement seen in 
fibroblasts. 

A s I mentioned above, endocytosis 
J-\. Ieads to the resorption of about 2 
percent of the fibroblast's surface in a 
minute. Exocytosis of all that mem
brane at the front of the cell would 
yield a forward extension of about 
1 percent of the cell's total length 
(since half of the exocytosed mem
brane goes to the cell's upper sur
face and half to the lower surface). 
If the fibroblast were 100 microme
ters long, its leading edge would ex
tend forward at a rate of about one 
micrometer per minute, and an ob
ject attached to the membrane (such 
as a charcoal particle) would move 
backward at the same pace-which 
agrees nicely with the rate observed 
in Abercrombie's work with charcoal 
particles. 

So far the "tank" analogy has pro
vided a fairly apt description of mem
brane flow. Yet if it is pushed further, 
the tank metaphor breaks down. One 
reason is that the entire tank tread is 
carried along in its cycle, whereas 
only some membrane components 
(the lipids and the Circulating pro
teins) participate in endocytosis_ An
other significant difference is that al
though the tank tread moves at an 
even pace throughout its cycle, the 
membrane flow decelerates toward 
the rear of the cell. The reason for the 
deceleration becomes clear if one 
considers a carbon particle attached 
to the surface of the cell. The particle 
moves backward only when a piece 
of membrane that is behind it (to
ward the trailing edge) is endocy
tosed and carried to the front of the 
cell. The part of the endocytosis that 
takes place in front of the particle re
sults in no rearward displacement 
[see illustration on page 90]. 

Now, as the particle moves back
ward on the cell, the surface area be
tween it and the trailing edge de
creases. Therefore, since the coated 
pits are distributed randomly on the 
surface, less endocytosis can take 
place behind the particle and corre
spondingly more endo.cytosis takes 
place in front of it. As a result its rate 
of backward movement falls. If the 
rearward velocity is one micrometer 
per minute at the front of the cell, 
it will be half a micrometer in the 
middle. By the time the particle has 
reached the trailing edge no endocy
tosis is taking place behind it, and its 
motion stops. 

Most of my discussion so far has 
touched on circulating proteins, but 
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membrane flow also has some inter
esting implications for noncirculat
ing surface proteins. Proteins that do 
not circulate are continuously swept 
backward by the flow, and because 
they do not enter coated pits, they 
are not carried forward by endocyto
sis. Yet the noncirculating proteins 
are also subject to diffusion, which 
tends to randomize their distribution 
and so works against the unidirec
tional backward flow. Does flow or 
diffusion win out? The answer is that 
it depends on the size and shape of 
the protein, which affect the rate at 
which it diffuses. A protein that dif
fuses rapidly should barely be swept 
backward by the flow, a prediction 
that has been verified by various 
observations. 

A protein that diffuses slowly, how
.t-\.ever, might be swept toward the 
back of the cell and accumulate 
there. Such proteins were unknown 
until recently, when Akira Ishihara, 
Bruce F. Holifield and Kenneth A. 

Jacobson of the University of North 
Carolina School of Medicine exam
ined the distribution of a protein they 
call GP80 on the surface of mov
ing fibroblasts. Several years earlier 
Pearse, Thomson and I had shown 
that GP80 does not enter coated pits 
and therefore is non circulating. Ishi
hara and his co-workers went on to 
show that the protein diffuses quite 
slowly. On observing its distribution 
on moving fibroblasts, they found 20 
times as much GP80 at the rear of the 
cell as at the front. It was clear that 
slowly diffusing proteins are swept 

relentlessly to the back of a motile 
cell by the flow of membrane. 

Actually the same result had been 
observed much earlier in a different 
context. In 1971 Roger B. Taylor and 
W. Philip H. Duffus of Bristol Uni
versity, along with Martin C. Raff 
and Stefanello de Petris of the Medi
cal Research Council's National Insti
tute for Medical Research, had made 
a remarkable discovery. They were 
studying the behavior of antibodies 
on the surface of mouse B lympho
cytes (a type of white blood cell). The 
mouse cells were exposed to rabbit 
proteins that have the effect of cross
linking the antibodies into large clus
ters on the lymphocyte's surface. 
When the cells were examined by 
a fluorescent technique, there were 
bright patches: islands of these cross
linked antibodies. What is remark
able is that when the cells were 
warmed up from the low tempera
ture at which the rabbit proteins 
were added, the bright patches mi
grated to the rear of the cell, where 
they form a "cap." 

In 1971 little was understood about 
the endocytic cycle, and so the phe
nomenon of cap formation could not 
be linked to that process. Now it is 
known that capping results from the 
same forces that cause GP80 to accu
mulate at the rear of the moving cell. 
Whereas individual, unlinked anti
body molecules diffuse fast enough 
to prevent their being swept to the 
rear of the cell, the cross-linked mass 
diffuses much more slowly, and it is 
therefore swept to the back of the 
cell, just as GP80 is. The similarity of 

the two processes is underlined by 
the finding that capping takes place 
on all motile cells-but not on non
motile ones. 

Although much progress has been 
made in understanding capping, the 
associated membrane flow and the 
general process of cell locomotion, 
there remains the question of how 
the overall process of locomotion is 
switched on and off. It is generally 
thought that all animal cells have an 
intrinsic capacity for movement, but 
the capacity is not exploited at all 
times. Many cells, including fibro
blasts, are generally stationary in lab
oratory culture. When they are put in 
culture, the cells spread out and may 
remain motionless. They display no 
ruffling edges; cross-linked proteins 
do not cap on their surface, indi
cating there is no membrane flow. 
Nevertheless, it can be shown that 
endocytosis is just as active in non
moving cells as in moving ones. 
One must conclude that in nonmo
tile cells the membrane drawn into 
the coated pits is not returned to the 
surface at a single location-other
wise the cell would move forward 
from that point, and there would be 
a rearward membrane flow. 

Indeed, that difference constitutes 
what is perhaps the most impor

tant single message about how cells 
move. In motile cells exocytosis is 
a directed process: membrane in
ternalized by endocytosis is exocy
tosed only at the leading edge of the 
cell. In stationary cells, on the other 
hand, exocytosis is not directed: en-

GIANT HELA CELL, part of which is seen here in two cross sec· 

tions, provided information about the distribution of ferritin reo 
ceptors and other circulating proteins on the surface of motile 
cells. Only the giant cell's leading lamella, about a fifth of the 
length of the cell, is shown; the cell's leading edge, often called 
the ruffling edge because of its appearance, is at the bottom 

right. The ferritin receptors are labeled by bound ferritin mole· 
cules. The receptors (each indicated here by a colored dot) are 
seen to be concentrated at the ruffling edge. The experiment 
helped to confirm that in motile cells the recycling of membrane 
is a directional process: although coated pits form at random on 
the cell surface, exocytosis takes place only at the leading edge. 
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docytosed membrane is reinserted 
randomly over the surface of the cell. 

Surprisingly, this crucial difference 
is readily reversible. Under the right 
conditions of cell culture it takes only 
a few minutes to make a stationary 
fibroblast move. Somehow the ran
dom exocytosis present in the non
motile cell has been directed toward 
the leading edge, as is required for 
movement. Synthesis of new pro
teins is not necessary for the change 
to occur: drugs that block protein 
synthesis do not interfere with it. It 
appears that a stationary fibroblast 
possesses all the biological machin
ery needed for locomotion but that 
the machinery is not in the right con
figuration. What the correct configu
ration is and how it can be induced 
are questions for the future. 

On a level more amenable to ex
periment is a problem with which 
I am currently much preoccupied: 
how the moving cell interacts with its 
substratum. It is known that in their 
natural environment cells crawl over 
a complex network of molecules 
known as the extracellular matrix. 

TRAILING EDGE 

The matrix consists largely of the 
protein collagen and various long
chain polysaccharides. Included in 
the network are some specialized 
proteins-generally very large-that 
the cell recognizes as it moves along. 
Among them is one called fibronec
tin, and it is to fibronectin that the 
moving fibroblast attaches [see "Fi
bronectins," by Richard O. Hynes; 
SCIENTIFIC AMERICAN,June, 1986]. 

The cell's attachment is mediated 
by a receptor for fibronectin in the 
plasma membrane. The receptor rec
ognizes fibronectin and binds to it, 
forming a "foot" that provides the 
thrust for forward motion. Not much 
is known about how the receptor
foot works, but I have developed a 
working hypothesis based on the as
sumption that the receptors are cir
culating proteins. 

As the fibroblast moves along, the 
fibronectin receptors are continual
ly binding and releasing fibronectin. 
At the front of the cell the receptors 
bind fibronectin. While they are so 
bound the receptors cannot diffuse in 
the membrane, because they are in-

LEADING 
EDGE 

directly attached to the rigid extra
cellular matrix. Hence the membrane 
flowing backward pushes against 
them, thereby generating the loco
motor thrust. As membrane is added 
at the front of the cell, the feet are 
moved back. Whenever a receptor is 
released from fibronectin, it can dif
fuse into a coated pit, whence it is 
carried to the leading edge of the cell 
to bind fibronectin again. 

For the moment this is merely a hy
pothesis, and how the feet work 

is one unanswered question among 
many that might still be asked about 
the movement of animal cells. What 
is the source of energy for the cell's 
movement? What distinguishes cir
culating proteins from noncirculat
ing ones? The most challenging ques
tions have to do with the control of 
exocytosis. What distinguishes the 
leading edge of a motile cell so that 
exocytosis takes place there and not 
elsewhere? Even more important for 
understanding metastasis and for the 
treatment of cancer, what triggers a 
stationary cell to become motile? 

SUBSTRATUM 

MEMBRANE-FLOW MODEL for animal-cell locomotion is based 
on directional endocytosis. If a moving cell encounters a char· 
coal particle, the particle may stick to the cell's leading edge (1). 
Exocytosis of membrane at the leading edge displaces mem
brane backward, yielding a flow that carries the charcoal parti· 
cle along with it (2); the particle thus serves as a marker of mem-

brane flow. By the time the particle is near the middle of the cell, 
its motion has slowed considerably (3). The reason is that only 
coated pits originating behind the particle can displace it back· 
ward on reaching the leading edge, and as the particle moves far· 
ther back, progressively fewer pits originate behind it. By the 
time it is at the trailing edge the particle is no longer moving (4). 
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THE FIRST LAPTOP DESIGNED TO BE 
YOUR FIRST LAPTOp. 

Sharp proudly announces the arrival 
of our laptop computer. 

We've named it the PC-4501. You'll 
call it the ideal first laptop. 

Because it packs the power of a full
size desk top in a convenient laptop bundle. 
It sports features like 256KB dynamic 
RAM. 3 V2" 720KB floppy disk drive. Flip
up, easy to read Supertwist LCD display. 

You also get a laptop that's IBM® 
compatible, expandable to 640KB RAM, 

and an optional second 3 V2" 720KB floppy 
disk drive. And, since it can run on batter
ies, it's completely portable. 

One more thing you'll enjoy: a price 
that will pamper your wallet. 

For first hand information on the 
new PC-4501, see your Sharp dealer. Or call 
1-800-BE-SHARP. 

SHARP. 
FROM SHARP MINDS 

COME SHARP PRODUCTS"· 
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The last 
A uniform approach to GomRan� IS f1egt ever y problem is not the AIG 1. � 

way. Instead, we encourage 
people at ever y level to find innovative ways to meet nation, instead of just sending someone 
your insurance needs anywhere in the world . out from the states. 

For example, we find it easier to get things done T he result is an organization that thrives on 
overseas by working within the culture of a given creative solutions to difficult insurance problems. 

© 1987 SCIENTIFIC AMERICAN, INC



d from your insurance 
men ted t · · g contac� AIG, Dept. 

• A,70 Pme Street, 
New York, N . Y.  10270. 

Perhaps that's why we' re the largest under- T hen join the legions who've 
writers of commercial and industrial risks in the U.S., benefited by enlisting our help. 
and a leading global provider of life, accident and Insurance Companies That Don't U?:iI 
health insurance. To learn more about how we can help, Think Like Insurance Companies. � 
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Cosmic Strings 
Why are stars and galaxies clumped rather than spread out evenly 
in space? What drew them together? Thin strings of energy created 
during the birth of the universe may have provided the attraction 

T
he universe is rather lumpy: 
stars gather into galaxies, and 
galaxies in turn form clusters. 

With time the universe gets lumpier 
as the gravitational pull of galaxy 
clusters attracts other galaxies from 
neighboring regions. Modern theo
ries of galaxy formation assume that 
in the past the universe was much 
smoother than it is today and that all 
galaxies and clusters have grown out 
of small incongruities in an other
wise nearly uniform distribution of 
matter. The implications of these the
ories have been studied in great de
tail, but one basic question still looms 
above the others: What are the ini
tial incongruities, and where did they 
come from? 

Enter cosmic strings, exotic, invisi
ble entities spun by theories of parti
cle physics. Strings are threads re
maining from the fabric of the new
born universe. They are incredibly 
dense and incredibly energetic; they 
travel at almost the speed of light and 
bend the space around them. Created 
in the second following the big bang, 
strings in tangled, infinite stretches 
give rise to loops that wiggle violent
ly and gradually exhaust their ener
gy through their own gyrations. 

No one knows for certain whether 
cosmic strings exist. If they do, many 
physicists believe they might ac
count for the lumpy distribution of 
matter in the universe. Particularly 
massive loops of string could pro
vide the gravitational attraction nec
essary to nucleate galaxies and clus
ters of galaxies. But such loops also 
have short lifetimes; even if they 
once pervaded the universe, most of 
them will have vanished by now. 

Less massive strings could still ex
ist, but they are hard to detect. With 
diligence and ever more sensitive 
equipment astronomers might none
theless be able to reject or confirm 
the existence of cosmic strings with-
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by Alexander Vilenkin 

in a few years. Their search is full of 
suspense because the discovery of a 
string would open windows on the el
ementary nature of matter as well as 
the birth of the universe. In order to 
understand how, the notion of cos
mic strings must be considered in the 
context of both particle physics and 
cosmology. 

Broken Symmetry 

It is now fairly well established that 
the universe began some 15 billion 
years ago in a grand explosion com
monly known as the big bang. The 
universe is still expanding from the 
force of that explosion; distant galax
ies are moving away from the earth 
at very high speeds. By combining 
astronomical observations with the 
verified laws of particle physics, 
physicists can trace the history of the 
universe back to the fraction of a sec
ond immediately following the big 
bang. In those moments there were 
no stars or galaxies or atoms; the uni
verse was merely a hot, dense fire
ball of elementary particles such as 
electrons and photons. 

Underlying the particles and deter
mining their interactions is the vacu
um. Far from connoting "nothing," a 
vacuum to the physicist is a state of 
minimum energy obtained in the ab
sence of all particles. The relation be
tween elementary particles and the 
vacuum is similar to the relation be
tween sound waves and the material 
in which they propagate: the types of 
waves and the speed of propagation 
are different in different materials. 
Because the properties of the vacu
um have not always been the same, 
the properties and interactions of ele
mentary particles have also changed. 

The early vacuum had an enor
mously high energy as well as a high 
degree of symmetry; that is to say, 
there were no distinctions between 

the interactions of fundamental parti
cles. The electromagnetic, weak and 
strong nuclear forces were manifest
ed as parts of a single, unified force. 
Today the vacuum energy is zero 
and the elementary forces are dis
tinct both in strength and in charac
ter; there is little left of the origi
nal unity. How was the early sym
metry broken? 

While the universe expanded and 
cooled after the big bang the vacuum 
went through a rapid succession of 
changes known as phase transitions. 
The most familiar phase transitions 
are those water undergoes when it is 
cooled from steam to liquid and final
ly to ice. Phase transitions can also 
be described in terms of symmetry 
breaking: they often reduce symmet
rical states to asymmetrical states. A 
crystal, for example, is less symmet
rical than a liquid: a liquid "looks the 
same" in all directions, whereas dif
ferent directions in a crystalline lat
tice are not all equivalent. 

No one knows exactly how many 
phase transitions occurred in the 
young vacuum, but all of them prob
ably took place within the first sec
ond after the big bang. And like 
phase transitions in more familiar 
materials, cosmological phase transi
tions can give rise to defects. Inside 
the defects symmetry is not broken 
and the earlier, more symmetrical 
vacuum is trapped. Different types 
of defects are predicted by differ
ent particle theories. Some theories 
predict that the defects will assume 
the form of surfaces; others predict 
lines or points. These defect types 
are called domain walls, strings and 
monopoles respectively. 

Lines and Loops 

Cosmic strings are therefore only 
one of three possible types of flaws in 
the continuity of the vacuum. Why 
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have they been singled out in theo
ries of galaxy formation? Ironically, 
one reason is that they are the least 
conspicuous of the defects. The high
energy vacuum trapped inside de
fects is, by the Einstein mass-energy 
relation, extremely massive. Conse
quently defects can have a profound 
influence on the evolution of the uni
verse. A single domain wall stretch
ing across the present-day universe 
would have far more mass than all 

the matter in the universe combined; 
it would induce galaxies to cluster 
much more than they actually do. On 
the other hand, although a single 
monopole might escape detection, 
the theories that predict monopoles 
predict them in very large numbers. 
If monopoles existed, the universe 
would be swarming with them; they 
would be difficult to ignore. Yet nei
ther domain walls nor monopoles 
have been observed. 

No one has ever seen a cosmic 
string either, but physicists do not 
expect strings to be as obvious. Work 
on cosmic strings was pioneered 11 
years ago by T. W. B. Kibble of the Im
perial College of Science and Tech
nology in London. Kibble studied 
how strings might be formed in the 
early universe and in a 1976 paper 
discussed some aspects of their evo
lution. The notion of strings, how
ever, did not attract much attention 

DEFECTS IN ICE arise during freezing, when different regions 

of water crystallize with different orientations. Some theories of 

particle physics suggest that an analogous process may have 

generated linear defects in the vacuum of space as the universe 

cooled after the big bang. So far there is no empirical evidence 

that the defects, which are called cosmic strings, actually exist. 
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VIRGO CLUSTER consists of thousands of galaxies, some of 

which are pictured here (while blurs). The author proposes that 
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clusters and galaxies alike were seeded by massive loops of cos

mic string that swept matter from space into localized areas. 
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until four or five years later, when 
Yakov B. Zel'dovich of the Institute 
of Physical Problems in Moscow and 
I independently realized that strings 
might be able to explain the "clump
ing" of matter in the universe. Our 
ideas inspired a small group of inves
tigators to explore string theories in 
greater detail. 

The physical properties of strings 
turned out to be fascinating and 
unique. Cosmic string theory quickly 
developed an attraction for physi
cists akin to the attraction the strings 
themselves are said to exert on stars 
and galaxies. Last year an avalanche 
of papers on cosmic strings descend
ed on the technical literature, and yet 
no direct experimental evidence for 
their existence has been found. Even 
in the absence of empirical data, 
physicists have managed to put to
gether an impressive profile of the 
strings' properties. Some properties 
depend on the particle theory used 
to derive them, whereas others are 
common to all theories. 

Cosmic strings are thin tubes of 
symmetrical, high-energy vacuum. 
They do not have ends; they either 
form closed loops or extend to infin
ity. A string's physical character is 
determined by the energy of the vac
uum trapped inside it. The strings 
with the most symmetrical vacuum, 
in which strong, weak and electro
magnetic forces are united, are the 
thinnest and most massive. These 
are also the most conspicuous of 
strings, and they are of the greatest 
cosmological interest because they 
could be responsible for the forma
tion of galaxies. 

Such strings have a thickness on 
the order of 10-30 centimeters and an 
astonishingly large mass: one inch of 
string would weigh 10 million billion 
tons! The tension in these strings is a 
match for their mass. The tension 
causes closed loops of string to oscil
late fiercely at speeds approaching 
the speed of light. For example, a 
loop one light-year long would com
plete an oscillation in a little more 
than a year. (A light-year, a unit of 
length, is the distance light travels in 
one year: about five trillion miles.) 

Making Waves 

The strings produced during a 
phase transition weave a tangled net
work that pervades the entire uni
verse. The evolution of this cosmic 
web is rich in physical processes. Al
though on the average the network 
is uniform, its individual strings are 
quite irregular and convoluted. Wig-
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STRING NETWORK has been modeled on a computer so that the formation and evolu

tion of strings can be simulated. The network includes both closed loops and long 

pieces of convoluted string that stretch across the universe and give rise to more loops. 

gling violently from tension, curved 
strings often cross themselves and 
one another; they break at the point 
of intersection and join again in dif
ferent configurations. A closed loop, 
for example, splits in two when it 
twists on itself. Long, coiled strings 
cross themselves many times over 
and closed loops get lopped off at the 
intersections. 

It takes longer to make large loops 
than it does to make small ones be
cause a string must fold back on itself 
to shed a loop, and it must fold back 
farther for a large loop. The size of 
the loop that can be liberated at any 
moment is limited by the amount of 
time that has elapsed since the big 
bang. In particular, given that the 
strings move at about the speed of 
light, the loop can be no larger than 
the distance light has traveled since 
the birth of the universe, which is 
known as the horizon length. Hence 
smaller loops of cosmic string are 
characteristic of a younger universe, 
whereas the loops created today are 
much bigger. 

This does not mean that the cur-

rent network of cosmic strings looks 
very different from the one that was 
initially established. Indeed, the evo
lution of strings includes an interest
ing feature called self-similarity that 
preserves the statistical constancy of 
the network over time. If the string 
network were to be photographed at 
two different times, the main differ
ence between the two shots would be 
in overall scale, which is set by the 
horizon length. Magnifying the first 
photograph by the ratio of the two 
horizon lengths would yield a picture 
quite similar to the second. 

The network is continuously pro
ducing copious amounts of closed 
loops; if they were allowed to accu
mulate, the universe would be swim
ming with them. What, then, happens 
to the loops? Theoretical analysis 
shows that, as they oscillate, loops 
generate rhythmic pulses of grav
itational energy that propagate at 
the speed of light. These pulses are 
known as gravitational waves, and 
they sap the energy of a loop until it 
shrinks and eventually disappears. 
The lifetime of a typical string. re-
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gardless of its size, is about 10,000 os
cillations. Because the period of a sin
gle oscillation is greater for larger 
loops, they live longer than smaller 
ones. Likewise loops of lighter, low
energy string last longer than the 
heavy, energetic loops that swept 
raw matter into galaxies and clusters. 

The smallest loop of heavy string 
that could survive until the present 
has a diameter of roughly a million 
light-years and is substantially big
ger than any known galaxy. In con
trast, the loops that seeded galaxies 
had a size estimated at about 100 
light-years; although they decayed 
when the universe was only a mil
lion years old, those loops lived long 
enough to attract surrounding matter 
in lumps that would later become gal
axies. Larger loops attract both mat
ter and the smaller loops with their 
attendant matter, thereby collecting 
galaxies into clusters. This scenario 
is the crux of the string theory of gal
axy formation. The model rests on 
the localized gravitational attraction 
exerted by rapidly oscillating and ex
tremely massive closed loops of cos
mic string. 

Conical Space 

Development of the cosmic string 
scenario began in earnest only re
cently. Early in 1985 Andreas Al
brecht and Neil Turok of the Fermi 
National Accelerator Laboratory de
vised a computer program to simu
late the evolution of cosmic strings. 
Later that year Turok used the simu
lation to calculate the number and 
distribution of galaxy clusters pre
dicted by the string theory. His re
sults agree with what is actually 
observed: clusters are not located 
randomly on the sky but instead tend 
to come in clusters themselves. This 
clumping is described mathematical
ly by a correlation function. There is 
a striking similarity between the cor
relation functions derived from as
tronomical observations and those 
derived from Turok's computer sim
ulations. 

In spite of its initial success the 
string theory is a long way from be
ing a completely satisfactory expla
nation of galaxy formation. Recent 
observations of the large-scale distri
bution of galaxies revealed filamen
tary and sheetlike patterns as well 
as enormous voids having almost no 
galaxies at all. Cosmologists are now 
trying to find out whether or not the 
string model can account for these 
features. Even if it can, physicists will 
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never really believe in cosmic strings 
until their existence is confirmed by 
direct observation. 

Of the heavy, highly symmetrical 
strings, the one closest to the earth 
should be about 300 million light
years away. Lighter strings might 
be closer, but their presence is prob
ably even less conspicuous. How can 
anyone hope to detect these elusive 
objects at such vast distances? For
tunately the bizarre gravitational 
properties of cosmic strings make 
detection possible. In order to illus
trate how, I must first describe the 
gravitational character of an ideal
ized, stationary string lying along a 
straight line in space. 

According to Einstein's general the
ory of relativity, gravitation is synon
ymous with curvature of space and 
time; in my discussion of cosmic 
strings I need consider only the cur
vature of space. Strings distort space 
in a very peculiar way. In Euclidean 
geometry the ratio of a circle's cir
cumference to its diameter is equal to 
the number pi (3.14 159). For a circle 
drawn around a cosmic string this 
ratio is a tiny bit less (the difference 
appears only in the fourth deci
mal place). The space around a string 
has a conical nature. To visualize 
it, imagine cutting a small angular 
wedge from the Euclidean space with 
its tip at the string; then glue the 
exposed surfaces together, not by 
stretching but by bending the space 
around them. The result is that all 
planes perpendicular to the string be
come cones. 

The angle of the wedge thus re
moved is called the deficit angle and 
in strings it corresponds to a few sec
onds of arc. All objects passing by the 
string-photons, atoms, stars-will 
be deflected from their original direc
tion of motion by an angle compara
ble to the deficit angle. Two objects 
moving along symmetrical, parallel 
paths on opposite sides of the string 
will collide after they pass the string. 
To a person sitting on one of these 
objects the other object would ini
tially appear to be at rest; when the 
string passes in front of it, it would 
suddenly start moving toward the 
hapless observer at a speed equal 
to .00002 times the velocity of the 
string. Since strings move at nearly 
the speed of light, they induce veloci
ties of about four miles per second. 

What would happen if a string 
passed through a person? The effect 
is not difficult to picture. As the string 
cuts across the individual's waist, his 
head and feet start moving toward 

each other at a speed of four miles 
per second. This experience would, 
of course, be unhealthy, but there is 
no reason to panic: the probability of 
a string's traveling through the solar 
system is very small indeed. 

The conical-space rendering of 
cosmic strings' gravitational proper
ties applies only to straight strings. 
The gravitational effects of curved 
strings and closed loops are much 
more complicated. Small segments 
of such strings can be thought of as 
being approximately straight, how
ever, and by combining the analyses 
of many small segments it can be 
shown that at great distances from an 
oscillating closed loop the average 
effect of all segments is an ordinary 
gravitational attraction like that asso
ciated with the earth or the sun. 

A Light Divided 

The distortions that cosmic strings 
induce in space might betray their 
presence. For example, because they 
bend space, strings can act as gravi
tational lenses, meaning they will de
flect the light from a distant galaxy 
so that it reaches the earth by two dif
ferent paths. As a result observers 
on the earth see two images of the 
same galaxy, separated by an angle 
comparable to the deficit angle of 
the string. Astronomers have in fact 
found several pairs of galaxies and 
of extremely bright, distant objects 
called quasars in which the members 
show a compelling resemblance to 
one other and which are therefore 
considered to be double images of 
the same object. 

Ordinary galaxies or galaxy clus
ters can also act as gravitational 
lenses and so an additional test must 
be applied to multiple images to as
certain their cause. Nick Kaiser of the 
University of Cambridge and Albert 
Stebbins of Fermilab have pointed 
out that cosmic strings should have a 
rather unusual effect on the cosmic 
microwave radiation. This radiation 
is a kind of afterglow from the big 
bang; it fills the entire universe and 
comes from all directions with equal 
intensity. In the wake of a string, 
however, some radiation would gain 
extra momentum in the direction of 
the earth and would therefore ap
proach the planet with a greater 
intensity. And whereas other gravi
tational entities can cause smooth 
changes in microwave intensity, the 
change wrought by a cosmic string 
would be quite abrupt. This sud
den change of intensity should occur 
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along a line drawn between the two 
images representing a single galaxy. 
The magnitude of the change may be 
only one part in 100,000, but detec
tion, although difficult, would not be 
impossible. 

In addition, it might someday be 
possible to detect cosmic strings by 
looking for evidence of their gravita
tional waves. Waves from loops of all 
shapes and sizes add up to a back
ground of gravitational noise, the col
lective swan song of dead and dying 
strings. The intensity of this noise is 
high compared with that of the gravi
tational waves emanating from other 
sources. Gravity, however, happens 
to be the weakest of all forces in na
ture, and the predicted level of noise 

a 

c 

from the strings is still slightly below 
current observational limits. 

Cosmic Superconductors 

Until recently physicists assumed 
that cosmic strings could interact 
with matter only through gravita
tional forces. Two years ago, howev
er, Edward Witten of Princeton Uni
versity proposed that cosmic strings 
might be endowed with a property 
highly regarded here on earth: su
perconductivity. Witten showed that 
some theories of elementary parti
cles suggest strings have unusual 
electromagnetic qualities of the kind 
that would make them behave like 
superconducting wires. Later it was 

b 

d 

shown that this property could pro
duce dramatic cosmological effects. 

Strings could be superconduct
ing because the symmetrical vacuum 
trapped inside them changes the be
havior of particles. In particular, 
some charged particles, like elec
trons, might have no mass inside a 
cosmic string. Therefore it is possible 
with very little energy to create parti
cle-antiparticle pairs in which the 
members have opposite charge and 
travel in opposite directions. The to
tal charge and total momentum of a 
pair are equal to zero; the only ener
gy input required is that necessary to 
impart motion. &ecause the particles 
are massless, they move at the speed 
of light and cannot venture outside 

STRING 

CONES OF SPACE around heavy cosmic strings illustrate their 

peculiar gravitational effects. This drawing shows the distortion 

of space caused by an idealized straight string. The distortion 

can be represented by cutting a wedge out of a plane of space 

perpendicular to the string (a) and pulling the two edges of the 

plane together to form a cone (b). Hence if two objects traveling 

along parallel paths pass a string on opposite sides (c), they will 
be deflected and will collide on the far side of the string (d). 
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Great Products at Great Prices from a Great Company ... 

ELEK-TEK 
DATA STORAGE 

f· MEGA BERNOULLI BOX 
For PC/XT/AT and most 
compatibles 
10 meg (single) .. ..... ...... $950 
20 meg (single) .. ........... 1275 
20 meg (10 + 10) ... ....... . 1450 

40 meg (20 + 20) .......... . 1650 
Bernoulli Plus (80+20+20) ... . 2999 

interface priced separately 
Bernoulli Cartridges 
IOMEGA 10 meg-3 pak .. ... . 155 
IOMEGA 20 meg-3 pak .... .. 239 
Dysan 10 meg-3 pak ... .. ... 140 

BB HEAD CLEANING KIT ...... 59 

HARD DRIVE C ARDS 

Plus Development 20/40 MB . CALL 
Western Digital 20 MB ..... .. $350 

Western Diqital 30 MB .. .. . ... 399 

MUl.TI FUNCTION BOARDS 

ASf 
Advantage 128 ..... ...... .. $229 
1/0 Mini II ..... ........ ... ... 79 
Six pak + with 384K .. ... ... .. 169 
S'x pak premium with 512K .... . 240 

Rampage PC ... ... ...... .. . 229 
Rampage 286 .............. . 315 

GENERIC Multi·functlon Board 
(clock & calendar. 2 ser. 1 par.) 

OK ........ .......... .... 89 
384K .... .... ....... .. ... 159 

INTEL ABOVEBOARD 
All products ...... ... ... ... CALL 

ORCHID TECHNOLOGY 
All products ... ..... ..... .. CALL 
GENERIC COMPATIBLES OF 
MOST OF THE ABOVE ..... CALL 

HARD DR'VES 

SEA GATE 
Internal Hard Disk Subsystems 
20 Megabyte .............. $299 
Each system Includes: 
• Seagate Drive • Controller 
• Documentation • 2 Cables 
• 1 yr limited warranty 
• For use in IBM PC . XT. AT&T, most 

compatibles 

30 MB RLL Vo ht. kit ......... 349 

40 MB Drive full ht. for AT .... 599 
80 MB Drive full hI. for AT .... 999 

MINI SCRIBE 
30 MB V, height . .......... .. 349 

40 MB full height ........ ..... 675 

TAPE BACKUPS 

Archive XL 40 MB .......... $329 
Mountain int 40 MB XT or AT ... 379 
Mountain ext 40 MB AT .... ... 575 

MODEMS 

(!)Hayes 
Model 
1200 

HAYES Internal 
(including software) 
1200B 1200 Baud .... ....... $279 
2400B 2400 Baud ...... , .... 429 

HAYES External 
(no software included) 
1200 1200 Baud ...... ... .... 289 
2400 2400 Baud ............ 439 

OTHER MODEMS 
Hayes compatible 
Internal (including software) 
Practical Peripherals 1200B ..... 84 
Everex 1200 . ..... ..... ... CALL 
Everex 2400 . . .. .. ........ CALL 

External (no software included) 
U.S. Robotics 1200 baud ... ... . 179 
US Robotics 2400 baud .. .... 329 
Practical Peripherals 1200 baud. 109 

Practical Peripherals 2400 baud. 179 
Novation Parrot 1200 .. ... ... .. 92 
Everex 2400 . ............. CALL 

CHIPS 

64K RAM (120 or 150 NS) . ..... $15• 

64K RAM (200 NS) .. .. ....... p5 

128K RAM . ................. 20• 
Samsung 256K RAM 150 NS .... 3·· 

256K 100 NS ........ ........ 475 

256K 120 NS ....... ......... 38• 

256K 150 NS ................ 34• 

256K Static RAM .... ......... 7 •• 

NEC V·20 .. ................ 10 •• 

Intel 8087 math chip (5MH) .. . .. 110 

Intel 80287 math chip (6MH) . ... 175 

(h� �!�KL:�6 
LaserJet 

Toner Cartridges 
HP92285A for Original LaserJet 

HP92295A for LaserJet Series II 

Mfr. Sugg. Ret. $125 $82 

HUGE S AVINGS ON DISKETTES Call for QuantIty pricing for 10 baKes or more 

('Packed in flip n' file) .# �\. ')� �:£t}� �� ("unformatted) �� 
3V2" SSOO 14.00 13.00 12.00' 
3V2" OSOO 17.00 18.00 17.00 22.00 

3V2" OSOOHO 49.00 47.00 
5'14" SSOO 8.00 8.00 8.00 
5V4" OSOO 10.00 9.50 9.00 15.00 9.00 

5V4" DSOO96TPI 12.00 18.50 18.50 
5'14" DSOOHO 110/ IBM An 12.00 18.00 17.00 28.00 12.50 

8" SSOO" 19.00 20.00 20.00 
8" OSOO" 23.00 23.00 23.00 

PRINTERS 

EPSON 
FX 86e 

Epson's FX-86e is the Industry's stan
dard DOT MATRIX PRINTER. Features 
include 8K buffer, NLQ, 40/200 cps. 

OTHER EPSON PRINTERS 
FX 86e (New)200 CPS ....... CALL 
FX 286e wide carnage (New) .. CALL 
LX 800 180 CPS ............ $179 
EX 800 300 CPS .......... . CALL 
EX 1000 300 CPS ...... .... CALL 
LO 800 NLO (Parallel) .... .. ... 399 
LO 1000 NLO (Parallel) ... ..... 535 
LO 2500 NLO 324 CPS . ..... CALL 

SAVE OVER 80% 
EPSON SO-2000 

wide carriage Ink iet printer 

Mfr. Sugg. Ret. $2395 $399 

PRINT BUFFERS 

PRACTICAL PERIPHERALS 
64K parallel or serial ......... $129 
256K parallel or serial . ........ 159 

HANZON 
64K universal ...... ......... 250 
64K memory expansion ........ 56 

QUADRAM 
Microfazers . . .......... ... CALL 

MONITORS 

BEST BUY 
Samsung 1252G 12" Amber TTL . 99 
Tatung 1360 RGB ............ 339 

NEC 
Multisync ............... ... 549 

AMDEK 
310A ( TTL) Amber ........ ... . 129 
410A. 41OG. 410W .. . ....... CALL 
600T RGB color ........ ..... 339 
722C ..................... 450 

PRINCETON GRAPHICS 
All Models .. .. ...... .... .. CALL 

SONY MONITORS 
All Models ................ CALL 

Huge Discounts on 
TOSHIBA /\lEe 
� XEROX I Diablo 

DICONIX 8213 
Portable Printer 

Perfect for Laptop Computers 
Elek·Tek Price $299 

SPECIAL PURCHASE! 
Diablo D·625 Daisywheel 25CPS 
Elek·Tek Price $399* 
'Price includes IBM parallel interface 

TRIPPLITE & PERMA POWER 
POWER PROTECTION 

Surge protector strips 
PermaPower 6 outlet . ....... $28 
Isobar4·6 4 outlet ............ 42 

Isobar8·15 8 outlet ... .. .. .. .. 57 

Line conditioners/stabilizers 
TL1200 4 out 1200W ......... 135 
TL1800 6 out 1800W ......... 199 

Command consoles 
TLCCI 612 . .... .. .. .. .. .. .. 79 
PermaRS562 Power Commander65 

Standby power systems 
TLBC450 450 watt system .... 360 

TLBC750 750 watt system .... 535 
TLBC1200 1200 watt system ... 799 
TLBC2000 2000 watt system. 1299 
SAFE400VA 400 volt system ... 350 

SAFE1200VA 1200 volt system .. 899 

PUSH BUTTON SWIreH BOXES 

448010 2 pos. 25'pin AB ..... $29 
448052 2 pos. 36,pln AB ...... 32 

ROTARY SWITCH BOXES 

448028 3 pos. 25·pin ABC .... $29 
448060 3 pos. 36·pin ABC ..... 33 

VIDEO BOARDS 

Hercules Graphics P LUS . ..... $179 
Generic Hercules compatible .... 80 

Hercules color .............. 155 
Generic color compatible ....... 80 
Hercules InColor Card . .. ..... 329 
Vega Deluxe ... ...... . ...... 259 
Everex EGA 480 ......... . . CALL 
Ouadram Prosync wlfree mouse. 259 
Paradise EGA 480 ........... 165 
Paradise EGA 350 .... ....... 135 

Paradise Modular Graphics ..... 99 

3M DATA CARTRIDGES 

<l A 3M 1 10 25 
�OT' 

DC100A $13.50 $13.00 $12.00 

DC300A 17.50 17.00 16.00 
13.00 12.00 DC300XL/P 21.50 21.00 20.00 
17.00 16.00 DC600A 23.00 22.50 21.50 

49.00 DC1000 14.50 14.00 13.50 

7.00 DC1000 alpha" 16.50 16.00 15.00 

8.00 DC1000 delta' 16.50 16.00 15.00 

DC2000 19.00 18.50 1 7.50 
10.00 DC2000 gamma' • •  22.50 22.00 21 .00 
17.00 DC2000 kappa' • •  22.50 22.00 21.00 

• formatted 10 MB Cartridges '''formatted 40 MB 
.. formatted 20 MB Cartridges Cartridges 

ELEK-TEK 6557 North Lincoln Avenue, Chicago, Illinois 60645 312-67 7-7660 
Call Toll Free 800-621-1269-Except IL , AK • Canadian Toll Free 800-458-9133 

Corp. Acets. Invited. Min. Ont. $15.00. Visa or MasterCard by Mail or Phone. Mail Cashier's Check, Mon. Ord., Personal Check Add $4.00 1st item. (AK, HI, P.R .• Canada add $10.00 first item) 51.00 ea. add" shpg. 
& hand!. Shipments to IL address add 7% tax. Prices subj. to change. WRITE for free catalog. RETURN POLICY: All sales are final except defectives which will be replaced with Identical merchandise only within 
various time frames as permitted by manufacturer's warrenty policy. ALL ELEK·TEK MERCHANDISE IS BRANO NEW, FIRST QUALITY AND COMPLETE. Delivery subject to availability. DUNS #09-718-0517 
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the string, where their mass would 
be greater than zero. Hence particles 
zoom through the trapped vacuum 
carrying an electric current and en
countering no resistance: the hall
marks of superconductivity. 

Jeremiah P. Ostriker of Princeton 
and his student Christopher Thomp
son collaborated with Witten to put 
forward an alternative string model 
of galaxy formation. The current in 
a superconducting string produces 
electric and magnetic fields that in 
empty space would propagate away 
from the string as electromagnetic 
waves. But the interstellar and inter
galactic space is not exactly empty: 
it is filled with a dilute gas of elec
trons and charged atoms that pre
vent waves from leaving the vicinity 
of the string. As the energy of the ra
diation accumulates, it develops tre
mendous pressure and starts blow
ing a bubble, sweeping surrounding 
matter into a hot, expanding shell 
of gas. The expanding bubble is not 
much different from a huge explo
sion. In this scenario, galaxies are 
formed where bubbles collide. 

In a sense the explosive theory is 
antithetical to the gravitational mod
el of clustering: matter is blown away 
from the string instead of being at
tracted to it. The theory also gives a 

more natural explanation for the gap
ing voids in galaxy distribution and 
predicts that galaxies should occur in 
thin, sheetlike arrangements, a pic
ture not unlike the one astronomers 
observe. What other empirical trials 
could be used to test the explosive 
scenario? 

Ostriker and his colleagues have 
to posit that the universe was mag
netized soon after the big bang, 
because a magnetic field had to be 
available to launch the particle-anti
particle pairs. No one knows for cer
tain how this magnetization might 
originate, but if it was present, resid
ual magnetization should persist in 
the intergalactic space today. The 
theory can therefore be tested by 
looking for evidence of weak, de
localized magnetization in the uni
verse. The hot gas on the boundaries 
of the bubbles might also emit char
acteristic radio waves that could be 
detected here on the earth with radio 
telescopes. 

Threads of Evidence? 

Aside from its role in theories of 
galaxy formation, the concept of su
perconducting cosmic strings sug
gests another way the strings might 
be found. Even if magnetic fields 

DOUBLE IMAGES of a single galaxy result from the gravitational distortion of an inter

vening string. The string bends light from a single source to give the impression of two 

sources to an observer on the earth. If two galaxies look unusually similar, physicists 

can check for evidence of a string or of another gravitational lens between the pair. 

Strings can be distinguished from other such lenses because they cause an abrupt 

change in background microwave radiation; so far, however, none have been found. 
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were absent from the early universe, 
they are eventually generated by the 
rotational energy of the galaxies 
through a phenomenon known as 
the galactic dynamo effect. Today 
the strength of the magnetic field in a 
typical galaxy is just one-millionth of 
the earth's magnetic field. The cur
rent such a field would induce in a su
perconducting loop of string is too 
weak to prompt an exploding bubble 
of radiation; however, calculations I 
did with Eugene M. Chudnovsky of 
Tufts University, George B. Field of 
the Harvard-Smithsonian Center for 
Astrophysics and David N. Spergel 
of the Institute for Advanced Study 
demonstrate that the interaction of 
this current with the charged parti
cles in interstellar space can generate 
radio waves. 

In December, 1985, Mark Morris of 
the University of California at Los An
geles and Farhad Yusef-Zadeh of the 
National Aeronautics and Space Ad
ministration's Goddard Space Flight 
Center discovered at the center of 
the Milky Way several stringlike ra
dio sources they call threads. These 
threads could be light, low-energy 
cosmic strings, and if they are, it 
should be possible to see them move. 
On the sky the speed with which 
such strings move 

·
would translate 

into a few seconds of arc per year. 
Preliminary measurements have al
ready established an upper limit on 
the motion of 1.5 arc seconds per 
year. Although this figure is less than 
physicists expect, it does not rigor
ously eliminate galactic threads from 
consideration because much of their 
motion could be in the direction of 
the line of sight rather than perpen
dicular to it. Motion along the line of 
sight could not be detected. 

Even as empirical trials of cosmic 
string theory begin, physicists are 
tempted to use the rich and unusual 
properties of the hypothetical strings 
to account for all kinds of mysterious 
phenomena. Strings have already 
been suggested as possible sources 
of cosmic rays, ubiquitous but unex
plained streams of energetic parti
cles in space. They might also be the 
origin of powerful bursts of gamma 
rays that are regularly observed but 
poorly understood. Strings are even 
suspected of being the power en
gines behind quasars. The rationales 
given for these attributions are not 
particularly compelling; most will 
probably turn out to be wrong. Nev
ertheless, theorists are having great 
fun exploring the potential of cosmic 
strings-and nature, after all, will 
give the final verdict on their work. 
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No other system of keeping up 
can compare lNith ours. 

YOUR SYSTEM: a time-consuming, 
futile struggle to keep up with the 

information explosion. 

The classic texts are convenient 
reierences-hut the iniormation they 

contain is ohsolete beiore puhlication. 
Like many physicians, you probably rely on 
the texts you first used in medical school. But 
even using the most recent editions, you find 
material that no longer reflects current clini
cal thinking-and they lack the latest informa
tion on such topics as herpes, oncogenes, 
AIDS, and photon imaging. 

Reading stacks oi journals alerts you to 
recent developments-hut can't give you 

quick answers on patient management. 
Struggling through the hundreds of journal 
pages published each month-even on only 
the really significant advances in the field-is 
arduous and memory-taxing. And it's a task 
that costs physicians valuable time-their 
most precious resource. 

Review courses cover clinical advances
hut, months later, do you recall the details 

oi a new procedure or uniamiliar MUg? 
Seminars can also be costly and make you lose 
valuable time away from your practice
expenses that may amount to several thou
sand dollars. And, the speaker's skill often de
termines how much you learn. 

OUR SYSTEM: a rewarding, efficient way to 
keep yourself up-to-date-and save hundreds 
of hours of your time for patient care. 

A comprehensive, 2,300-page text in two loose-leai volumes, 
incorporating the latest advances in medical practice as oi the 
month you subscribe. 
This superbly designed, heavily illustrated resource, called "the best 
written of all [the internal medicine 1 books" by JAMA (251 :807, 1984), 
provides a practical, comprehensive description of patient care in 15 
subspecialties. And, because the text is updated each month, the 
clinical recommendations reflect all the current findings. A 
practice-oriented index and bibliography of recent articles further 
enhance the efficiency of the text. 

Each month, six to nine replacement chapters to update 
your text plus new reierences, a iour- to five-page news 
bulletin, and a completely new index. 
You'd have to read hundreds of journal pages each month-and 
memorize the contents-to get the same information SCIENTIFIC 
AMERICAN Medicine contains. With our updated text, you read only 
the information you really need. Our authors, largely from Harvard 
and Stanford, sort through the literature and monitor develop
ments, incorporating the significant advances into our chapters. 

At no additional cost, a 32-credit CME program, to save 
you valuahle patient-care time and the expense oi attending 
review courses. 
Earn 32 Category 1 or prescribed credits per year with our conve
nient self-study patient management problems; each simulates a 
real-life clinical situation. Choose either the complimentary printed 
version or, at a modest extra charge, the floppy-disk version for your 
IBM® PCIPC Jr., Macintosh, ™ or Apple® lIe or II + (or compatible). 

D Yes, I'd like to try the SCIENTIFIC AMERICAN Medicine system. Please enter my 
subscription at a first-year price ofU8$245.* 

Your subscription Includes: D Also enroll me in the CME program. I'd prefer: 
D the printed version at no additional charge. 
D the floppy-disk version at $U897* additional. Computer type or compatible: 

o IBM'" PClPC Jr. (l28K RAM, DOS 2.012.1) 0 Macintosh" 1512K RAM) 
Apple'" rr + (64K RAM) 80-col. card by: 0 Apple'" 0 VideXl' 0 Apple'" lIe 164K RAM) 

D Enroll me in the floppy-disk CME only at U5$152.* (Note model above.) 
o Check enclosed' 0 Bill me Signature ______________ _ 

o VISA 0 MasterCard Exp. Date Account No. ________ _ 

Name _______________ Specialty _______ _ 

Address _________________________ _ 

City ____________ State Zip Code _____ , 

Or, call ton-ft:ee: 1 -800-345·8112 (in Penn. 1-800-662-2444). 7 N 
• Add sales tax if for Calif" IlL. Mich" or N ,y, Allow 8 weeks fo,' delivery. Add US$lO for shipping 10 Canada, 
16M is a registered tradema.tt: of Inter-national Business Machines Corporation. Apple is a re�stered 
ttademark of Apple Computer, Inc, Videx is a registered trademark of Vidext Inc. Macintosh is a 
tl'ademark of Mcintosh Laboratory, Inc. and is used by Apple Computer, Inc. with its express permission. 

415 MADISON AVENUE 
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Collective Computation 
in Neuronlike Circuits 

Electronic circuits based on neurobiological models are able to solve 
complex problems rapidly. Their computational properties emerge {rom 
the collective interaction of many parts linked together in a network 

by David W. Tank and John]. Hopfield 

M
odern digital computers are 
latecomers to the world of 
computation. Biological com

puters-the brain and nervous sys
tem of animals and human beings
have existed for millions of years, 
and they are marvelously effective in 
processing sensory information and 
controlling the interactions of ani
mals with their environment. Tasks 
such as reaching for a sandwich, 
recognizing a face or remembering 
things associated with the taste of 
madeleines are computations just as 
much as multiplication and running 
video games are. 

The fact that biological computa
tion is so effective suggests that it 
may be possible to attain similar ca
pabilities in artificial devices based 
on the design principles of neural 
systems. We have studied a number 
of "neural network" electronic cir
cuits that can carry out significant 
computations. Such simple models 
have only a metaphorical resem
blance to nature's computers, but 
they offer an elegant, different way of 
thinking about machine computa
tion, which is inspiring new micro
electronic chip and computer de
signs. They may also provide fresh 
insights into the biological systems. 

Current research on this subject 
builds on a long history of efforts to 
capture the principles of biological 
computation in mathematical mod
els. The effort began with the pio
neering investigations of neurons as 
logical devices by Warren S. McCul
loch and Walter H. Pitts in 1943. In the 
1960's Frank Rosenblatt of Cornell 
University and Bernard Widrow, who 
is now at Stanford University, creat
ed "adaptive neurons" and simple 
networks that learn. Widrow's Ada
line (short for adaptive linear ele-
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ment) is a single-neuron system that 
can learn to recognize a pattern such 
as a letter regardless of its orienta
tion or size. Through the 1960's and 
1970's a small number of investiga
tors such as Shunichi Amari, Leon N. 
Cooper, Kunihiko Fukushima and 
Stephen Grossberg attempted to 
model the behavior of real neurons 
in computational networks more 
closely and to develop mathematics 
and architectures for extracting fea
tures from patterns, for classifying 
patterns and for "associative memo
ry," in which pieces of the stored in
formation itself serve to retrieve an 
entire memory. 

The 1980's have seen an extraor
dinary growth of interest in neu
ral models and their computational 
properties. Many factors converged 
to bring this about: neurobiologists 
were gaining more understanding of 
how information is processed in na
ture, cheap computer power made it 
possible to analyze the models in de
tail and there was growing interest in 
parallel computation and analog VLSI 
(very-large-scale integration), which 
lend themselves to implementations 
of neuronlike circuits. New concepts 
in the mathematics of neural models 
accompanied these developments. 
Our work has focused on the princi
ples that give rise to computational 
behavior in a particular type of neu
ronlike circuit. 

Neurons, or nerve cells, are com
plex, but even a highly Simpli

fied model of a neuron, when it is 
connected with others in an appro
priate network, can do significant 
computations. A biological neuron 
receives information from other neu
rons through synaptic connections 
and passes on signals to as many as a 

thousand other neurons. The syn
apse, or connection between neu
rons, mediates the "strength" with 
which a signal crosses from one neu
ron to another. One can readily build 
artificial "neural" circuits from sim
ple electronic components: opera
tional amplifiers replace the neurons, 
and wires, resistors and capacitors 
replace the synaptic connections. 
The output voltage of the amplifier 
represents the activity of the model 
neuron, and CUFrents through the 
wires and resistors represent the 
flow of information in the network. 

Strikingly, both the Simplified bio
logical model and the artificial net
work share a common mathematical 
formulation as a dynamical system
a system of several interacting parts 
whose state evolves continuously 
with time. The manner in which a dy
namical system evolves depends on 
the form of the interactions. In any 
neural network the interactions re
sult from the effects one "neuron" 
has on another by virtue of the con
nection between them. Thus it is not 
surprising that the behavior of the 
neural circuits depends critically on 
the details of the connections. The 
particular circuits we have studied 
have connection patterns appropri
ate for computing solutions to opti
mization problems, a class of mathe
matical problems that involve find
ing a "best solution" from among a 
very large number of choices. 

The computational behavior ex
hibited by such circuits is a collec
tive property that results from hav
ing many computing elements act on 
one another in a richly interconnect
ed system. The collective properties 
can be studied using Simplified mod
el neurons, in much the same way as 
it is possible to understand other 
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large physical systems by greatly re
ducing the details of their basic com
ponents. For example, to study the 
origin of collective laws of fluid mo
tion, one can simplify the description 
of complex molecular collisions and 
produce a tractable model that cap
tures collective features such as tem
perature and viscosity. Similarly, in 
seeking to develop a tractable model 
of the computations carried out by a 
large number of model neurons, we 
de-emphasized the details of the 
processing that goes on at the level of 
the individual cells and synapses. By 
simplifying in this way, we were able 
to discover the general principles by 
which one can understand collective 
computation in these circuits. 

To comprehend how collective 
circuits work, it helps to take a 

very broad view of the essence of 
computation. Any computing entity, 

whether it is a digital or analog de
vice or a collection of nerve cells, be
gins with an initial state and moves 
through a series of changes to arrive 
at a state that corresponds to an "an
swer." The process can be pictured 
as a path, from initial state to answer, 
through the physical "configuration 
space" of the computer as it evolves 
with time. In a digital computer, for 
example, the configuration space is 
defined by the set of voltages for its 
devices. The input data and program 
provide initial values for these volt
age settings, which change as the 
computation proceeds and eventual
ly reach a final configuration, which 
is reported to an output device, such 
as a screen or a printer. 

For any computer there are two 
critical questions: How does it deter
mine the overall path? And how does 
it restore itself to that path when 
physical fluctuations and "noise" 

cause the computation to drift hope
lessly off course? In a digital comput
er the path is broken down into logi
cal steps that are embodied in the 
computer's program. In addition, 
each computing unit protects against 
voltage fluctuations by treating a 
range of voltages, rather than just the 
exact voltage, as being equal to a 
nominal value; for example, signals 
between .8 volt and 1. 2 volts can all 
be restored to 1.0 volt after each logi
cal step in the computation. 

In collective-decision circuits the 
process of computation is significant
ly different. The overall progress of 
the computation is determined not 
by step-by-step instructions but by 
the rich structure of connections 
among computing devices. Instead 
of advancing and then restoring the 
computational path at discrete inter
vals, the circuit channels or focuses it 
in one continuous process. These 

COMPUTATIONAL ENERGY of a collective-decision circuit can 

be pictured as a landscape of hills and valleys. The connection 

pattern and other physical characteristics of the circuit deter

mine its contours. The circuit computes by following a path that 

decreases the computational energy until the path reaches the 

bottom of a valley, just as a raindrop moves downhill to mini-

mize its gravitational potential energy. The surface shown here 

could represent an associative memory, in which the valleys cor

respond to memories that are stored as associated sets of infor

mation (x's). If the circuit is started out with approximate or in

complete information, it follows a path downhill (colored arrow) 
to the nearest valley, which contains the complete information. 
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AN ACTUAL PATH 
DUETO NOISE 

CORRECT RESULT 

DESIRED PATH 

AND IMPERFECTIONS 

COMPUTATIONAL PATH describes how the physical state of a computer changes as it 

computes. In a digital computer the path is a sequence of discrete steps controlled 

by the lines of code in a computer program. After each step the computation is restored 

to the desired path (red line). In collective-decision circuits the computational path is 

continuously focused in a way determined by the pattern of connections in the circuit. 

two styles of computation are rather 
like two different approaches by 
which a committee makes decisions. 
In a digital-computer-style commit
tee the members vote yes or no in se
quence; each member knows about 
only a few preceding votes and can
not change a vote once it is cast. 
In contrast, in a collective-decision 
committee the members vote togeth
er and can express a range of opin
ions; the members know about all 
the other votes and can change their 
opinions. The committee generates a 
collective decision, or what might be 
called a sense of the meeting. 

The nature of collective computa
tion suggests that it might be par

ticularly effective for problems that 
involve global interaction between 
different parts of the problem. We 
have designed circuits that perform 
this type of computation to solve cer
tain optimization problems. A typical 
example is the task-assignment prob
lem, which poses the question: If you 
have a certain number of assistants 
and a certain number of tasks, and 
each assistant does each task at a dif
ferent rate, how should you assign 
the tasks so that the corresponding 
rates add up to the largest total rate? 
The neural-network circuit that can 
solve the problem has many inter
connected amplifiers that process 
the data in parallel. It is able to follow 
the computational path to a solution 
rapidly. Because this is a rather com
plicated circuit, it is helpful to first 
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examine some simple circuits that 
illuminate the basic principles of all 
such circuits. 

The simplest example for the pur
pose is the flip-flop, a circuit that is 
widely used in the electronics in
dustry. The circuit has two stable 
states-which give it its name-and it 
makes a decision by choosing one 
state over the other. It can be built 
from a pair of saturable amplifiers 
[see illustration on opposite page). In 
such an amplifier the output voltage 
increases as the input rises until it 
reaches a saturation level, beyond 
which it will not change. The reverse 
is also true: as the input decreases, 
the output falls until it saturates at a 
minimum value. In the flip-flop the 
output of each of the two amplifiers is 
inverted (that is, multiplied by -1) 
and connected to the input of the oth
er. The amplifiers mutually inhibit 
each other because a high output by 
either one will drive down the in
put of the other amplifier. This pro
duces a self-consistent pattern, be
cause each amplifier will drive the 
other one to be in the opposite state. 
The flip-flop therefore has two sta
ble states: if amplifier A is putting out 
+ 1, then B will put out -I, and 
vice versa. The significant feature 
of this circuit is that the pattern of 
the connections is the key to its 
stability and determines the form of 
its stable states. 

A seemingly remarkable feature of 
the flip-flop is that no matter what ini
tial inputs are supplied to the circuit 

when it is turned on, it will make a 
rapid trajectory to one of the stable 
states. To understand the phenome
non, picture what happens when a 
raindrop lands on a terrain of hills 
and valleys. The drop moves gener
ally downhill until it ends up at the 
bottom of a nearby valley. The path 
taken is one in which the gravitation
al potential energy of the raindrop 
is continuously decreasing. Similar
ly, the flip-flop's trajectory is associ
ated with a mathematical quantity 
we call the computational energy E, 
which can be visualized as a ter
rain on which the flip-flop's voltage 
state moves continuously downhill. 

E is defined by an explicit mathe
matical formula that depends on the 
characteristics of the amplifiers, the 
strength of the excitatory and inhibi
tory connections between them, and 
any external inputs. For fixed inputs 
in a particular circuit, if E is calculat
ed for each possible configuration 
of amplifier voltages, it defines a con
tinuous surface. For the flip-flop E 
can be plotted on a three-dimension
al graph [see illustration on opposite 
page). The surface contains two val
leys near the voltage configurations 
(+ I, -1) and ( -I, + 1), which corre
spond to the two stable states. When 
the circuit is operating, the changing 
voltages will describe a downhill mo
tion along the E surface, and eventu
ally the circuit's configuration will 
come to rest at the bottom of one of 
the valleys. 

The concept of the computational 
energy proves useful in under

standing many features of collective
decision circuits. For example, modi
fications of the flip-flop circuit alter 
the shape of the E surface in well-de
fined ways. If the strengths of the in
hibitory connections increase, the 
valleys become deeper in relation to 
the "neutral point," or saddle pOint, 
in the middle of the E surface. Exter
nal sources of current also alter the 
contours of the surface; if a positive 
current is supplied to the input of one 
of the amplifiers, it will tend to drive 
the amplifier to the + 1 output state. 
The valley corresponding to this sta
ble configuration will become deep
er, and the change will be accompa
nied by an increase in the size of the 
"basin of attraction," the area within 
which any starting pOint will settle 
into the stable state at the bottom of 
the basin. If the external current is 
large enough, the basin of attraction 
will fill the entire flip-flop space, elim
inating the valley corresponding to 
the other stable state and leaving 
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only one stable state for the circuit. 
The simple flip-flop circuit illus

trates how the process of following 
the trajectory can be interpreted as a 
process of decision making. For ex
ample, the circuit can decide which 
of two numbers is larger if the ampli
fiers are given two external input cur
rents that are proportional to the 
numbers. The amplifier with the larg
er input will then have a deeper val-

ley at the stable state for which its 
output is + 1, and its basin of attrac
tion would expand to include the 
"neutral point." When the computa
tion is begun by setting the voltages 
at this point, the circuit state would 
follow a downhill path to the deeper 
valley. When the circuit stabilizes, 
one can note which of the two ampli
fiers is in the + 1 state and so deter
mine which number is the larger. For 

any pair of numbers the correspond
ing input currents will cause the E 
surface to change in an appropriate 
way, thereby ensuring that the path 
will lead to the correct answer. 

For more complicated collective
decision circuits the corresponding 
E surface acquires so many dimen
sions that it becomes impossible to 
draw. Nonetheless, one can under
stand the general features of the sur-

a b c 
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FLIP-FLOP CIRCUIT is built from two saturable amplifiers. In a 

saturable amplifier, as the input voltage increases or decreases, 

the output saturates at maximum and minimum voltages. The 

output can be normal or inverted (a). A resistor connects the out

put of one amplifier to the input of the other; its resistance de

termines the strength of the connection. The normal output ter

minal (open circle) can be used to make an excitatory connection. 

In the flip-flop the inverted output terminal (filled circle) is em

ployed instead to make inhibitory connections. A capacitor and 

a resistor are connected in parallel at each input to store the 

charge flowing to the terminal and produce an input voltage and 

to allow a discharge current to flow (b). If the minimum and maxi

mum outputs are + 1 and -1 and amplifier A is saturated at + 1, 
B's input will be driven down and B's output will saturate at -1. 

Vb 

\ Vb 

(-1,-1) 
Va (+1,-1) 

e MODIFICATION WITH EXTERNAL CURRENT 

(-1,-1) 

B's output will in turn be inverted and drive up the input to A, 
thus keeping the output of A saturated at + 1. The reverse situa

tion, in which A is saturated at -1 and Bat + I, is also stable. The 

configuration of the amplifier voltages is represented as a point 

on a two-dimensional plane (c). Each axis represents the output 

of one of the amplifiers, from -1 to + 1. The circuit will always 

move to one of the two stable points near (+ 1,-1) and (-1,+ 1), 
no matter what the initial voltages were. A third axis represents 

the value of the computational energy Efor each voltage config

uration (d). The two stable points appear as valleys in the E sur

face. The edges of the surface rise steeply, because it is impossi

ble to exceed the minimum and maximum outputs. If an external 
current is given to one of the amplifiers, this will deepen the val

ley that corresponds to that amplifier's be ng in the + 1 state (e). 
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face and use these as a guide to de
signing and understanding the cir
cuits. For example, we can generalize 
from the E surface of the flip-flop to 
devise a collective-decision circuit 
that can solve the slightly more diffi
cult problem of determining the larg
est number in a set of n numbers. The 
circuit can be thought of as an n-flop, 
consisting of n amplifiers, each of 
which is connected to all others with 
inhibitory connections of equal val
ue. It would have n stable states and 
its E surface would have n valleys. 
When a set of input currents is sup
plied to its amplifiers, the deepest 

valley would develop for the state 
that has a + 1 output for the amplifier 
receiving the largest input. 

In both the flip-flop and the n-flop 
there is a one-to-one relation be

tween the number of amplifiers and 
the possible solutions, so that as the 
number of solutions gets larger, the 
size of the circuit does too. Is it possi
ble to design a collective circuit that 
can represent a greater number of 
solutions than there are amplifiers? 
Such circuits do indeed exist. They 
have stable states that consist of con
figurations of amplifiers in the + 1 

COLLECTIONS 
r-____________________ A� __________________ � 

/GEOLOGY PHYSICS CHEMISTRY HISTORY POETRY ART \ 
10 5 4 6 5 

SARAH 

JESSICA 

GEORGE 

ASSISTANTS 

KAREN 

SAM 

TIM 

TOTAL RATE=40 BEST SOLUTION: TOTAL RATE=44 
SARAH SARAH 

TO TO 
GEOlOGY GEOlOCV 

JESSICA JE5SICA 

TO TO 
CHEMISTRY HISTORY 

GEORGE GEORGE 

TO TO 

PHYSlCS ART 
KAREN KAREN 

TO TO 
ART CHEMISTRY 

SAM SAM 

TO TO 

POETRY POETRY 

TIM TIM 

TO TO 

HISTORY PHYSICS 

TASK-ASSIGNMENT PROBLEM requires assigning each assistant to one collection of 

books. The rates at which books are shelved per minute are represented in a table (a). 
For this six-by-six problem there are 720 ways to assign the tasks. The pink squares 

show two possibilities (b). The best assignment has the largest sum of shelving rates. 
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state. This is a more economical use 
of amplifiers, just as the Roman al
phabet is more economical than Chi
nese ideographs in its use of sym
bols to encode words. 

In 1984 we discovered that net
works of this type could rapidly com
pute good solutions to optimization 
problems such as the task-assign
ment problem mentioned above. As 
an example, imagine you are super
vising the job of reshelving books for 
a large library. You have a number of 
assistants to do this for you. Each one 
is familiar with each collection-his
tory, physics and so on-but to vary
ing degrees. Thus Jessica can shelve 
six books per minute in geology, four 
per minute in physics and so on, 
whereas George can shelve one book 
per minute in geology, eight per min
ute in physics and so on. You must 
assign one category to each assis
tant. How should you assign the 
tasks so that the total rate of reshelv
ing the books is as high as possible? 

One could attack the problem by 
brute force, trying out every possible 
combination in sequence. But if there 
are many assistants and collections, 
one would soon be overwhelmed by 
the number of possibilities. If there 
are n categories of books and n assis
tants, the number of possible solu
tions would be the factorial of n, or 
n(n - l)(n - 2) ...  1. There are better 
iterative digital-computer algorithms 
that can arrive at an answer in a time 
period proportional to n cubed. The 
computation could be done even 
faster, however, if one could take full 
advantage of the problem's essence: 
the fact that the proper assignment of 
each worker depends on the capabil
ities of every other worker. Ideally 
the mutual dependencies should be 
considered simultaneously. It is pre
cisely this kind of computation that 
can be done quickly and efficiently 
by a collective-decision circuit. 

The data in the task-assignment 
problem consist of the set of 

shelving rates. These data can be ar
ranged in a table, in which each row 
contains the rates for an individual 
assistant and each column repre
sents a book category. An assign
ment of tasks can then be thought of 
as the choice of n elements in the ta
ble, with the constraint that there can 
be one and only one element chosen 
in each row and column, because 
only one assistant can be assigned to 
each category. The best solution has 
the highest sum of rates for the cho
sen assistants. 
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OPTIMIZING CIRCUIT to solve the task-assignment problem 

consists of a network of interconnected n-flops. The amplifiers 

in each row and column are linked by inhibitory connections, 

which provide the constraint that only one amplifier in any giv

en row and column can be in the + 1 state. Because each of the 36 
amplifiers in this network inhibits 10 other amplifiers, there are 

360 connections altogether. The diagram depicts the connec

tions for one of the amplifiers. The amplifiers receive input cur

rents proportional to the shelving rates. The amplifiers that cor

respond to the best solution-the combination of inputs that 

add up to the largest sum-put out a + 1 and the rest put out a O. 
The + 1 outputs can drive a display, such as a light-bulb array. 

We solved the problem by building 
an n-by-n array of amplifiers in which 
each row corresponds to an assistant 
and each amplifier in the row corre
sponds to a different task. The ampli
fiers in each row and column are 
linked by mutually inhibitory con
nections; this provides the constraint 
that only one assistant can be as
signed to each collection, because if 
one of the amplifiers has a + 1 output, 
the other amplifiers are inhibited. 
Another way of looking at the circuit 
is that each row and column is an n
flop. These n-flops cannot function 
independently, however, because 
each amplifier belongs to two such n
flops. As you will see below, this pat
tern of connections is the key to the 
circuit: it ensures that the circuit will 
have self-consistent stable states that 
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correspond to possible solutions to 
the problem. 

What are the stable states of this 
network and what does its E surface 
look like? The stable states consist 
of configurations of 36 amplifiers in 
which there are six amplifiers with 
+ 1 outputs, with one and only one 
such amplifier in any row or column. 
In a six-by-six array the number of 
these stable states is 720, or 6 factori
al. The E surface for the circuit has 
valleys of equal depth for each of the 
720 possibilities. An input current 
proportional to the shelving rate of 
each assistant for each collection is 
fed to the corresponding amplifier. 
The valley for each possible solution 
becomes deeper by an amount pro
portional to the sum of its corre
sponding shelving rates. 

The network carries out the com
putation by following a trajectory 
down the E surface. In the final con
figuration the circuit usually settles 
into the deepest valley, which is 
the correct choice because it corre
sponds to the task assignment that 
has the highest total shelving rate. In 
simulation studies we have shown 
that this particular circuit will al
most always find the best solution 
to the problem, and a slightly more 
complex circuit will always find the 
best solution. 

One reason we are interested in 
studying this type of circuit is that 
perceptual problems can often be 
expressed as an optimization. Our 
senses gather a large set of informa
tion about the external world-infor
mation that is inevitably imprecise 
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and "noisy." The edge of an object 
might be hidden behind another ob
ject, for example. We know, howev
er, that the edges of objects are con
tinuous, and just because we cannot 
see an edge does not make us won
der whether the object has changed 
its shape. Our interpretation of the in
formation is constrained by what we 
already know. 

This knowledge can often be repre
sented as a set of constraints, similar 
to those in the task-assignment prob
lem, and express it in an E function. 
The perceptual problem then be-

comes equivalent to finding the 
deepest valley in the E surface. For 
example, Cristof Koch, Jose Marro
quin and Alan Yuille, who were then 
at the Massachusetts Institute of 
Technology, showed how several 
important problems in computer vi
sion could be cast as an optimization 
problem and solved by a collective
decision circuit in which knowledge 
of the real world had been imposed 
as a set of constraints. Their circuit 
was able to take incomplete depth 
information of a three-dimensional 
world and reconstruct missing infor-

FEATURES ASSIGNED TO NODES 

-1 

+ 1  

Vl LJ.J 
c;:: o ::;: LJ.J ::;: 

1 
NA ME 

SMITH 

JONES 

A 

B 

C 

2 
HEIGHT 

TALL 

SHORT 

1 2 

+ 1  + 1  

+ 1  -1 

+ 1  + 1  

3 4 5 6 
AGE WEIGHT HAIR EYES 

OLD THIN BROWN BLUE 

YOUNG FAT BLOND BROWN 

NODES 

3 4 5 6 

+ 1  -1 -1 -1 

+ 1 + 1  -1 + 1  
·-1 + 1  -1 -1 

ASSOCIATIVE MEMORY with six nodes, or "neurons," is linked by excitatory (solid line) 
and inhibitory (broken line) connections. The number of lines in each link represents 

the strength of the connection; each solid line represents a connection strength of + 1 
and each broken line represents a strength of -1. Each node might represent a charac

teristic of a person, as is shown in the table (a). Suppose one wants to store three memo

ries, or sets of characteristics (b). The nodes that are supposed to be in the + 1 state are 

given an excitatory link to the other + 1 nodes and an inhibitory link to the -1 nodes. 

To store information about all three memories one simply adds up the connections (c). 
For example, the link between nodes 2 and 4 is (-1) + (-1) + (+ 1), or -1. When the cir· 

cuit is turned on for memory A, the network produces (d) the correct pattern of nodes 

in the + 1 state (red) and -1 state (blue). The pattern is self-consistent: at each node the 

positive (red) and negative (blue) incoming currents always add up to have the same 

sign as the node itself. If the network is given partial data-about a thin, short Jones, for 

example-it will go into a stable state from which one can retrieve the entire memory. 
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mation such as the locations of the 
edges of objects. 

A nother particularly interesting 
J-\.application for collective-deci
sion circuits is associative memory, 
which is a form of optimization prob
lem. An associative memory is dif
ferent in principle from a digital
computer memory. A conventional 
computer stores information by as
signing addresses, which identify the 
physical locations where the data 
will be stored in hardware, such as 
a sector or track on a floppy disk. 
When the central processor requires 
a piece of data, it issues an instruc
tion to read the data at a particular 
address. The address itself contains 
no information about the nature of 
the data stored there. 

Now reflect for a moment about 
your own memories. If you think of a 
particular friend, you will remember 
many facts-name, age, hair color, 
height, job, hobbies, schooling, fam
ily, house, shared experiences and so 
forth. These facts are somehow com
bined to form your memory of the in
dividual. There is no notion of stor
age address in the way you retrieve 
such information from your memory. 
Instead pieces of the information it
self are used in place of an address. 

Associative memory is an idea that 
came from psychology, not electrical 
engineering. Fruit flies and garden 
slugs have associative memories. In
deed, the fact that such relatively 
simple nervous systems display the 
phenomenon suggests that it must 
be a natural-almost spontaneous
property of neuron ensembles. It 
seems reasonable to ask whether 
associative memory could also be 
achieved in networks of artificial 
neuronlike devices. In the 1970's a 
number of investigators, including 
James A. Anderson of Brown Univer
sity and Teuvo Kohonen of the Uni
versity of Helsinki, developed math
ematical models of associative mem
ory. The concept of the E surface 
provides a means to understand and 
study associative-memory circuits 
built of saturable amplifiers. 

How would one make a collective
decision circuit behave like an asso
ciative memory? Consider a space of 
many Cartesian coordinates in which 
each axis is labeled with some attri
bute a person might have. One axis 
might refer to height, one to hair col
or, one to weight, one to sailing expe
rience, one to the first name of the in
dividual, one to city of residence and 
so on. Any point in the space de-
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scribes the characteristics of a hypo
thetical possible individual. Each of 
your friends is represented by a par
ticular point in the space. Because 
you have very few friends compared 
with the set of all possible individ
uals, if you put a mark at the position 
of each of the people you know, you 
will have marked a very few points in 
a large space. When someone gives 
you partial information about a per
son-for example color of hair and 
weight but not name-this describes 
an approximate location in the space 
of possible people. The idea of an as
sociative memory is to find the friend 
who best matches the partial data. 

A collective-decision circuit such 
J-\.as the one described for the task
assignment problem could perform 
as an associative memory if the E sur
face can be shaped to have valleys, 
or stable points, at the places that 
correspond to particular memories. 
A pattern of input voltages corre
sponding to a partial memory would 
be supplied to the amplifiers and the 
circuit would then follow a trajectory 
to the bottom of a local valley in the E 
terrain and read out the output state 
of the amplifiers as the stored mem
ory. Unlike the task-assignment cir
cuit, in which the connections are 
highly regular because of the simple 
global rules that constrain the prob
lem, in an associative memory the 
connections are irregular and the sta
ble points are scattered somewhat at 
random because the memories need 
not have any particular relationship 
among themselves. To construct an 
associative memory, therefore, one 
must find connections between am
plifiers such that the many desired 
memories are represented simulta
neously by the circuit's stable states. 

A simple associative memory of six 
interconnected amplifiers illustrates 
how information can be stored in 
such a network [see illustration on op
posite page]. The memory states of 
the system could be described as six
bit binary words, in which each bit 
corn;sponds to one of the two possi
ble saturated output states of an am
plifier, + 1 and -1. For example, 
memory Ais (+ 1, + 1,+ 1, -1,-1, -1) .  
As with the flip-flop circuit, a state 
can be stable only if it is self-consis
tent. This is accomplished by ensur
ing that each amplifier with a + 1 out
put has an excitatory connection to 
the input of every other amplifier 
that has a + 1 output and an inhibito
ry connection to the input of each 
amplifier that has a -1 output, and 

VLSI COLLECTIVE-DECISION CIRCUIT was designed in 1985 at the California Institute 

of Technology by Massimo Sivilotti, Michael R. Emerling and Carver A Mead. It contains 

22 amplifiers, which are the lighter-color components along the diagonal. The devices 

filling the rest of the square provide the connections, which can be programmed to 

make the chip an associative memory. The size of the chip is six by six millimeters. 

vice versa for amplifiers that have 
-1 outputs. All the inputs to an am
plifier are added up to give a big sig
nal with the correct sign. If one looks 
at the E surface for this associative 
memory, one will find that the con
nections have created a valley at the 
location of the memory. 

Because the data are distributed 
in the pattern of the connections in 
the circuit, many other memories 
can be overlaid in the same circuit. 
It is merely necessary to calculate 
the connections separately for each 
memory and add them to the con
nections for the memories already 
in storage. This Simple additive rule 
works quite effectively as long as not 
too many of the same connections 
are shared among many memories. 
Problems arise if memories are too 
similar or too numerous; the valleys 
on the E surface get too close and be
gin to interact. (The number of unre
lated memories that can be stored ef
fectively is about 15 percent of the 
number of "neurons" in the circuit.) 
There are cleverer schemes that can 
store a larger number of memories or 
memories that are more similar. 

The associative memory described 
above requires only local informa
tion about two linked "neurons" in 

order to modify the strength of the 
existing connection between them. 
This is appealing because it offers a 
theory of associative memory that is 
consistent with a biological model 
proposed more than 30 years ago by 
Donald O. Hebb. Hebb postulated 
that biological associative memory 
must reside in the synaptic connec
tions between nerve cells and that 
the process of learning and memo
ry storage involves changes in the 
strength with which nerve signals 
are transmitted across individual 
synapses. According to his theory, 
synapses linking pairs of neurons 
that are simultaneously active be
come stronger, thereby reinforcing 
those pathways in the brain that are 
excited by speCific experiences. As 
in our associative-memory model, 
this involves local instead of global 
changes in the connections. The Heb
bian synapse had long eluded actual 
observation, but recently several in
v-estigators have reported evidence 
for such mechanisms in the brain. 

Many laboratories are now ex
ploring how to fabricate and use 

devices for collective computation. A 
variety of prototypes have already 
been built with microelectronic and 
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optical hardware. To be useful, cir
cuits will have to be large, with hun
dreds or thousands of "neurons, " 
and because these may be densely 
interconnected, the circuits may con
tain tens of thousands or even mil
lions of connections. In addition, in 
order to build a general-purpose cir
cuit such as an associative-memory 
chip one would need a simple meth
od for modifying the connection 
strengths. 

John) .  Lambe and his collaborators 
at the Jet Propulsion Laboratory con
structed from integrated-circuit am
plifiers the first associative-memory 
network of the type we have de
scribed. The connections between 
each pair of amplifiers were chosen 
through a mechanical switch. The 
network was expanded to contain 3 2  
amplifiers, with microcomputer-con
trolled transistor switches replacing 
the mechanical ones. These pioneer
ing circuits work as predicted but are 
too cumbersome to be of practical 
use. The first VLSI version was fabri
cated by Massimo Sivilotti, Michael 
R. Emerling and Carver A. Mead of 
the California Institute of Technolo
gy. The circuit reduced a 2 2-amplifier 
network with 462 interconnections 
to an area smaller than a square cen
timeter. The chip functioned as an as
sociative memory when the connec
tion matrix was appropriately pro
grammed. Similar VLSI circuits with 
54 amplifiers have been built by Law
rence D. Jackel, Richard E. Howard 
and Hans Peter Graf of the AT&T 
Bell Laboratories. One of the attrac
tive features of collective-decision 
circuits is that they converge on a 
good solution rapidly, typically in a 
few multiples of the characteristic 
response time of the computing de
vices. In several of the microelec
tronic implementations this conver
gence has occurred in less than one 
microsecond. Mead's group has re
cently built a VLSI "artificial retina" 
chip for image processing, using 
collective-computation principles in 
the design. 

Advanced optics provides another 
promising medium for building col
lective-decision circuits. In that ap
proach light beams would replace 
the wires. Because light beams can 
pass through one another without in
teraction, this raises the possibility of 
implementing complicated network 
topologies that might be difficult to 
achieve in VLSI .  Demetri Psaltis of 
Caltech and Nabil Farhat of the Uni
versity of Pennsylvania have built 
working prototypes of optical col-

lective circuits [see "Optical Neural 
Computers, " by Yaser S. Abu-Mos
tafa and Demetri Psaltis; SCIENTIFIC 
AMERICAN, MarchI. 

Many investigators are studying 
neuronlike circuits different from the 
ones we have described. A popular 
model is the feedforward Perceptron, 
which has been shown to be effective 
for a broad range of applications, 
such as pattern recognition. This 
model consists of simple processing 
units arranged in several layers. In
formation is passed into the network 
through an input layer, and the result 
of the network's computation is read 
out at the output layer. There are 
connections between the layers, and 
information flows forward only. Such 
feedforward networks have simpli
fied dynamical behavior and re
duced computational capability. On 
the other hand, many useful learning 
rules have been devised for such cir
cuits that make it easy to find the 
appropriate connection pattern. One 
well-known example, called back
propagation, has been independent
ly derived by David Parker, by David 
Rumelhart, Geoffrey Hinton and Ron
ald Williams, and by Paul ) .  Werbos. 
One goal of current research is to un
derstand how similar learning algo
rithms might be applied to networks 
that have the richer dynamical be
havior produced by the kind of feed
back employed in the circuits we 
have discussed. 

The study of collective computa
tion in neuronlike circuits has 

shown that such networks can carry 
out computations that are not trivial. 
Computations that are more compli
cated may require having many sim
ple decisions interact collectively to 
produce a complex decision. Anoth
er feature of many complex deci
sions is that they must combine in
formation arriving over an extended 
period of time. Suppose, for example, 
one wants to identify someone from 
a distance by the way he walks. One 
must first make Simple decisions 
about the positions of limbs, com
bine these over time to determine a 
sequence of movements and from 
these form a complex pattern that 
can be associated with a particular in
dividual . The study of such hierar
chical and time-varying collective
decision systems has just begun, but 
we believe that, as in the case of the 
circuit-design principles we have de
scribed, the research will be pro
pelled by the architectures and de
sign rules of nature's computers. 
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Courtship in Unisexual Lizards: 
A Model for Brain Evolution 

An all-female species of whiptail lizards presents 
a unique opportunity to test hypotheses regarding 
the nature and the evolution of sexual behavior 

C
ourtship of females by males is 
a necessary part of life for most 
animal species; if successful, it 

ends in copulation, thereby ensuring 
fertilization and the perpetuation of 
the species. In the majority of ani
mals studied so far, however, court
ship serves a function unrelated to 
fertilization: it stimulates ovarian de
velopment and reproductive activity 
on the part of the female and in
creases the overall efficiency of re
production [see "The Reproductive 
Behavior of Ring Doves," by Daniel S. 
Lehrman; SCIENTIFIC AMERICAN, No
vember, 1 964]. Thus it may not seem 
odd that in species that lack males, 
male-like behavior continues to be 
exhibited. 

This is true for an unusual species 
of whip tail lizard, Cnemidophorus uni
parens, which inhabits the southwest
ern U.S. The species is derived from a 
"bisexual" ancestor (one that con
sists of males and females) but is it
self "unisexual" (there are no males). 
The females reproduce by partheno
genesis, that is, reproduction without 
fertilization, and therefore copula
tion between its members is not di
rectly related to the production of off
spring. Nevertheless, the females in 
this species actively engage in 
lengthy courtship behaviors that are 
virtually identical with those ob
served between male and female 
whiptail lizards. 

What mechanisms would allow 
such a behavior to persist in the ab
sence of males? The brain, which 
controls mating behavior in males 
and females, not only has adapted to 
a new set of stimuli in this species but 
also has mediated a switch to females 
of behavioral patterns that are nor
mally associated with males. This re
inforces the observation that the 
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by David Crews 

brain is equipped with neural circuits 
for both male and female behavioral 
repertoires, regardless of biological 
sex. By investigating the manner in 
which that has come about, using 
unisexual lizards as my model, I 
have gained insight into the ability of 
the brain to adjust to changing condi
tions during the course of evolution. 

I became interested in the subject 
almost 10 years ago while studying 
the influence of hormones on the 
courtship of anole lizards [see "The 
Hormonal Control of Behavior in a 
Lizard," by David Crews; SCIENTIFIC 
AMERICAN, August, 1979]. I had been 
sent six adults of C. uniparens and 
wanted to compare their hormone 
cycles with those of the male and fe
male anoles I had been studying for 
several years. 

While working in my laboratory I 
happened to glance at the cage con
taining the whip tail lizards and no
ticed two individuals engaged in 
courtship with each other. The ob
servation, made purely by accident, 
stunned and intrigued me. Over sev
eral weeks the behavior was repeat
ed many times, following the same 
pattern on each occasion. This clear
ly was not random interaction be
tween individuals but a highly ritual
ized form of behavior. How might 
it be explained? It seemed unlikely 
that parthenogenetic females would 
expend so much time and energy 
on an activity that had no apparent 
purpose. Was the behavior a use
less vestige of the species' sexual his
tory or did it have some real biologi
cal significance? 

I
n order to answer that question I 
decided to compare the pseudosex

ual behaviors of these unisexual liz
ards with the sexual behavior of their 

closest bisexual relatives. I needed to 
do this for two reasons: first, I wanted 
to determine what behavioral differ
ences, if any, existed between these 
species and how they might have 
been altered in the switch from bisex
uality to unisexuality; second, I want
ed to ascertain whether or not court
ship between male and female whip
tails serves a function other than 
insemination. If it does, this would 
suggest that a Similar function might 
be served by the courtship seen be
tween parthenogenetic females. 

One way to test this hypothesis 
would be to compare the number of 
offspring produced by females that 
engage in courtship behavior with 
the number produced by females 
that do not. If courtship among uni
sexual females could be shown to re
sult in greater reproductive output, I 
would have reason to believe it is not 
merely a useless vestige of the past 
but a strategy critical to the continu
ing success of the species. 

To understand the mechanisms by 
which pseudosexual activity among 
unisexual females evolved requires 
a look at the neuronal and hormo
nal factors that mediate it. It is well 
known that courtship is controlled 
by the r,',:tral nervous system: sex 
hormo, '('" synthesized by males and 
females act directly on certain areas 
of the brain to trigger sex-typical be
haviors. How is it that male-typical 
courtship behavior (which is mediat
ed by male hormones) shifted from 
males to females during the course 
of evolution? Two possible expla
nations seem reasonable. Either the 
mechanisms that control male be
havior in the ancestral sexual species 
were retained but modified in some 
way in the descendant species, or an 
entirely new and unknown mecha-
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nism had evolved to control male
like behavior in unisexual females. 

The whiptail lizards (genus Cnemi
dophorus) have several unique char
acteristics that make them ideal sub
jects for a study of this kind. There 
are 45 species in the genus; of these 
15 have been identified as all-female 
species derived from existing bisexu
al ones. The bisexual species consist 
of males and females in a normal 
one-to-one ratio and reproduce sex
ually (as the vast majority of verte
brates do). The unisexual species are 
formed from the hybridization of 
closely related species; they consist 
solely of females that reproduce par
thenogenetically. The offspring in 
such species are clones: they are ge
netically identical with their mothers 
and with one another [see "Unisexual 
Lizards," by Charles]. Cole; SCIENTIF
IC AMERlcAN, January, 1984]. 

Because these unisexual lizards 
are the result of a hybrid union, 
formed by the fusion of gametes from 
two existing species, both the ances
tral (that is, the parental) and the de
scendant (the unisexual) species can 
be identified using molecular tech-

niques. This is a subtle but critical 
point. The existence of an ancestral 
species provides a control group 
against which the reproductive strat
egies of its descendant species can be 
compared. By comparing the DNA se
quences of various whiptail lizards, 
Llewellyn D. Densmore III, Craig C. 
Moritz and Wesley M. Brown of the 
University of Michigan were able to 
determine that the maternal ancestor 
of C. uniparens is the bisexual species 
C. inornatus. Although they were un
able to identify the paternal ancestor, 
the identification of one parental an
cestor was sufficient for the purposes 
of this study. 

I began my investigation by com
paring mating in both species. In C. 

inornatus, as in C. uniparens, courtship 
follows a well-defined series of steps: 
the male typically approaches a fe
male and probes her body with his 
tongue; if she is sexually receptive, 
he grips her with his jaws by grab
bing the skin on either her neck or 
her foreleg. That act appears to paci
fy the female and provides the male 
with an opportunity to climb on her 
back, straddling her with his legs. 

Once mounted, the male scratches 
the sides of the female with his fore 
and hind legs, pressing her body into 
the substrate as he does so. After sev
eral minutes the male maneuvers his 
tail under that of his female partner, 
thereby bringing his cloaca into con
tact with hers. 

During mating one of the lizard's 
two hemipenes (lizards, like snakes, 
have paired penises) is inserted into 
the female's genital opening. On in
tromission the male shifts his jaw 
grip from the female's neck to her 
pelvic region, assuming a contorted 
position I refer to as the doughnut 
posture. He maintains this position 
for between five and 10 minutes, 
during which time ejaculation oc
curs. The male then rapidly dis
mounts and leaves the female. 

M
embers of the descendant uni
sexual species C. uniparens ex

hibit a courtship ritual almost identi
cal with that of their bisexual an
cestors, except that some females 
assume the role of the male (I call 
this behavior male-like) whereas oth
ers behave like typical females. Male-

WHIPTAIL LIZARD, Cnemidophorus uniparens, from the south

western U.S. is one of 15 species in the genus that are known to 

consist only of females. In six of the species females have been 

observed participating in courtship behavior with one another. 
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COURTSHIP RITUAL between females in the unisexual species C. uniparensis virtually 

identical with that of its bisexual ancestor, C. inornatus. The "male" (the female that dis
plays male-like behavior) will approach a female (one displaying typical female-like be

havior) (top) and investigate her with its tongue. If the female is receptive, the "male" 
will mount her (top center), grabbing her by the skin of her neck as it does so. After a few 

minutes the "male" will swing its tail under that of the female (bottom center), a move 
that places their cloacal openings in apposition. The "male" then shifts its jaw grip 
to the pelvic region of the female (bottom), forming the characteristic doughnut pos
ture. This step, also known as pseudocopulation, lasts between five and 10 minutes. 
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like females approach and mount 
sexually receptive females, gripping 
them with their jaws as they do so; af
ter a few minutes they swing their 
tails under those of their partners 
and shift their jaw grips to form the 
characteristic doughnut posture (I 
call this behavior pseudocopulation). 
The only difference between pseudo
copulation a.nd true copulation is that 
the unisexual lizards are morpholog
ically female (they lack hemipenes), 
and so intromission cannot occur be
tween them. 

Having determined that the court
ship displays of these two species 
of whiptail lizards are virtually iden
tical, I needed to determine what 
impact, if any, courtship (without 
insemination) has on reproduction. 
Among many species, including hu
man beings, courtship has a primer 
effect: it serves to synchronize the re
productive physiologies of the male 
and female and to regulate normal 
ovarian development in females. If 
I could find evidence that courtship 
by males stimulates ovarian devel
opment in C. inornatus, I would have 
reason to suspect that a similar phe
nomenon might be taking place in C. 
uniparens, only with females substi
tuting for males. 

With Jonathan K. Lindzey, a gradu
ate student in my laboratory, I began 
examining rates of ovulation in C. in
ornatus females reared under three 
different conditions: alone, with oth
er females, or with males. The results 
were consistent with those found for 
other vertebrates: these females will 
not ovulate in isolation; if caged with 
other females, only a few will ovulate 
and they produce fewer eggs. In the 
presence of males, however, their 
ovaries grow much more rapidly, so 
that there is more frequent ovulation 
and greater total egg production. 
This represented a major finding: the 
results clearly indicate that courtship 
behavior in the ancestral species is a 
potent physiological force and is crit
ical to the reproductive success of 
the species. 

I 
wanted to see if a similar physio
logical effect might be operating in 

C. uniparens. In its natural habitat a fe
male of this species will lay two or 
three egg clutches, each containing 
an average of two or three eggs, dur
ing the course of the breeding season 
(which lasts from spring until mid
summer). I was able to demonstrate, 
with the help of Jill E. Gustafson, 
an undergraduate in my laboratory, 
that females reared in isolation laid 
an average of only .8 clutch over 
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the course of the breeding season, 
whereas those reared in the presence 
of other sexually active females (with 
whom they engaged in pseudocopu
lation) produced more than three 
times that number, or an average of 
2.5 clutches over the same period. 

Thus we successfully proved that 
courtship behavior enhances repro
duction in both bisexual and unisex
ual lizards. One major question re
mained unanswered, however: What 
underlying physiological mecha
nisms control sexual activity in these 
two species? If I could answer that 
question, I would know whether or 
not the same hormones responsible 
for male behavior in C. inornatus trig
ger male-like behavior in C. unipar
ens. This in turn would enable me to 
understand the role of the brain in 
sexual behavior and how it may have 
evolved in response to unisexuality. 

I 
sought first to test the response of 
C. uniparens females to elevated 

levels of the male sex hormones tes
tosterone and dihydrotestosterone 
(collectively called androgens). I op
erated on these lizards to remove 
their ovaries (the primary source of 
sex hormones in females) and then 
administered androgens to them. By 
doing so I found I could consistently 
induce male-like behavior in ovari
ectomized females. Although this 
seemed unusual (androgens are nor
mally synthesized by the testes), the 
implications were intriguing. If male 
hormones were in fact responsible 
for male-like behavior, then the hor
mone profiles of these females must 
have been radically altered over the 
course of evolution. Had the ovaries, 
which normally produce female sex 
hormones, assumed the role of the 
testes? Were they producing male 
hormones to compensate for the ab
sence of males? To prove such a hy
pothesis would require a thorough 
investigation into the physiological 
basis for sexual activity in both the 
unisexual and the bisexual species. 

I began that undertaking by map
ping the ovarian cycle, the focal 
point of reproduction in females and 
the process by which eggs are pro
duced. We had already established, 
on the basis of egg production, that 
Cnemidophorus females undergo two 
or three discrete ovarian cycles (each 
approximately from three to four 
weeks in duration) during the three 
or four months of the mating season. 
Each of these cycles in turn can be di
vided into two distinct phases: the 
follicular, or preovulatory, phase, 
and the luteal, or postovulatory, 
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SEXUAL ACTIVITY in C. uniparens fluctuates in accordance with the ovarian cycle. Fe

males that are preovulatory display female·like courtship behavior; those that are post

ovulatory exhibit behavior that is male· like. The change from female to male sex roles 

is mediated by changes in the circulating levels of sex hormones: high levels of estro

gen are associated with female-like behavior; a sharp drop in estrogen (following ovu

lation) and a rapid increase in progesterone are associated with the switch to male

like behavior. The cycle is repeated two or three times during the breeding season. 

phase. During the follicular phase 
yolk critical to the development of 
the embryo is deposited in the folli
cles, which reach a maximum diame
ter of 10 millimeters in six to eight 
days. The luteal phase follows ovula
tion when corpora lutea (the rem
nants of the follicles) form in the ova
ry and the eggs pass into the ovi
ducts. Once in the oviduct the eggs 
acquire a hard outer shell and are 
usually laid between seven and 14 

days after ovulation. 
Having mapped the ovarian cycle, 

we now needed to compare it with 
fluctuations in sexual activity. Lind
zey found that females of the ances
tral species, C. inornatus, are recep
tive to males only during the follicu
lar phase, when they are preovulato
ry. During the luteal phase, when 
they are postovulatory, they will ag
gressively reject the advances of 
males. We found a similar pattern of 
activity in C. uniparens. Female-like 
behavior is only expressed by fe
males in the preovulatory phase, 
whereas male-like behavior appears 
consistently in females that have re
cently ovulated and are in the post
ovulatory phase. 

As with sexual activity, patterns of 
hormone secretion vary according to 
the ovarian cycle. The female hor
mones, estrogen and progesterone 
(which are produced by the follicles 

and the corpora lutea respectively), 
fluctuate in these lizards much as 
they do in most vertebrate females. 
Michael C. Moore, a postdoctoral fel
low in my laboratory, found that in 
both C. uniparens and C. inornatus cir
culating concentrations of estrogen 
increase during the follicular phase, 
and reach peak levels at the time 
of ovulation. Progesterone levels, 
which are low during most of the 
follicular phase, are at their highest 
during the luteal phase and then de
cline rapidly when the corpora lu
tea are resorbed in from seven to 10 

days. A new cycle begins in both 
species about a week later. The sim
ilarities between the estrogen and 
progesterone cycles in the two spe
cies indicate that their hormone pro
files have remained stable over the 
course of evolution. 

C
ontrary to what I had expected 
based on the results of my early 

experiment with ovariectomized fe
males, we found that circulating lev
els of the male hormones testoster
one and dihydrotestosterone in 
male-like females were uniformly 
low and in most instances could not 
be detected in our radioimmunoas
say tests. There was no indication, 
even during or after pseudocopula
tion, of transient surges in their con
centration. During the entire repro-
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ductive cycle of C. uniparens, andro
gen levels were at least 1,000 times 
lower than is characteristic of sexual
ly active C. inornatus males. Although 
this suggested that the hormone pro
files of this all-female lizard species 
had not been profoundly altered, it 
failed to explain why the administra
tion of androgens had triggered 
male-like behavior in females whose 
ovaries had been removed. 

Analysis of the males of C. inor
natus reveals that testosterone and 
dihydrotestosterone are present in 
normal levels in these animals. When 
sexual activity begins during the 
spring and early summer months, 
both these hormones are elevated 
in the males' bloodstream. The lev
els increase significantly when the 
females emerge from hibernation 
about two weeks after the emergence 
of the males, a correlation suggest
ing that the presence of females in
creases hormonal levels in male 
whiptails. Similarly, concentrations 
of the female hormones estrogen and 
progesterone are low, a pattern that 
conforms to the one found in most 
males of bisexual species. 

I still needed to prove that testicu
lar hormones control courtship and 
copulation in the males of C. inorna
tus. To do this, Lindzey and I surgical
ly removed the testes from a group 
of sexually active males and then 
placed the males in cages with sex
ually receptive females. The results 
were unambiguous: castrated males 
court females significantly less often 
than intact males do. Moreover, by 
administering sex hormones to the 
castrated males, we were able to ob
tain direct evidence that the decline 
in sexual activity was linked to the 
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loss of hormones secreted by the tes
tes. Those that received hormones 
renewed courtship activity in the 
presence of sexually active females. 

It was at this point that we made an 
exciting discovery. Some of the cas
trated males treated with progester
one responded in precisely the same 
way as all the males did to andro
gens: both groups became sexually 
active and copulated with the same 
degree of frequency. We later discov
'ered that the different hormones also 
trigger an identical response in males 
near the end of the breeding sea
son. Normally courtship behavior 
declines markedly at this time, but 
males given either progesterone or 
an androgen continue to display high 
levels of sexual activity in the pres
ence of females. 

These findings are exciting for two 
reasons. First, they are the opposite 
of what has been found in mammals 
and birds (in those animals proges
terone is a potent suppressor of sexu
al activity in males; here progester
one stimulates sexual activity), and 
second, they suggest that this sensi
tivity to the female hormone proges
terone may have set the stage for the 
evolution of pseudocopulation in 
unisexual whiptails. 

N
otwithstanding, pseudocopula
tion remained a mystery. We 

knew that the loss of males in C. uni
parens had been accompanied by a 
significant loss of testosterone and 
dihydrotestosterone, but we did not 
know what had taken their place as 
regulators of male-like behavior. The 
fact that male-like courtship was re
tained in this species indicated that 
the neural circuits underlying male 
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SUCCESSIVE CHANGES in the ovaries of whiptail lizards take place during the course 

of the ovarian cycle. At the beginning the ovaries are small, but they become progres

sively larger as the eggs inside them develop and acquire greater amounts of yolk. 

When the eggs are mature, they are released into the oviducts (this step is called ovu

lation), where they acquire hard shells, a process that lasts for from seven to 14 days. 

During this period the corpora lutea in the ovaries degenerate, a step that readies 

the ovaries for another round of egg production. The entire cycle, which lasts for from 

three to four weeks, is repeated several days after the first batch of eggs is laid. 
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behavior had been retained, but the 
hormones had changed. 

We knew that androgens trigger 
courtship behavior in C. inornatus 
males, but we could find no evidence 
for either testosterone or dihydrotes
tosterone during any phase of the 
ovarian cycle in C. uniparens. Thus 
we suspected that male-like behavior 
in that species is triggered by anoth
er cue, most likely a hormone pro
duced by the ovary. We had several 
reasons for believing this was the 
case. Pseudocopulation had never 
been observed in females that were 
either reproductively inactive or had' 
had their ovaries removed. More
over, female- and male-like behav
iors are clearly defined by the ovari
an cycle: female-like behavior is lim
ited to the follicular phase, male-like 
behavior to the luteal phase. 

In many animals, transitions in sex
ual behavior correspond to hormo
nal changes. In these lizards, during 
the transition from female- to male
like behavior, circulating levels of 
estrogen drop by a factor of three, 
whereas levels of progesterone in
crease by a factor of nine. Could this 
abrupt shift in hormone concentra
tion play a crucial role in the ex
pression of pseudosexual behavior? 
Mark Grassman, a postdoctoral fel
low in my laboratory, and I hypoth
eSized this was so. We guessed that 
progesterone might be the endoge
nous stimulus responsible for male
like behavior and estrogen the stim
ulus for female-like behavior. 

Furthermore, we surmised that if 
pseudocopulation were to operate as 
an effective reproductive strategy, 
complementarity would have to ex
ist, that is, at any one time during 
the breeding season some females 
would be in the follicular phase and 
others would be in the luteal phase. 
We could test this by removing the 
ovaries from a number of females 
and then implanting capsules in 
them that contained either estrogen, 
progesterone or nothing. By pairing 
them in different combinations and 
monitoring their ensuing sexual ac
tivity, we could correlate behavior 
with specific hormones. 

T
he results were unequivocal. 
When females that received pro

gesterone were paired with females 
that received estrogen, pseudocopu
lation ensued, with the former indi
viduals consistently performing the 
role of males and the latter the role 
of females. Pairs in which one indi
vidual received an empty capsule 
and the other a capsule containing 
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either progesterone or estrogen did 
not engage in sexual activity. I had 
previously determined that individ
uals housed together quickly estab
lish and maintain this type of com
plementarity in their reproductive 
states. By alternating sex roles they 
maximize fecundity and increase the 
efficiency of reproduction. 

The data from these experiments 
fit nicely into existing notions about 
the ability of the brain to adjust to dif
ferent hormonal influences. It has of
ten been said that the brain is initially 
bisexual and it is only later in devel
opment that it becomes sexually di
morphic. We wanted to explore this 
notion further, believing that in do
ing so we might finally solve the 
mystery of unisexual courtship. 

We knew from studies on bisexual 
vertebrates that two distinct neural 
circuits mediate sexual behavior be
tween males and females: one in
cludes the anterior hypothalamus
preoptic area (AH-POA) of the brain 
and controls mounting and copula
tion in males; the other includes the 
ventromedial hypothalamus (VMH) 
and controls sexual receptivity in 
females. Moreover, both these areas 
of the brain have receptors for the 
corresponding male or female sex 
hormones. 

W
ould the same distinctions hold 
true for unisexual lizards? With 

help from Mark Mayo, an undergrad
uate, and Juli Wade, a graduate stu
dent in my laboratory, I sought to de
termine which areas of the brain con
trol male- and female-like behavior in 
C. uniparens. We implanted minute 
quantities of sex hormones directly 
into the brain of individuals that 
were sexually inactive (we had surgi
cally removed their ovaries). The re
sults were clear-cut. Androgens and 
progesterone implanted into the AH
POA activated male-typical pseudo
sexual behavior (estrogen did not); 
conversely, estrogen implanted into 
the VMH stimulated female-typical be
havior (androgen and progesterone 
did not). 

Thus we knew the neuronal cir
cuits that mediate sexual behavior in 
C. uniparens were the same ones that 
control sexual behavior in bisexual 
vertebrates. We hypothesized that 
progesterone was able to stimulate 
male behavior in the AH-POA by bind
ing to androgen receptors present in 
the neural circuits. Because these ani
mals lack androgen almost entirely, 
there would be little competition for 
the binding sites and progesterone 
would bind readily to them. 

A B c 

COMPLEMENTARITY in the ovarian cycles of C. uniparens females makes courtship in 
this species possible. During the breeding season females will synchronize their activi· 

ties so that when some individuals are preovulatory, others are postovulatory. This is 
represented here by three females whose behavior was observed over the course of 
several weeks. As a female changes from a state of pre ovulation (indicated by enlarged 
ovaries) to one of postovulation (indicated by the presence of eggs in the oviduct) her 
behavior changes from female-like to male-like. Because these lizards are reproduc
tively out of phase (when one is female-like, her partner is male· like), courtship activity 
is continuous during the mating period. Sexually inactive females (those that have just 
laid their eggs) resume female-like behavior at the start of their next ovarian cycle. Indi
viduals engaged in courtship with one another during a given week are shown in color. 

Experiments Lindzey and I have 
carried out with Kathleen Matt of Ari
zona State University on bisexual 
lizards suggest that is the case. By ra
dioactively labeling androgens and 
progesterone we were able to deter
mine that progesterone is effective in 
displacing androgen from hormone 
receptors in the AH-POA. These ex
periments are only suggestive, how
ever, and do not conclusively prove 
that progesterone binds to andro
gen receptors in the brain of C. uni
parens females. 

Some other possible mechanisms 
by which male-like behavior may be 
expressed by females must be con
sidered. One is that progesterone is 
converted in the brain into androgen. 
This is unlikely, however, because 
we have recently found that R5020, 

a synthetic progesterone analogue, 
which cannot be converted into an
drogen in the brain, will stimulate 
sexual behavior in castrated C. inor
natus males. Another possibility is 
that progesterone binds to progester
one receptors that are functionally 
linked to the AH-POA. But this is also 
unlikely, because it suggests there is 
a fundamental difference between 

the progesterone receptor of whip tail 
lizards and all other vertebrates stud
ied to date. 

By dissecting the elements of pseu
dosexual behavior in a unisexual 
species of whip tail lizards we have 
shown how behavior critical to ovar
ian development and reproductive 
success can be retained when the 
conditions under which it originally 
evolved change. In the case of C. uni
parens the loss of males meant the 
loss of male hormones that normally 
control male-typical mating behav
ior. Nevertheless, the persistence of 
male-like behavior in a unisexual liz
ard was possible because particular 
features of the brain of its ancestor, 
C. inornatus (namely the presence 
of dual neural circuits mediating 
male- and female-typical behaviors, 
and the sensitivity of its androgen 
receptors to progesterone), were co
opted to serve new functions in the 
absence of males. In this way court
ship behavior between females has 
provided new insights into behav
ioral evolution and the means by 
which the neuroendocrine mecha
nisms that control behavior adapt to 
changing conditions. 
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The Fracturing of Glass 
Only recently have the atomic interactions underlying glass 
fracture been defined. The work suggests ways to slow or even 
stop the growth of cracks in glass and other brittle materials 

by Terry A. Michalske and Bruce C. Bunker 

G
ass is one of the oldest and 
most widespread of commod· 
ities: it has been produced 

since 7000 R.C. and currently ac
counts for a $20·billion·a-year indus
try in the U.S. alone. Yet in spite of its 
impressive history of meeting a re
markable range of consumer needs, 
glass has always been limited in its 
applications by its tendency to frac
ture. This inherent weakness poses 
an increasing challenge to engineers. 
Young and promising technologies 
that require fiber-optic networks, ceo 
ramic bone replacements or novel 
optical and electronic components 
have placed a high premium on 
glasses and ceramics that will prove 
particularly resistant to cracking. A 
transoceanic fiber·optic cable, for ex
ample, must have a long service life 
to make laying the cable on the 
ocean floor a viable enterprise. 

Until recently very little was un
derstood about the mechanism by 
which glass cracks. In the mid-1960's, 
for instance, when investigators re
ported precise measurements show· 
ing that the stress needed to crack 
glass decreases with increasing ex· 
posure to water, they helped to ex
plain why water aids glass cutters 
but did little to illuminate precisely 
how it does. An answer to the ques· 
tion of how glass cracks started to 
emerge in 19 79. In that year the two 
of us, together with our colleagues at 
the Sandia National Laboratories and, 
independently, Stephen W. Freiman 
of the National Bureau of Standards, 
began to develop mathematical and 
chemical models to describe the frac· 
ture of glass at the atomic level. We 
are still developing and refining the 
models, but our efforts have already 
been rewarded. The physical and 
chemical interactions that control 
the rupture of interatomic bonds at 
the tip of a crack provide a fascinat
ing link between the atomic structure 
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of materials and the real-world con· 
cerns of product reliability. More· 
over, the fundamental knowledge 
evolving from atomistic studies of 
crack propagation enhance the abili
ty to utilize glass and other oxide ma
terials in many of the demanding ap
plications now being planned. 

Most of us are introduced to the 
topic of glass fracture at an early 

age. The lesson may involve a shat· 
tered milk glass or the crash of a win
dow struck by an errant baseball. 
When glass shatters, cracks seem to 
appear instantaneously. High·speed 
photography reveals that cracks can 
spread through glass at speeds of 
hundreds of meters per second, or 
roughly half the speed of sound in 
glass. 

Even though the fracture of glass 
can be a dramatic event, many fail· 
ures are preceded by the slow exten· 
sion of preexisting cracks. A good ex· 
ample of a slowly spreading crack is 
often found in the windshield of an 
automobile. The extension of a small 
crack, which may have started from 
the impact of a stone, can be followed 
day by day as the crack gradually 
propagates across the entire wind
shield. In other cases small, unno
ticed surface cracks can grow during 
an incubation period and cause a cat
astrophic failure when they reach a 
critical size. Cracks in glass can grow 
at speeds of less than one-trillionth of 
an inch per hour, and under these 
conditions the incubation period can 
span several years before the cat
astrophic failure is observed. On 
an atomic scale the slow growth of 
cracks corresponds to the sequential 
rupturing of interatomic bonds at 
rates as low as one bond rupture per 
hour. The wide range of rates over 
which glass can fracture-varying by 
12 orders of magnitude (factors of 10) 
from the fastest shatter to the slowest 

creep-makes the investigation of 
crack growth a particularly engaging 
enterprise. 

Surprisingly, glass is intrinsical
ly one of the strongest materials 
known. Under high-vacuum condi
tions flaw-free glass can withstand 
tensile loads greater than two million 
pounds per square inch, which is 10 
times the strength of most commer
cial metal alloys. In normal service, 
however, glass surfaces are exposed 
to abrasives and chemicals that cre
ate small surface cracks and promote 
their growth, ultimately reducing the 
strength of the glass. The effects 
of chemicals on the growth rate of 
cracks pose the greatest challenge to 
the design engineer, since these ef
fects not only reduce the immediate 
strength of the glass but also can re
sult in the failure of a structure that 
has supported a stress load for sever
al years. 

One of the most potent chemical 
agents is water, which presents a par
ticularly severe threat because it is 
always in the atmosphere. Water can 
accelerate the rate of crack growth 
more than a million times by attack
ing the structure of the glass at the 
very root of the crack. Much of our 
work has centered on understanding 
from an atomistic point of view how 
water and other chemicals acceler
ate crack growth and how the accel
eration can be slowed, stopped and 
even reversed. 

A rtisans, of course, have long rec
.t-\.ognized and utilized the ability 
of water to cause glass to crack more 
easily. Evidence suggests that early 
American Indians exploited the ef
fect of water in making arrowheads 
from flint, a form of silica (silicon di
oxide) related to glass, sand and 
quartz. Indians in the Catahoula Lake 
area of Louisiana, for instance, per
formed a ceremony in which they 
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steamed flints before knapping (frac
turing) them. Recent experiments on 
similar materials confirm that knap
ping is made easier by soaking flint 
in water. Today glaziers often apply 
water, usually in the form of saliva, to 
the shallow crack produced by their 
scribing tool. The water decreases 
the stress required to propagate the 
initial crack and causes the glass to 
break more smoothly. 

A scientific basis for determining 

the conditions necessary for crack 
growth and fracture began to evolve 
60 years ago with the pioneering 
work of A. A. Griffith of the Royal Air
craft Establishment. Griffith sought to 
calculate the minimum energy nec
essary to make a crack grow. He 
started with the well-known observa
tion that atoms at the surface of a sol
id do not mesh with their neighbor
ing atoms in the same way as atoms 
in the interior do: the atoms sit rather 

uncomfortably on the surface of the 
solid, and so their energy is higher 
than the energy of the interior at
oms. As a consequence, anytime a 
new surface is created, energy must 
be supplied. Griffith reasoned that a 
crack can grow in glass only when 
the applied mechanical energy, or 
stress, is greater than the energy of 
the new surfaces created by the frac
ture. (Until the applied stress exceeds 
the minimum, the energy is stored in 

GROWTH OF CRACKS in a glass bar with a hole drilled in its cen

ter has been monitored in a series of experiments done by the 

authors and their colleagues at the Sandia National Laboratories. 

Compressive load applied along the long direction of the bar 

creates tensile stress that propagates two cracks, one above the 

hole and one below it. The rate at which the cracks grow is meas-

ured with a microscope that sits on top of the apparatus. The en

tire assembly is enclosed in a high-vacuum chamber so that the 

chemical environment can be carefully controlled. Here a large 

amount of water vapor is present, which speeds the growth of 

the cracks. The photographs, made using polarized light, show 

that stresses are concentrated at the tip of each advancing crack. 
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the glass as it would be in a spring.) 
By applying his knowledge of the 
surface energy of glass and using 
existing calculations for the stresses 
around surface cracks, Griffith deter
mined the breaking load for cracked 
plates. He triumphantly confirmed 
his prediction in actual experiments 
with glass tubes. 

Griffith also determined that the 
smaller the initial crack in a piece of 
glass is, the greater the applied stress 
must be to extend it. This explains 
why pristine fibers of glass hav
ing only minuscule surface flaws are 
from 100 to 1,000 times stronger than 

ordinary window glass, which has 
usually acquired relatively large sur
face flaws in the course of handling. 
Griffith's energy-balance approach to 
strength and fracture also suggested 
the importance of surface chemistry 
in the mechanical behavior of brittle 
materials. Chemicals, such as water, 
that lower the surface energy of a sol
id ultimately will reduce the strength 
of the material. 

The 1950's and 1960's saw a flurry 
of activity in the experimental study 
of glass strength. Much of the new en
thusiasm was spurred by advances 
in the ability to produce continuous 

STRENGTH OF GLASS is controlled by the growth of cracks that penetrate the material 

(top). When the glass is stressed, the crack tip (middle) penetrates the material. For this 

reason the authors have sought to describe the growth of crack tips at the atomic level 

(bottom). The basic unit of silica glass is a close-packed tetrahedron consisting of a cen

tral silicon atom (blue) surrounded by four oxygen atoms (red). Each oxygen atom is 

shared by the silicon atoms of two adjacent tetrahedrons, so that each tetrahedron is 

connected to four neighbors. The tetrahedrons form a network of interconnected 

rings, each containing from five to seven tetrahedrons. For clarity the oxygen atoms 

are drawn smaller than the silicon atoms and not all bonds to tetrahedrons are shown. 
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filaments of glass (fiber glass) that 
could serve to reinforce plastics. Var
ious workers confirmed that water 
reduces the strength of glass and 
showed that the breaking load also 
depends on how long a stressed fiber 
is exposed to water. They found that 
load durations of only two weeks 
reduce the strength of glass three
fold. Moreover, it appeared that giv
en enough time under a load the 
strength of the glass would actually 
approach zero. Obviously these ob
servations were most disturbing to 
the glass-manufacturing community. 

In the mid-1960's Sheldon M. Wie
derhorn of th e National Bureau of 
Standards and several other investi
gators studied just how the strength 
of glass changes with time. By meas
uring the growth of cracks under a 
microscope while carefully control
ling the amount of stress and envi
ronmental conditions, they made 
several important discoveries. First, 
cracks in glass grow continuously at 
controlled rates; fracture is not sim
ply an off-on phenomenon. Second, 
the rate of crack propagation de
pends on the applied stress and the 
amount of water in the environment. 
Finally, one can predict the time of 
failure by knowing how fast small 
surface flaws grow under stress; as 
small cracks in stressed glass slowly 
extend, more stress is concentrated, 
until rapid failure occurs. 

Unfortunately many failures that 
may occur 10 years from now 

can result from small cracks that be
gin growing today at speeds of less 
than one-trillionth of an inch per 
hour-which, as we have mentioned, 
corresponds to the sequential ruptur
ing of interatomic bonds at the rate of 
one bond per hour. Current experi
mental techniques are not capable of 
measuring these very slow crack 
speeds. It is for this reason that we 
have sought to develop an atomistic 
picture of the events at the crack tip. 

In order to describe atomic-scale 
reactions at a crack tip we first must 
provide a picture of the structure of 
silica glass. The basic building block 
of most forms of silica is a close
packed tetrahedral unit that consists 
of a central silicon atom surrounded 
by four oxygen atoms. Each corner 
oxygen atom is shared by the silicon 
atoms of two adjacent tetrahedrons, 
so that each tetrahedron is connect
ed to four neighbors to form a space
filling network. In crystalline forms 
of silica such as quartz the tetrahe
drons occupy regular positions that 
are repeated throughout the crystal-
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WATER can react with glass and cause it to crack more easily. 

Here a water molecule enters a crack (left) and adsorbs onto the 

tip (middle). The molecule causes a concerted chemical reaction 

(right) in which a silicon·oxygen bond at the crack tip and an 

oxygen· hydrogen bond in the water molecule are both cleaved, 

producing two silanol groups (hydroxyl groups attached to sil

icon). In the process the length of the crack increases by 

one bond rupture. The reaction with water lowers the energy 

needed to break the silicon-oxygen bonds by a factor of 20, 

and so the bond-rupture reaction allows cracks to grow faster. 

line structure. In silica glass the tetra
hedrons form a random network of 
interconnected rings, each of which 
usually contains from five to seven 
tetrahedrons [see bottom of illustration 
on opposite page]. As a crack grows, 
tetrahedral units are torn apart by 
the rupture of individual silicon-oxy
gen bonds. The crack tip re flects the 
dimensions of a single ring structure 
that has been pried open on one 
side, exposing the next silicon-oxy
gen bond to be broken. The smallest 
incremental distance the crack can 
move is the diameter of the silicate 
ring, which is from .4 to .5 nanometer 
(billionth of a meter). The precise val
ue depends on the number of tetrahe
drons in the ring. 

Our results show that the amount 
of energy required to rupture the sili
con-oxygen bond between two sili
cate tetrahedrons drops steeply-by 
a factor of nearly 20-in the presence 
of water. SpeCi fically, if a piece of sili
ca glass is kept in a near-perfect vac
uum, the bonds between the silicate 
tetrahedrons are highly stable. They 
are so stable, in fact, that 1,300 calo
ries of energy would have to be ex
pended to destroy the silicon-oxygen 
bonds in one gram of the silica. ( In 
comparison, 75 calories of energy 
are necessary to heat one gram of 
water from room temperature to boil
ing.) When water is present, howev
er, a chemical reaction can take place 
between a water molecule and a sili
con-oxygen bond, making the tetra
hedral units much easier to separate. 

A detailed picture of the interaction 
can be divided into three steps. First, 
a water molecule makes its way 
along the opening of the crack and 

adsorbs to the crack tip. Spare elec
trons from the oxygen atom in the 
water molecule begin to form a bond 
with the unoccupied electron orbi
tals of a silicon atom. Meanwhile one 
of the hydrogen atoms in the water 
molecule is attracted to an oxygen 
atom in the silicon-oxygen chain. In 
the next step of the process the new
ly formed bonds strengthen while 
the original oxygen bond is weak
ened. Eventually the hydrogen from 
the water molecule is transferred to 
the oxygen in the chain and the sili
con-oxygen chain ruptures. Finally, 
the water molecule and the original 
silicon-oxygen bond split apart and 
are replaced by two surface silanol 
groups (hydroxyl groups attached to 
silicon). The crack has advanced by 
one atomic step. The entire process 
is called dissociative chemisorption. 

In short, the chemical reaction be
tween the silica and the water re
duces the amount of energy that 
must be supplied to make the crack 
extend. The highly stable silicon-ox
ygen bond has been replaced with 
two nearly equally stable reaction 
products, the surface silanol groups. 
Since the energy consumed by a 
chemical reaction is equal to the 
difference between the energies of 
the starting and ending complexes, it 
can be shown that the rupture of sili
con-oxygen bonds by water requires 
only 78 calories per gram, as op
posed to the 1,300 calories per gram 
required in a vacuum. 

The model of dissociative chemi
sorption for crack-tip bond rupture 
has enabled us to predict which 
chemicals will make slow cracks 
grow in silica. Such chemicals must 

be able to donate electrons to the for
mation of a bond with the silicon 
atom at the crack tip and also to do
nate a positively charged hydrogen 
atom to bind with the oxygen atom 
that was once attached to the silicon 
atom. In addition a single molecule of 
the chemical must be small enough 
to fit into the crack tip in such a way 
that the breaking and forming of the 
bonds can take place simultaneous
ly. Ammonia and methanol, for ex
ample, satisfy both requirements, 
and we have found that both chem
icals speed up the rate at which 
cracks grow in silica. In fact, the ef
fect of ammonia, whose molecules 
are roughly the same size as water 
molecules, is nearly identical with 
that of water. 

The rate of crack growth depends 
not only on the chemical envi

ronment but also on the magnitude 
of the applied stress. The develop
ment of a complete model for the ki
netics of fracture requires an under
standing of how stress accelerates 
the bond-rupture reaction. 

In the absence of stress, silica re
acts very slowly with water. The dis
sociative reaction we have discussed 
causes the surface of silica glass to 
dissolve in water at a rate of 10-17 
meter per second; stress-free silicon
oxygen surface bonds are so unreac
tive toward water that they will not 
even adsorb water vapor. Yet the ap
plication of stress can cause cracks to 
grow at speeds greater than one mil
limeter per second. 

A crack tip focuses stress in much 
the same way as a needle point focus
es an electric field. The closer one ap-
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proaches the crack tip, the higher the 
stress becomes, until it reaches sev
eral million pounds per square inch 
within a few atomic dimensions of 
the tip. Exposed to these large stres
ses, the atomic structure of silica 
becomes distorted from its normal 
bonding configuration. Theoretical 
calculations show that if a silicate tet
rahedron is distorted by pulling on 
the corner oxygen atoms, the silicon 
atom in the center is more likely to 
bond with a water molecule. Fur
thermore, the chemical interaction 
with water will decrease the force re
quired to distort the silicon-oxygen 
bonds further. 

With the results of the theoretical 
calculations to guide our selection of 
a model chemical system, we have 
experimentally explored how stress 
enhances reactivity. We have had to 
work with a Simple model system be
cause the experimental techniques 

currently available do not enable us 
to observe directly chemical reac
tions along the line of atoms at the 
crack tip. Our model system consists 
of small rings of silicon and oxygen 
atoms (two silicon and two oxygen 
atoms per ring). Such so-called edge
sharing rings, which result when 
two tetrahedral units bond together 
along one edge, can be formed on the 
surface of silica powders heated to 
temperatures above 900 degrees Cel
sius. The edge-shared ring structures 
are practical for studying the effects 
of bond strain, because the bond an
gles and distances between atoms 
are greatly distorted from the dis
tances and angles found in normal 
silica glass. 

In order to examine the mechanism 
and kinetics of reactions between 

water (and other chemicals) and the 
edge-shared silicate rings, we have 
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STRESS INTENSITY VARIABLE 

MOLECULAR SIZE of a chemical substance affects its ability to speed the growth of 

cracks in glass. Water, which has a molecular size of only .26 nanometer (billionth of a 

meter), causes cracks to grow much faster than methanol (.36 nanometer) does, and an· 

iline (.42 nanometer) has hardly any effect (top). In essence, water can readily enter a 

crack opening (which has a diameter of .4 to .5 nanometer), methanol has difficulty get

ting in and aniline is so big that it never arrives at the sites of bond rupture (bottom). 
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employed a technique called Fourier
transform infrared spectroscopy. In 
infrared spectroscopy a sample is 
bathed in infrared radiation. The ra
diation transmitted through the sam
ple is separated into individual fre
quencies, and the amount of radia
tion transmitted at each frequency is 
measured. At certain frequencies 
there will be a big drop in the amount 
of radiation received by the detec
tor. The effect arises because each 
distinct molecular structure in the 
sample vibrates at a characteristic 
frequency. When that frequency is 
matched by the frequency of the in
frared radiation, there is a "reso
nance" effect and most of the radia
tion is absorbed by the sample, leav
ing little to reach the detector. By 
noting both the frequency and the 
relative amount of absorbed radia
tion, one can determine what kinds 
of molecular structures make up the 
sample and what the relative concen
tration of each species is. 

In Fourier-transform infrared spec
troscopy, instead of detecting each 
individual frequency optical interfer
ence techniques are used to scan the 
entire frequency range rapidly. A sin
gle scan contains all frequencies of 
infrared radiation, and so the time 
necessary to gather the pertinent 
data is only a fraction of a second, 
whereas conventional infrared spec
troscopy typically requires half an 
hour or so to produce a complete 
spectrum. The individual frequen
cies are then separated by the math
ematical technique of Fourier anal
ysis. The advantage gained by Fou
rier-transform infrared spectroscopy 
is obvious: when one is studying rap
id chemical reactions, one needs 
swift and accurate measurements of 
how the amounts of reactants, reac
tion intermediates and products are 
changing over time. 

Fourier-transform infrared spec
troscopy enables us to follow the ki
netics of reactions among chemicals 
that play an important part in the 
fracture of glass. We can distinguish 
among the edge-shared rings (the re
actants), the water molecules ad
sorbed to the rings (the reaction in
termediates) and the silicon hydrox
ide groups (the products). Our work 
has led to three interesting findings. 
First, a silicon atom in a strained ring 
is much more likely to accept elec
trons than a silicon atom in stress
free glass. Consequently the silicon 
atom in the strained ring is more like
ly to adsorb electron-donating mole
cules such as water, ammonia and 
methanol. Second, all the chemical 
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species that make cracks grow more 
rapidly in silica glass also dissoci
atively chemisorb on the strained 
ring: they cleave one of the distort
ed silicon-oxygen bonds in the ring. 
Conversely, chemicals that do not re
act with the edge-shared rings have 
no effect on crack growth in silica. 

Finally, the rate of ring cleavage 
when we expose our simple model 
system to water vapor is more than 
100,000 times higher than the rate at 
which a flat, unstressed surface of 
silica will react with water. The re
sults provide direct experimental 
evidence that silicon-oxygen bonds 
can be broken rapidly by a stress
enhanced reaction with water and 
other chemicals. 

We next sought to determine if 
the dissociative-chemisorption 

reaction between water molecules 
and strained silicon-oxygen bonds is 
the factor that limits the rate of crack 

growth. We made direct comparisons 
between the kinetics of the ring
cleavage reactions in our model com
pound and the speed of crack growth 
measured under identical environ
mental conditions. We found that am
monia is slightly more aggressive 
than water in rupturing strained sili
con-oxygen bonds and also causes 
cracks in silica glass to grow some
what faster than water does. Metha
nol is also more aggressive than wa
ter in rupturing strained silicon-oxy
gen bonds, but it is five orders of 
magnitude less effective in increas
ing the rate of crack growth than ei
ther water or ammonia. The compari
son between reactions of our model 
compound in methanol and crack
growth measurements clearly indi
cates that the kinetics of fracture can
not be predicted solely on the basis 
of the kinetics of the underlying 
bond-rupture reactions. 

What accounts for the unusual 

24 KILOCALORIES 

.5 KILOCALORIES 

behavior of methanol? As we men
tioned above, the size of the attack
ing molecule also determines the 
ability of the molecule to promote 
crack growth. Water and ammonia 
have nearly identical molecular sizes 
(.26 nanometer), but methanol is a 
much larger molecule (.36 nanome
ter). Smaller molecules such as water 
or ammonia can readily enter a crack 
opening (which has a diameter of 
from .4 to .5 nanometer) and cause re
actions that rupture bonds, but larger 
molecules such as methanol have dif
ficulty getting in. Indeed, we have 
found that molecules larger than 
about .4 nanometer have no measur
able effect on crack growth; they 
have an extremely small probability 
of ever making it to the sites where 
bond-rupture reactions take place. 
The size of the reactive molecule can 
in fluence crack speeds even when 
the molecule is smaller than the 
opening of the crack tip. In effect, the 

73 KILOCALORIES 

THEORETICAL CALCULATIONS show that water lowers the en

ergy necessary to stress, or distort, the basic tetrahedral unit of 

silica glass. In the absence of water a total of 73 kilocalories of 
energy must be expended to bend the angle between two oxygen 

atoms from 105 to 180 degrees (top). In the presence of water the 

energy is only 30 kilocalories (bottom). To reduce the number 

of electrons that enter into the calculations, two of the oxygen 
atoms in the tetrahedron were replaced with hydrogen atoms. 
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region just behind the crack tip acts 
as a sieve that admits molecules to 
the tip at a rate determined by the 
size of the molecule. 

A similar effect is observed in zeo
lite molecular sieves. Zeolites are alu
minosilicate crystals containing well-

defined cage structures connected 
by openings of known size. Zeolites 
are employed to separate different 
chemicals by their size; the larg
er molecules are excluded, whereas 
the smaller ones pass through the 
openings and adsorb within the cage 

structures. Using measured molecu
lar diffusion rates in zeolites as our 
model for the crack-tip opening, we 
have shown that methanol should 
diffuse into a crack tip at a rate four 
orders of magnitude less than the 
rate of water. By taking into account 

EXPERIMENTS confirm the importance of stress in promoting 

crack growth. The authors worked with small rings consisting of 

two oxygen and two silicon atoms. Such sO-Gllled edge-sharing 

rings are practical for studying the effects of bond strain, be

cause the bond angles and distances between atoms are greatly 
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FOURIER-TRANSFORM INFRARED SPECTROSCOPY is util

ized to measure the rates at which various chemicals react 

with edge-shared silicate rings. Shown here is an example of a re

action involving methanol. The rates at which the rings (left) dis-
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distorted from those of normal silica. Here the reaction between 

an ammonia molecule and an edge-shared ring is shown. Ammo

nia is adsorbed on a strained silicon site; a dissociative-chem

isorption reaction breaks the silicon-oxygen-silicon bonds. Such 

strained bonds react 100,000 times faster than unstrained ones. 
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appear and the chemisorbed methanol (right) appear are moni

tored by bathing the samples in infrared radiation. When the fre

quency of the radiation matches a characteristic vibration of 

each molecule, a large absorption is recorded (peaks in curves). 
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the rate of molecular diffusion near 
the crack tip and the rate of disso
ciative chemical reactions on the 
strained silicon-oxygen bond, we can 
now predict to within an order of 
magnitude the relative rates of crack 
growth in silica glass exposed to dif
ferent chemicals. 

The results of our atomistic stud
ies of fracture suggest several 

novel and interesting possibilities 
for predicting and controlling the 
strength of glass and other brittle ma
terials. Our discovery of the impor
tance of molecular diffusion near the 
crack tip indicates that surface coat
ings might be designed to block the 
opening of the crack and restrict the 
passage of small molecules, such as 
water, that can attack the bonds at 
the tip and chemically weaken glass. 
We are currently exploring this pos
sibility by attaching large molecules 
to the crack walls and measuring 
their effect on the rate of subsequent 
crack growth when water is present. 
We find that we can decrease the 
crack-growth rate 1,000 times when 
we first apply such a molecular coat
ing to the crack. If the coating can 
be applied commercially, it should 
greatly increase the structural life
time of glass products. 

The same thing should be true for 
ceramics. Our work on crack growth 
in other solids leads us to believe that 
the general conclusions developed 
for silica can explain the strength be
havior of a wide range of brittle mate
rials. The actual crack-tip reactions 
appear to vary from material to mate
rial, however, and the chemistry of 
each solid must be considered on a 
case-by-case basis. In complex sili
cate glasses, for example, the simple 
bond-rupture mechanism for crack 
extension can be complicated by the 
formation of reaction layers that are 
several micrometers (millionths of a 
meter) thick. Although the reaction 
layers do not affect the bond-rupture 
process directly, they can significant
ly alter the amount of stress concen
trated at the crack tip. 

Yet it is important to keep in mind 
that even though the interplay be
tween surface chemical reactions 
and mechanical strength can be 
more complex than the interactions 
we have described in this article, a 
thorough understanding of how 
glass fractures does lay the ground
work for predicting how and when 
other materials will fracture. It may 
even provide clues for predicting 
that most overpowering of fracture 
events: an earthquake. 
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H.M.S. -warrior 

Recently restored after suffering more than a century of neglect, 
the vessel was the first iron-hulled, armored warship. It deterred 
the enemy as it sealed its fate by engendering a naval arms race 

V 
ice Admiral Lord Nelson en
sured lasting fame for his flag
ship Victory by commanding 

from its deck the British Royal Navy 
in its triumph over the combined 
French and Spanish fleets at the Bat
tle of Trafalgar in 1805. The warship 
is now preserved in Portsmouth, En
gland, as a monument to Britain's na
val prowess and to the memory of 
Nelson himself, who died in the bat
tle. Recently another British warship 
has been restored in the largest and 
most expensive such project to date 
to take a permanent berth in Ports
mouth near H.M.S. Victory. The ship 
has no battle scars and its decks were 
not stained with the blood of war he
roes. Indeed, it never fired a single 
shot in anger. Yet it deserves a figura
tive as well as a literal place of honor 
beside Victory. 

The ship is named Warrior, and it 
is the only surviving large Victorian 
warship. But this is not what makes 
the ship particularly noteworthy in 
naval history. Warrior's historical im
pact resulted from its creation: mere
ly by being built it caused the entire 
pattern of warship design to change 
throughout the world. For H.M.S. 
Warrior was the first iron-hulled, ar
mored battleship. 

Warrior was so superior to any oth
er warship at the time of its construc
tion that its supremacy never had to 
be challenged in battle. Hence the 
ship never had the opportunity to 
distinguish itself in any military con
frontation, and no valiant deeds were 
ever demanded of its crew. As a con
sequence it was quickly forgotten by 
the general public a decade after it 
was launched, forced into a prema
ture retirement as other naval pow
ers adapted and perfected many of 
the features Warrior had introduced. 

Ironically, the full implications of 
Warrior's role can be appreciated bet
ter today, in a world that has had 40 
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years' experience with nuclear weap
ons, than it was during Victorian 
times. For Warrior was a deterrent. 
The warship emerged in 1860 as an 
awesome machine of war that ren
dered obsolete all previous warships 
and thereby successfully deterred a 
threatening enemy. Yet like all tech
nology-based deterrents, it could not 
be uninvented and its emulation by 
the enemy could not be prevented. 
It thereby also presented the Victo
rian world with another concept un
familiar to their time but familiar in 
ours: an arms race. 

A lthough various countries fought 
!-\.during the 18th and 19th centu
ries to establish and protect trade 
routes across the oceans, before 1840 
all essentially played by the same 
rules: warships were constructed of 
timber and propelled by wind. Wood 
was a common, natural and self-re
plenishing building material. Thou
sands of years of experience with it 
had resulted in an industry capable 
of producing reliable vessels that 
could sail anywhere in all but the 
most adverse weather conditions. 
Provided a landing party could buy, 
beg, borrow or steal a suitable piece 
of timber, the repair or alteration of 
any part of a warship'S structure 
could be accomplished by teams of 
skilled carpenters, who always 
formed part of a ship's crew. Wind, of 
course, was also available worldwide 
and completely free. Tall masts (typi
cally three) carried a highly complex 
system of sails, yards and tackles 
that could be expertly manipulated 
to propel a warship wherever its cap
tain chose. Only in the case of ex
treme weather conditions, such as a 
total absence of wind or a raging hur
ricane, did this form of propulsion 
fail old-time sailors. 

The basic function of such war
ships was to deliver enough firepow-

er against an enemy target to destroy 
it, while ensuring a reasonable de
gree of safety for the ship's crew. The 
ships were in essence floating wood 
castles that protected the crew from 
enemy gunfire and at the same time 
provided a firm and steady platform 
from which cannons could be dis
charged. The need for massive and 
stable structures on a fighting ship 
meant that the shape of its hull had to 
be rather bulky, which in turn made 
it ponderous and slow. 

A warship'S cannons, named for 
the weight of the shot they fired, 
came in a variety of sizes. The largest 
common cannon was a 32-pounder 
and weighed about 5,000 pounds; 
smaller sizes were 24-pounders, 18-
pounders and 12-pounders. Because 
the timbers of a wood warship could 
not withstand the increased weight 
and the wrenching recoil of guns 
larger than a 32-pounder, an increase 
in firepower could be achieved only 
by distributing as many 32-pounders 
and smaller cannons as possible on 
as many decks as possible through
out the ship-the heavier guns on the 
lower decks and the lighter ones on 
the upper decks. 

To maximize the total destructive 
firepower of a large number of guns, 
they were all aimed at the same tar
get and discharged at about the same 
time-a technique called a broadside. 
By the 1850's a ship of the line (a large 
warship capable of holding a forward 
position in a major battle) carried 
a total of 130 guns on three decks 
and could hurl a broadside weight 
of as much as 1,800 pounds of shot 
every minute. 

Britons in the first half of the 19th 
century relaxed with pride and satis
faction behind their armed "wood 
walls." Potential enemies could build 
similar ships, but Britain was way 
ahead in numbers and types of war
ships and had a large pool of trained 
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seamen to man them. Britannia ruled 
the waves not because she possessed 
a more advanced technology but by 
virtue of the quantity of her warships 
and the quality of her "Jack-tars. " 

B
ecause the balance of sea power 
was so clearly in Britain's favor, 

any innovation that threatened the 
status quo worried the British Admi
ralty. As a result the Admiralty kept a 
close watch on naval developments 
of potential enemies and then made 
the minimum response to counteract 
the move. Yet the admirals could not 
control the advances of British com
mercial shipbuilders. 

The iron-smelting and steam-en
gine technologies developed dur
ing the Industrial Revolution in Brit
ain made it possible to improve on 
steamship designs such as the ones 
originally realized by Robert Fulton 

and Henry Bell. In 1837 Isambard 
Kingdom Brunei introduced the first 
reliable transatlantic paddle steamer, 
Great Western, and eight years later 
he astounded the world with Great 
Britain, which had an iron hull and a 
screw propeller. 

To the British merchant navy the 
advantages of iron-hulled, propeller
driven ships were clear: they offered 
increased speed, reliability and dura
bility. In fact, by the mid-19th century 
such commercial ships were a com
mon sight. Nonetheless, the Admi
ralty refused to follow the trend set 
by the merchant navy beyond com
missioning a few small experimen
tal vessels of this type. 

At the same time France under Na
poleon III had already begun to chal
lenge the Royal Navy's control of the 
seas, and it was more receptive to the 
military application of the new naval 

technology. In 1850 France built Na
poli!on, a large three-decked wood 
warship fitted with an engine and 
a propeller. The British Admiralty, 
which had long regarded France as 
its "natural enemy," was compelled 
to react. It responded by converting 
Sans Pareil to propeller power. By 
1858 each of the two nations had 
amassed a total of 32 propeller-driv
en wood ships of the line. 

These developments underscored 
the limitations of traditional wood 
hulls. The massive three-deckers 
sagged under the additional weight 
of an engine and boilers. Indeed, be
cause the hulls were nearly at the 
breaking point, a "rippling" broad
side technique had to be introduced 
in which the fusillade typically began 
at the bow and worked its way down 
the length of the ship to the stern. A 
captain who thoughtlessly ordered a 

RESTORED WARRIOR was towed in June of this year to its per
manent berth in Portsmouth, England, where it is open to the 
public. Its restoration required more than seven years and £6 

million. The vessel is the only surviving large Victorian warship. 
Its construction was a major technological leap in the history of 
warships: the transition from wood hulls to armored, iron hulls. 
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traditional broadside from an engine
powered wood warship was likely 
to see his vessel in drydock for 
six months while cracked and torn 
beams and frames were replaced. 
Nonetheless, since Britain still had 
the lead in total number of war
ships, the Admiralty saw no need to 
rethink the situation. 

I
n France, however, the tireless and 
brilliant ship designer Stanislas Du

pey de Lome had been appointed di
rector of materiel, and he immediate
ly called a halt to the building of 
wood warships. Dupey de Lome was 
aware of the fact that in the Crimean 
War floating batteries had been ar
mored with iron plates and that the 
batteries had been able to withstand 
heavy pounding by shore guns. He 
recognized that over the years the 
quality of wrought iron had been 

greatly improved, a point over
looked by the British Admiralty. His 
aim was to establish a fleet of iron
hulled, iron-armored and engine
powered warships for the French 
navy. Yet France's economy was still 
basically agricultural, and its found
ries could not supply enough iron to 
realize his ambitious plans. 

Dupey de Lome had to settle for a 
fleet of wood-hulled ships that were 
merely plated with iron. The first 
such ship was Claire. The new ship 
had a wood hull 26 inches thick to 
which 4'h-inch wrought-iron plates 
were bolted; it was primarily a sailing 
vessel, but it had been equipped with 
an engine as well. Such a ship would 
be capable of pounding an entire un
armored wood fleet to pieces, at the 
same time remaining impervious to 
returned gunfire. 

Work on Claire was begun in 

MIZZEN MAST 

IOO·POUNDER 
BREECH·LOADING 
CANNON 

STEERING WHEELS 

PROPELLER SHAFT 

March, 1858, and within a few weeks 
reports of its construction had 
reached Britain. The news caused an 
uproar in Parliament. Public reaction 
was also swift and alarmist, and war 
rumors spread quickly. The Survey
or to the Admiralty stated on June 28: 

"It is not in the interest of Great 
Britain . . . to adopt any important 
change in the construction of a new 
class of very costly vessels, until 
such a course is forced upon her by 
the adoption of a foreign power of 
formidable ships of a novel character 
requiring similar ships to cope with 
them . . . . This time has now arrived. 
France has commenced to build frig
ates of great speed with their sides 
protected by thick metal plates and 
this renders it imperative for this 
country to do the same without a mo
ment's delay." 

It was generally assumed that Brit-

MAIN MAST 

STEAM ENGINE 

FRAMES 

CUT A WAY VIEW of Warrior reveals holdovers from the preced
ing century as well as features that were ahead of their time. The 
ship was outfitted with a figurehead and an elegant stern gallery 
for its officers. It was also designed to fire traditional broad
sides: the simultaneous discharge of cannons lining a warship's 
sides. Although it was equipped with a steam engine, it relied on 

its square-rigged sails (not shown) as the main source of propul
sion and on the muscles of its crew to weigh anchor, lift equip
ment and load provisions. On the other hand, the keel, frames, 
beams and cladding of the hull were all made of wrought iron 
and its shape was more like a speedy "clipper" than a standard, 
ponderous ship of the line (a front-line warship). Warrior also 
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ain would simply respond by build
ing a series of similar ships, but First 
Sea Lord Sir John Packington argued 
for a different plan. Backed by Chief 
Constructor Isaac Watts and by many 
merchant-ship designers and build
ers, Packington convinced a reluc
tant Admiralty and Parliament that 
Britain should take an unprecedent
ed step: the creation of a completely 
new warship so advanced and pow
erful that France would have no op
tion other than to retire from the de
veloping naval contest. 

The basic design objective was 
clear and simple, although daunting 
to realize. The new ship was to be 
the largest, fastest, most powerfully 
armed and most heavily armored 
warship that had ever been built. In 
spite of the misgivings of many, pre
liminary plans were quickly drawn 
up and tenders were called for on 

April 29, 1859. Because the Royal 
Navy had little experience in build
ing ships of iron, the construction 
would have to be in the hands of a 
merchant shipyard. (The armament, 
however, was to remain under Admi
ralty control.) The building contract 
was won by the Thames Iron Works 
of Blackwall and the keel of the ship 
that would be known as Warrior was 
laid on May 25 of the same year. 

I
n spite of Packington's forward
looking vision, some aspects of the 

ship still reflected the practices of the 
preceding century. Warrior, for ex
ample, was quaintly outfitted with a 
huge figurehead and an intricately 
carved stern gallery. A more impor
tant 18th-century holdover was the 
fact that the ship was designed prin
cipally as a stable gun platform, its 
guns lining the ship's sides in keep-
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had a boxlike armored section (color, upper left), known as the citadel, in which most of 
the ship's heavy cannons were placed. The citadel was sealed off from the rest of the 

ship by watertight iron bulkheads, so that if the unarmored stern and bow were shat
tered by enemy gunfire, it could still remain afloat. A more detailed view of the citadel's 

sides (lower right) shows that they consisted of wrought-iron plates 41/, inches thick 
bolted through 18 inches of teakwood onto the one-inch iron cladding of the hull. 

ing with the old broadside tradition. 
Moreover, although the ship had a 
steam engine that powered a propel
ler, its main form of propulsion was 
to be the wind. Indeed, its masts and 
sails were almost identical with the 
rigging of an 80-gun ship of the line. 

The inclusion of two propulsion 
modes necessitated some special fea
tures. In order to provide enough 
room for the lower square-rigged 
sails to unfurl, the smokestacks were 
made collapsible. To lessen the drag 
caused by the motionless propeller 
while the ship was under sail alone, 
the propeller was fixed in a cradle so 
that it could be disengaged from the 
propeller shaft and hoisted into the 
hull [see top illustration on page 135). 
The propeller had to be lifted by a 
team of more than 600 crewmen, just 
as more than 100 men were needed 
to weigh the ship's anchors (which 
were the heaviest of the time). The 
Royal Navy was so convinced of the 
benefit to be derived from putting its 
Jack-tars through hardship that it re
fused to include any steam-operated 
mechanical aids on the new ship. 

On the other hand, many aspects 
of Warrior were clearly ahead of its 
time. The keel, frames, beams and 
cladding were all made of wrought 
iron. Iron bulkheads fitted with wa
tertight doors divided the ship into 
sealable compartments and also pro
vided additional structural strength. 
Above the keel a second watertight 
layer of wrought iron protected the 
ship against damage from grounding. 
(Warrior was the first Royal Navy 
warship to have a double bottom.) 

The shape of Warrior's hull fol
lowed the principles put forward by 
John Scott Russell in his wave-line 
theory, which was basically a set 
of mathematical relations among the 
length, breadth, depth and cross sec
tion of ships with slim, wave-cutting 
bows and streamlined sterns. The 
ship was about 425 feet from stern to 
figurehead and its beam (width) was 
58 feet. Its draft (depth below the 
waterline) was 27 feet and it was 
designed to displace well over 9,000 
tons of water. Today the ship would 
be regarded as having typical "clip
per" lines. With a length-to-breadth 
ratio (at the waterline) of 6.5, Warrior 
was as speedy as it looked: it could 
do in excess of 13 knots when 
powered by sails alone, more than 
14 knots when powered by steam 
alone and an amazing 17.5 knots 
when powered by both. Warrior was 
capable of overtaking any warship 
then afloat. 

Warrior's armored section, known 
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as the citadel, took up the middle 230 
feet of the ship and was designed as 
an integral part of its structure. The 
citadel was essentially a box whose 
sides were made up of plates of 
wrought iron 4'/> inches thick. These 
plates were bolted through 18 inches 
of teakwood onto the one-inch iron 
plates of the hull. No shot from any 
standard gun of 1850 could pierce the 
armor. Viewed from the side, it was 
impossible to distinguish the unar
mored ends of the ship from the ar
mored citadel section. The ship was 
designed so that if the unarmored 
bow and stern sections were shat
tered by enemy gunfire, the citadel 
would remain intact and afloat. 

The fore and aft walls of the cita
del, made of four-inch wrought-iron 
plates backed by 12 inches of teak
wood, represented another first. The 
gun decks on warships built before 
Warrior did not have armored walls 
that spanned the entire width of the 
ship, leaving sailors manning the 
guns extremely vulnerable to a rak-

ing shot (a shot that enters the bow 
or stern and traverses the full length 
of the gun deck). 

On the top deck a small enclosure 
made of iron-plated teak-a rudimen
tary conning tower-also gave offi
cers some protection from small
arms fire (which had killed Nelson) 
while they oversaw the course of a 
naval engagement. Small openings in 
the enclosure allowed them to view 
the decks and sails, and a large hatch 
at their feet made it possible to com
municate with the helmsmen on the 
deck below. Although such an ar
rangement represented a first step to
ward centralized bridge control, the 
old-time officers of the Royal Navy 
objected to it. -Perhaps inspired by 
Nelson's example, they thought it 
was more appropriate to pace the top 
deck in full regalia while the battle 
raged about them. 

T
he engine and the boilers were 
placed in the belly of the ship, un

der the armored citadel. The engine, 

SMOKESTACK 

CROSS SECTION AMIDSHIPS reveals the layout of Warrior's boilers, coal bunkers and 
main gun deck in the citadel as well as the structure of its double bottom. Warrior was 
the first Royal Navy vessel to have such protection against damage from grounding. 
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manufactured by John Penn and Sons 
of Greenwich, had two horizontal 
cylinders, each with a bore of nine 
feet four inches, a stroke of four feet 
and a piston speed of about five miles 
per hour. Its drive shaft revolved a 
maximum of 55 times per minute and 
its nominal horsepower was 1, 250. 
Steam at a maximum pressure of 22 
pounds per square inch was fed into 
the engine from 10 coal-fired boilers, 
each of which held about 19 tons of 
water. Some 850 tons of the best 
Welsh coal filled the ship's bunkers. 
The iron hull of Wari'ior easily bore 
the weight of the engine, boilers, coal 
and drive shaft. 

The great load-bearing strength of 
wrought iron also eliminated the 
need to spread a large number of 
small guns throughout the ship. In
stead Warrior carried fewer but big
ger guns, most of them on one deck 
in the citadel. Its main battery con
sisted of 25 smooth-bore, muzzle
loading cannons that fired solid balls 
or shells weighing 58 pounds. One 
of these 58-pounders, along with its 
wood undercarriage, weighed more 
than five tons. The cannon had a 

theoretical range of three miles, al
though normal firing range was 
about 1,000 yards. Ordinary wood 
warships could carry at most one 58-
pounder, and it had to be fired with 
caution since its weight and recoil 
could easily strain the hull. Warrior's 
hull soundly supported all 25 can
nons, and they could even be dis
charged in a simultaneous broadside 
without undue strain. 

Warrior was also outfitted with the 
latest in gun technology: a comple
ment of breech-loading cannons with 
rifled bores. The cannon's rifling (a 
spiral groove cast into the bore) 
caused projectiles to leave the barrel 
spinning, thereby endowing them 
with a stable trajectory. Because the 
projectile and powder charge was in
serted through the breech, or rear 
section, of the cannon, the cannon 
did not have to be withdrawn from its 
port for loading. The cannon was de
signed by Sir William Armstrong and 
fired conical shot or shells, each of 
which weighed 100 or more pounds, 
over a maximum range of five miles. 
Ten such weapons were placed on 
the ship soon after its launching. In 
addition Warrior had four smaller ri
fled-bore, breech-loading guns, giv
ing it an official armament of 40 guns. 
Not included in the official rating 
were two 25-pounders, a 12-pounder 
and a six-pounder. 

Any one of Warrior's larger can
nons would have pierced the 24 inch-
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es of timber armor on a wood war
ship. From the day Warrior took to 
the seas on December 29, 1860, all 
other warships of the period were 
given the nickname "egg shells." It 
was believed Warrior could tackle en
tire fleets of traditional warships with 
impunity. 

Y
et Warrior was not immune to 
criticism at home. Some observ

ers dismissed the ship even before its 
construction began, because they 
could not believe an iron warship of 
more than 9,000 tons' displacement 
could float. Others attacked the ship 
simply because they hated its ap
pearance, so different from the color
ful high-sided ships to which they 
were accustomed. Warrior was long 
and thin, was painted a monotonous 
black and floated low in the water; it 
soon was dubbed "Black Snake." 

The ship's armament also caused 
some bewilderment. The more in
formed public was aware that a stan
dard l30-gun ship of the line could 
hurl a broadside weight of well over 
1,600 pounds. Although Warrior had 
the largest guns then available, it 
hurled a broadside weight of only 
1,480 pounds. To satisfy the inquiries 
of the public, the British government 
had to explain that a single 68-pound 
shot had the destructive impact of 
five 32-pound shots; similarly, a 100-
pound shot was equivalent to seven 
32-pound shots. By this measure War
rior could deliver every minute the 
equivalent of 3,500 pounds of shot 
from ordinary guns. 

Warrior not only had (in effect) 
more firepower than two standard 
wood ships of the line but also cost 
more than the two ships combined. 
Whereas the grandest of the wood 
three-deckers were built for the then 
staggering sum of £176,000, Warrior 
cost £379,154. In Parliament and in 
the press there were heated debates 
over whether such an enormous sum 
of the taxpayers' money was in fact 
well spent. 

In spite of the criticism, when War
rior took up its station in the English 
Channel, most Britons felt they could 
breathe a little easier. Napoleon III 
seemed to have given up ideas of 
challenging British sea power and 
turned his attention to conquests in 
continental Europe. Warrior had done 
the trick: it had deterred a potential 
enemy. 

Nonetheless, many within the Ad
miralty viewed the developing situa
tion with a sense of despair. They 
recognized that in one fell swoop the 
Royal Navy's massive wood fleet had 
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CRADLE (left) in which Warrior's propeller spun made it possible to disengage the pro
peller from its drive shaft and retract it into the hull of the ship (right) in order to lessen 
drag when the ship was under sail. More than 600 crewmen had to haul on the lines of 
a block·and-tackle system on an A-frame to hoist the device, which weighed 35 tons. 

WATERTIGHT DOORS were fitted into ARMORED CONNING TOWER on the top 
Warrior's iron bulkheads. It is not clear 
whether the doors were part of the origi· 
nal design, but they certainly were added 
early in the ship's lifetime. Every door 
could be opened or closed from the over
lying deck by means of a T·shaped bar. 

deck afforded Warrior's officers protec
tion from small-arms fire as they over
saw the course of a naval battle thrqugh 
loopholes. A large hatch at their feet al
lowed them to shout orders to the helms
men in the citadel on the underlying deck. 
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"BEGGAR MY NEIGHBOUR." 
PAM. "IS Nor YOUR MAJESTY TIRED OF TillS FOOLISH GAME P" 

"WARRIOR CARD" played by British Prime Minister Lord John Palmers ton has trumped 

the Gloire card laid down by Napoleon III of France in a Punch cartoon that appeared in 
1861. Gloire was a wood-hulled warship that had been plated with iron and equipped 

with steam power_ It was regarded as the most capable warship until the launching of 
Warrior, which outdid Gloire by far in terms of speed, firepower and armoring_ Faced 

with the prospect of having to engage ships such as Warrior, Napoleon chose to avoid 

entering a naval competition with Britain and turned his attention to the Continent. 

been made obsolete. Bolstered by the 
knowledge that it could be done, oth
er nations would soon build iron
hulled and -armored warships. More
over, if a nation lacked the where
withal to build such ships, it could 
always buy them from Britain, whose 
commercial shipyards were willing 
to build them for any nation (except 
France, of course). If Britain was to 
maintain control of the oceans, it 
would have to rebuild the entire Roy
al Navy in iron. 

Warrior single-handedly threw the 
warship-building industry into tur
moil and in so doing paved the way 
for its own demise. Nations through
out the world revised their military
construction programs to include 
iron-hulled warships, many of which 
incorporated improvements on the 
Warrior design. The most obvious im
provement was the installation of 
more powerful guns whose ammuni
tion could pierce Warrior's armor. As 
a countermeasure the armor of sub
sequent warships was made thicker, 
but the countermeasure was imple
mented in vain: the next generation 
of warships were simply equipped 
with even larger guns. The placid 
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and conservative Victorians were 
troubled by these seesawing ad
vances in guns and armor, which to
day we would easily recognize as 
symptomatic of an arms race. 

O
nce the pride of Britain, Warrior 
faded from the public eye after a 

few years. Within five years the ship 
that had been visited by most of the 
crowned heads of Europe was virtu
ally forgotten. Warrior was so out
dated by 1871 that it was no longer 
classed as a first-line battleship and 
was relegated to the reserve fleet. 

Its subsequent fate was even more 
ignominious. The ship was offered 
for sale as scrap metal at the turn of 
the century, but there were no tak
ers. In 1904 it became part of the 
Vernon Torpedo Training School at 
Portsmouth and was renamed Vernon 
III. After another unsuccessful bid to 
sell the ship as scrap, in 1924 it was 
turned into a floating jetty at the Pem
broke Dock Oil Fuel Depot in South 
Wales and renamed Oil Fuel Hulk C77. 
Its masts, engine and most of its inter
nal equipment had by then vanished, 
and a six-inch layer of concrete was 
spread over its top deck. 

By 1979 Warrior was the only sur
viving British capital warship be
tween Nelson's Victory and Belfast, 
which took part in the Korean war, 
yet only a few naval enthusiasts even 
knew of its existence. Warrior's dete
riorating condition, however, was 
noted by H.R_H. The Duke of Edin
burgh, Prince Philip, and brought to 
the attention of the Maritime Trust. 
In September, 1979, the Royal Navy 
handed over Oil Fuel Hulk C77 to the 
trust. The hulk was then towed to 
Hartlepool, England, where it was to 
be restored. 

Surprisingly, its wrought-iron hull 
had enabled it to remain afloat for 
more than a century without letting a 
drop of seawater inside! Neverthe
less, it soon became clear that the 
task of restoration would be larger 
than any previous such project. The 
Warrior Preservation Fund was set up 
to raise the necessary money, and a 
restoration team was organized 
among the local shipyard workers. 
By 1984 more than 150 people were 
working on the project. 

On June 12 of this year the restored 
ship left Hartlepool and headed for 
a permanent home in Portsmouth, 
where it was opened to the public on 
July 27. The conservation of the hull 
and interior and the re-creation of the 
19th-century equipment and fittings 
took more than seven years and an 
estimated £6 million. 

With the masts and rigging once 
more towering 180 feet above its top 
deck the reincarnated Warrior is 
again a proud ship. Its lower decks 
are crowded with huge cannons and 
ancillary equipment. Mess tables and 
benches for the crew of 700 are in po
sition along with all the wood cooper
age used for eating and drinking. The 
officers' cabins are resplendent with 
gold leaf, and scores of brass items 
reflect the light from the replica can
dlesticks and lamps. Rifles, pistols, 
cutlasses and bayonets stand once 
again in rack after rack. Steering 
wheels operate the ropes connected 
to the rudder as they did 127 years 
ago. The upper-deck capstan, which 
was used to hoist the anchor, can still 
accommodate the 120 sailors needed 
for the job. Replicas of the engine and 
the boilers have also been installed 
deep in the bowels of the ship. 

Although Warrior had revolution
ized warship building, for nearly 100 
years it survived by sheer good for
tune. Now restored and protected, 
Warrior is as much a testament to the 
technological feats of Victorian Brit
ain as it is a reminder of the vagaries 
of military technology in any age. 
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Eddie is one of 11 million reasons why you'll 
want to watch the Juvenile Diabetes Foundation's 

#Thanks for Giving" TV Special 

Here are a few more. 

Join hosts Michael Landon, Gloria 
Loring and others * in this unique 

program aimed at finding a cure for 
diabetes, which, with its complica

tions, is the nation's third largest 
killer disease. For information or to 

make a donation call 
1-800-JDF-CURE. 

Tune in Sunday, November 29 on 
U.S.A. Network. 

'Above stars are scheduled to appear. 
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THE AMATEUR 

SCIENTIST 
How to capture on film the faint glow emitted 

when sticky tap�led off a surface 

by learl Walker 

W hen common adhesive tape 
is peeled off a surface, it 
glows with a faint blue or 

blue-white light along the line where 
it separates from the surface. The 
glow is generated by numerous min
iature sparks that leap between the 
surface and the tape or along the tape 
itself. To see the light, adapt your 
eyes to darkness for at least 10 min
utes. Then pull the tape from, say, a 
glass pane held near your eyes while 
you look at the line of separation be
tween the tape and the substrate. 

What is going on? For the first min
ute or so after you stuck the tape to 
the glass, electrons moved across the 
interface of the two surfaces, drawn 
to either the glass or the adhesive 
by electrical forces. The migration, 
which is called contact charging, left 
electrically charged patches along 
the interface. Some patches acquired 
an abundance of electrons and be
came negatively charged, whereas 
others lost electrons and became 
positively charged. 

When you peel away the tape, you 
stretch, distort and rupture the adhe
sive material along the line of separa
tion. As the adhesive detaches from 
the glass and air fills the rupture 
zone, the patches of charge on the 
two surfaces separate. When their 
separation reaches a certain critical 
value, sparks jump through the air, 
exchanging charged particles be
tween oppositely charged patches 
to bring about a degree of electrical 
neutrality. 

Along the way the particles collide 
with the air's gas molecules, leav
ing the molecules in excited energy 
states. The molecules quickly return 
to the unexcited state by emitting 
light, some of which is visible. The 
air's nitrogen molecules, which hap
pen to emit light at the blue end of the 
visible spectrum, are responsible for 
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most of the glow you see. Additional 
light may be emitted by the surface 
of the glass or the tape when they 
are struck by the particle streams, 
and there are still other processes 
that may also generate some light. 
All the emissions are brief, but the 
glow appears to be continuous if 
you keep peeling the tape, thereby 
creating fresh patches of charge and 
more discharges. 

The separation glow is so faint that 
it is difficult to photograph by con
ventional means, but Tom Dickinson 
and Ed Donaldson of Washington 
State University have devised a clev
er way to record the glow on film. 
Working in a dark room, they peel 
the tape directly from the film itself 
or from a thin transparent plate laid 
on the film. When the film intercepts 
some of the light emitted by a spark, 
an image is recorded in the film's 
emulsion. When the film is devel
oped, it holds a record of the light 
emitted during the peeling process. 
Dickinson and Donaldson call such a 
record an "autograph" of the peeling. 
The experiments are part of their 
work on fracture problems involving 
adhesives, composites and ceramics. 

Sometimes the peeling mechanism 
creates a peculiar pattern of bright 
and dark stripes. In other cases it 
produces images of bright, isolated 
sparks. How the peeling proceeds de
pends partly on the type of surface to 
which the tape is attached. A variety 
of surfaces can be tested, but only 
transparent ones serve to expose 
film. A microscope slide works but 
produces blurred images because it 
is thick enough to allow the light 
from a spark to spread before--it 
reaches the film. 

Dickinson and Donaldson studied 
the glow characteristics of 3M Scotch 
Brand Magic Transparent Tape (No. 
810) and 3M Scotch Brand Filament 

Tape (No. 893). The adhesive on the 
transparent tape is alkyl acrylate and 
the backing is cellulose acetate. The 
adhesive on the filament tape is natu
ral rubber combined with a "tacki
fying" agent. The sticky face of the 
tape has more of the agent than the 
interior does, where glass filaments 
are bound to the polyester backing. 

The film types, all Polaroid brands, 
were chosen for their variety of sur
face coatings and sensitivity to light. 
Type 146 has an ISO rating of 200 and 
is uncoated. Types 47 and 107C are 
rated at 3,000 and have a gelatin coat
ing. Type 612 is rated at 20,000; the 
nature of its coating is proprietary 
information. 

The films were loaded into the 
opened rear section of Polaroid cam
eras that accommodate them, with 
the emulsion side of the film exposed 
for experimentation. When the room 
lights were on, the loaded film was 
protected by an opaque black card. 
With the lights off and the card re
moved, tape was pressed onto the 
film with a finger. After a few seconds 
it was peeled off and another tape 
was applied to a different area of the 
film. After two or three tapes had 
been peeled, the film was developed 
in the usual way by bringing it in 
contact with the developing material. 
Dickinson and Donaldson wondered 
if any residue left on the film by a 
peeled tape might create artifacts 
in the final pictures. They found no 
evidence that any residue interfered 
with the film's development or its 
sensitivity to light. 

Tape peeled directly off the film 
leaves images, but are they really 
due to visible light from sparks? Or 
might they instead be created when 
the emulsion is struck by particles, 
acted on by chemical species from 
the tape or illuminated by ultraviolet 
light from the sparks? To check for 
these other possibilities, tape was 
first peeled off a glass slide placed on 
the film. The slide was chosen be
cause it blocked particles and chemi
cal species and absorbed ultraviolet 
light. The images left under the slide 
were then compared with those pro
duced when the tape was peeled di
rectly off the film. The two sets of 
images differed only in sharpness 
(because the slide spread the light), 
indicating that visible light from the 
sparks must be the only significant 
source of the images on the film. 

After these early trials, tape was 
peeled directly off the film, normally 
a few seconds after being applied. To 
produce the autographs in the top il
lustration on the opposite page, the 
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transparent and filament tapes were 
peeled from left to right off Type 146 
film, with the rate of separation ac
celerating from about one millimeter 
per second to about five millime
ters per second. In both cases the 
pull on the tape was perpendicular 
to the plane of the film. Part of the 
autograph is striped. The rest of the 
display has many individual images 
that apparently were produced by 
rapid, intense bursts of light, making 
the autograph resemble a gathering 
of fireflies. Under magnification the 
structure of some of the individual 
images suggests that they were pro
duced by sparks flashing parallel to 
the film surface. 

The faster rate of separation pro
duces more pronounced stripes for 
the transparent tape, whereas for the 
filament tape a slower separation 
works best. The stripes result from 
periodic variations in the speed at 
which the tape separates from the 
film. The variations are similar to the 
"stick and slip" sequence observed 
when one surface slides over another 

surface. During the stick phase for 
the tape the separation is slow, yield
ing a few feeble sparks that barely 
expose the film. The sparks leave a 
dim (but not totally dark) line in the 
developed autograph. During the slip 
phase the separation is rapid, gen
erating vigorous, bright sparks that 
trace a bright line across the film. 
Both bright and dark regions are 
lines running across the width of 
the tape-film interface, because the 
full width of the tape uniformly un
derwent either stick or slip. 

The sharp features in the pattern 
must be due to sparks near or on 
the emulsion, because the light from 
such sparks had no chance to spread. 
The more diffuse features probably 
derived from sparks farther from the 
emulsion, perhaps along the tape 
surface after the surface was lifted 
from the film. Dark circles left in an 
autograph are caused by air bubbles 
trapped under the tape when it was 
applied to the film: charged patches 
are not created in a bubble area, be
cause the tape is not in contact with 

the film. Defects in the tacky side of 
the tape also produce regions that 
do not spark, thereby leaving unex
posed regions on the film. 

During a stick-and-slip separation 
the distance between the stripes de
pends on the properties of the adhe
sive, the backing and the film sur
face. For example, the stiffness of 
the tape partially determines the me
chanics of how the adhesive layer on 
the tape breaks free of the film. Dick
inson and Donaldson ran trials with 
transparent or filament tape stiffened 
by one or two layers of electrical tape 
attached to the backing. When the 
stiff composite was peeled at about 
the same rate as in previous trials 
with unstiffened tape, the distance 
between the stripes doubled to about 
two millimeters and the intensity of 
the sparks weakened. 

The distance between stripes also 
depends on the direction in which 
the tape is pulled. When it is pulled 
directly upward from the plane of the 
film, the stripes are closely spaced. 
When it is pulled along the plane of 

Autographs left by Magic Transparent Tape (left) and Filament Tape (right) that were peeled at an accelerating rate 

The effect of changing the direction of pull The effect of putting pressure on the bottom half of the rape 

A tape with letters (top) and their autographs (bottom) A tape with foil (top) and the foil's autograph (bottom) 
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Discharges from and along a tape that is being peeled 

the film, the stripes are farther apart. 
There are also more high-intensity 
sparks then, presumably indicating 
that the distortion and rupture of the 
adhesive must be severe at times, so 
that highly charged patches are cre
ated. To make the autograph in the il
lustration at the middle left on the 
preceding page the tape was first 
pulled along the plane of the film and 
then pulled directly upward. 

The pressure with which a tape is 
attached to the film influences the 
extent of sparking. When Dickinson 
and Donaldson attached one strip of 
Magic Transparent Tape to a Type 
lO7e film, they pressed particularly 

�t Pull 

"1-'<-

firmly on the bottom half of the strip. 
When the tape was peeled, more and 
brighter images were produced in 
the bottom half [see illustration at mid
dle right on preceding page]. The influ
ence of pressure can sometimes be 
seen without extra pressing because 
of the way the transparent tape lifts 
off a surface: the edge of the tape 
flexes just before it lifts off, pressing 
down on its tacky side. The firmer at
tachment of the edge prior to separa
tion increases the sparking that takes 
place in the course of separation, and 
so the autograph displays a bright 
outline of the tape's edge. 

The rupture of a tape's adhesive 

material at an interface with a surface 
is called adhesive failure. In contrast, 
the rupture of a single type of materi
al is called cohesive failure. It is nor
mally considerably weaker than ad
hesive failure in producing charged 
patches and the consequent spark
ing. To test this idea, Dickinson and 
Donaldson found a way to have both 
types of failure take place during the 
peeling of a strip of Magic Transpar
ent Tape. They first stuck a layer of 
Scotch Brand double-sided tape (both 
sides of which are sticky) to the film. 
On the tape they attached three let
ters, W, Sand U. that they had cut from 
the transparent tape. The sticky side 
of the letters faced down. Then they 
stuck a strip of Magic Transparent 
Tape over the entire length of the 
double-sided tape. 

When the strip of Magic tape was 
peeled away from the double-sided 
tape, both types of failure took place. 
Where the strip was pulled directly 
from the double-sided tape, the Mag
ic tape underwent cohesive failure, 
because the separating surfaces were 
identical in composition. Where the 
Magic tape was pulled from the back
ing of the tape forming the letters, it 
underwent adhesive failure, because 
the separating surfaces were unlike 
in composition. 

In order to avoid any additional 
production of light, the double-sided 
tape was then lifted off the film gently 
while being wetted with methanol 
applied with a cotton swab. As the 
methanol seeped into the crack be
tween the tape and the film, either it 
eliminated the sparking by providing 
a conducting path for the electrons or 
it destroyed the tape's adhesive bond 
with the film. When the film was de-

The point discharge between aluminum foil and film 
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veloped, the letters showed up as 
white on a dark background [see illus
tration at bottom left on page 139]. Ap
parently the adhesive failure had 
produced sparking, whereas the co
hesive failure had produced little or 
no sparking. The result was some
what counterintuitive, because the 
tape had been more difficult to pull 
during cohesive failure, incorrectly 
suggesting that cohesive-failure 
sparking should be more vigorous. 

Dickinson and Donaldson noticed 
that fingerprints on the sticky side of 
a tape reduced the sparking when 
the tape was peeled off film. The oil 
from the finger reduces the adheSion 
of the tape, and it may also provide 
a conducting path, reduCing the 
chance that there will be a discharge 
through the gas that fills the crack 
during the peeling. (Uncontaminated 
regions underwent normal spark
ing.) Ink deposited by a felt-tip pen 
on the sticky side of the tape or on 
the film's emulsion Similarly dimin
ished the sparking. 

When tape is peeled off film, the 
distribution of charged patches cre
ates strong electric fields in the crack 
region. Suppose a metal conductor 
such as aluminum foil is sandwiched 
between the tape and the film, so that 
when the tape is peeled, the foil is 
pulled up along with it. Does the 
presence of the foil alter the distribu
tion of charge and subsequent spark
ing? Dickinson and Donaldson sand
wiched several small pieces of foil 
between Magic tape and film [see illus
tration at bottom right on page 139]. 
One would expect that when the tape 
was peeled, sparking would be nor
mal except for where the foil lay
that there the absence of adhesive 
failure would prevent sparking, leav
ing a dark replication of the foil's 
shape on the developed print. In
deed, the print did have such replica
tions, but each had curious bright 
bands along the right-hand edge (re
member that the peeling is from left 
to right) and sometimes along the top 
and bottom edges; there was no band 
along the left-hand edge. The bands 
were separated from the rest of the 
autograph by a dark zone where the 
thickness of the foil had kept the tape 
from adhering to the film. 

What accounts for these bands? 
When the peeling reaches the left 
edge of a piece of foil, some of the 
charges created there are conducted 
throughout the foil. For example, if 
the left edge of the foil receives an 
abundance of electrons, the entire 
foil becomes negatively charged as 

the electrons spread over it. Their 
concentration is greatest along the 
edges, particularly at sharp irregular
ities left by the scissors when the foil 
was cut. Regions of film just below 
the edges of the foil become positive
ly charged as some of their electrons 
are driven away by the electrons on 
the foil. An electric field then exists 
between the edges and the underly
ing film. When the field is strong 
enough, a discharge through the air 
trapped under the foil brings elec
trons to the film to neutralize both 
foil and film. As the peeling contin
ues, more sparks are produced. 

If the foil's right edge has been cut 
to form a point, the electric field is 
stronger there, because charges con
gregate more at points than they 
do along straight edges. The bright 
sparking that ensues creates a bright 
band in the replication of the point in 
the developed film. The peeling need 
not reach the point to create the 
band. To show this, Dickinson and 
Donaldson stopped the peeling sev
en millimeters short of the point on a 
triangular section of foil. To prevent 
further sparking, they then removed 
the rest of the tape by wetting it with 
methanol. When the film was devel
oped, a bright band marked the point 
of the triangle's replication. 

The tendency of adhesive tape to 
emit light when it is peeled off a sur
face can be judged by peeling it near 
the antenna of a transistor radio that 
is tuned to an unused portion of the 
AM spectrum. (The antenna is proba
bly near the top of the radio.) The dis
charge brought about by the peeling 
emits radio noise with an intensity 
roughly proportional to the bright
ness of the sparks. Peel the tape a 
second or so after it has been applied 
and then try longer delays. Does the 
noise level vary? Try different sur
faces and peeling speeds. Does the 
radio pick up the noise if it is tuned to 
the FM spectrum? What happens to 
the noise if the tape is surrounded by 
air of high humidity? 

You might investigate how tape 
peels under other circumstances. For 
example, sprinkle metallic dust, lyco
podium powder or fine flour lightly 
over the sticky side of the tape be
fore applying it to the film. Are the 
autographs altered? What happens 
if you sandwich a fine metallic mesh 
between the tape and the film? You 
might also like to investigate the 
peeling characteristics of some non
adhesive materials, such as plastic 
food wrap. I should be pleased to 
hear about your findings. 

SCIENTIFIC 
AMERICAN 

CORRESPONDENCE 

Offprints of more than 1,000 selected articles 

from earlier issues of this magazine, listed in an 

annual catalogue, are available at $1.25 each. 

Correspondence, orders and requests for the cata

logue should be addressed to W. H. Freeman and 

Company, 4419 West 1980 South, Salt Lake City, 

Utah 84104. Offprints adopted for classroom use 

may be ordered direct or through a college book
store. Sets of 10 or more Offprints are collated by 

the publisher and are delivered as sets to book

stores. 

Photocopying rights are hereby granted by Scien

tific American, Inc., to libraries and others reg

istered with the Copyright Clearance Center 

(CCe) to photocopy articles in this issue of SCI EN
TIFIC AMERICAN for the flat fee of $1.25 per copy 

of each article or any part thereof. Such clear

ance does not extend to the photocopying of ar

ticles for promotion or other commercial pur

poses. Correspondence and payment should be 

addressed to Copyright Clearance Center, Inc., 

21 Congress Street, Salem, Mass. 01970. Specify 

CCC Reference Number ISSN 0036-8733/87. 
$1.25 + 0.00. 

Editorial correspondence should be addressed to 
The Editors, SCIENTIFIC AMERICAN, 415 Mad

ison Avenue, New York, N.Y. 10017. Manu

scripts are submitted at the authors' risk and will 

not be returned unless accompanied by postage. 

Advertising correspondence should be addressed 

to Advertising Manager, SCIENTIFIC AMERICAN, 
415 Madison Avenue, New York, N.Y. 10017. 

Address subscription correspondence to Sub

scription Manager, SCIENTIFIC AMERICAN, P.O. 

Box 953, Farmingdale, N.Y. 11737. Telephone 

inquiries: 1-800-227-5782. The date of the last 

issue on subscriptions appears at the right-hand 

corner of each month's mailing label. For change 

of address notify us at least four weeks in advance. 

Please send your old address (if convenient, on 

a mailing label of a recent issue) as well as the 

new one. 

Name 

New Address 

Street 

City 

State and ZIP 

Old Address 

Street 

City 

State and ZIP 

14 1 

© 1987 SCIENTIFIC AMERICAN, INC



COMPUTER 
RECREATIONS 

Simple special effects illustrate the 
art of converting algorithms into programs 

by A. K. Dewdney 

S
pecial effects do not always reo 
quire the technical equipment 
and financial backing of a major 

motion-picture studio. Fabricators of 
fantasy can now generate limited but 
somewhat startling phenomena on 
their home computer with the aid of 
what might be called special-effects 
programs. Imagine, for example, that 
writhing worms were suddenly to 
crawl about vividly on one's display 
screen. A special-effects program can 
produce such a sight. What if the dis
play screen were to liquefy unex
pectedly? Raindrops falling here and 
there send circular ripples ever out
ward. That is also an easily managed 
special effect. Finally, suppose the 
screen becomes a window to a uni
verse of stars that explode or stream 
by. Here one might be on board a 
spaceship flying down a corridor of 
stars. A third program produces such 
an illusion economically. 

Economy of means is a feature of 
such programs, to my mind; if the ef
fect is startling, so much the better if 
the program producing the effect is 
startlingly short. What more suitable 
vehicle could escort readers into the 
wider universe of ideas and appear
ances lying in wait behind the dis
play screen? In particular, judging 
from a small but persistent fraction of 
my mail, there are computer neo
phytes who stare disconsolately at 
the pages of this department, unable 
to convert the algorithms presented 
here into working programs. They 
stand on the sidelines as the parade 
of Mandelbrot sets, word scramblers, 
FACEBENDERS, primordial soups and 
star clusters passes by. They can 
only guess at what joy there is in 
seeing an algorithm take on the flesh 
and blood of program hood. 

For those readers, then, I shall do 
more this month than merely de
scribe how the above special effects 
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can be made. This once I shall ex
plain the nuts and bolts of converting 
an algorithm into a program. I shall 
describe how to cover one's screen 
with worms in both a general algo
rithmic language and a speCific pro
gramming language, BASIC. Besides 
this I shall show how to construct the 
algorithm itself and give an example 
of the art of conversion as a way of 
providing an entree to past and fu
ture columns. Perhaps neophytes 
themselves will undergo a kind of 
conversion. 

What protohacker can resist the 
temptation to write a program that 
will produce some lively, electronic 
annelids? It deflates expectation only 
a little to realize that each worm is 
nothing more than a chain of circles. 
But to program any special effect (or 
anything else for that matter), one 
must temporarily set aside expecta
tion in favor of analysis. How does 
the worm move? By adding a new cir
cle at the head and removing one 
from the tail. The resulting effect of 
motion-that of a whole creature slid
ing along-is surely an illusion, but it 
brings the piece off. 

The program I call WORMS began to 
hatch when I first viewed the effect 
on my new SUN computer. Someone 
had added this eye-catcher to the ba
sic menu of system and utility pro
grams normally inhabiting a new
ly delivered machine. This someone 
had perhaps assumed that the sight 
of worms writhing on the large SUN 

display screen would make the buy
er think the expense of the machine 
was justified. 

The program actually hatched 
when I wondered how the effect of a 
crawling worm was realized. A close 
inspection of the screen made it more 
or less immediately obvious that the 
entire sense of motion was achieved 
by drawing a new circle at the head 

of the worm and erasing an old one 
from the tail. "Aha," I said to myself, 
"easy!" I briefly visualized a very 
short program until I realized that a 
program that would erase a circle 
previously drawn must first remem
ber where the circle is. Since every 
circle in a worm must eventually be 
erased, every circle would have to be 
remembered. 

One of the simplest data structures 
for remembering a large number of 
similar items is the array. I therefore 
thought next about how I would 
store the circles in an array. Whatev
er language one is writing in, the 
graphic command to draw a circle (or 
to erase one by drawing it black) nor
mally uses the two coordinate pOints 
of the circle's center as well as its ra
dius. The radius of the circles consti
tuting my worm would be constant 
but centers would change from one 
circle to the next. It was therefore 
necessary to store only center coor
dinates. Because they were different 
numbers, it was convenient to store 
them not in one array but in two. I 
decided to call them xcirc and ycirc. 
Thus xcirc(i) would be the x coordi
nate of the ith circle and ycirc(i) 
would be its ycoordinate. 

The resulting arrays posed the 
major programming challenge of 
WORMS; somehow the program would 
have to add new circles to the array 
even as it deleted old ones. Like a 
worm, the arrays themselves would 
constitute a chain of circles. But 
the arrays would not move across 
the screen. Instead a special vari
able called a pointer would indicate 
which array position currently held 
the creature's tail-end circle. In both 
mathematics and computing there is 
a marvelous power in the simple act 
of naming. Calling the pointer vari
able tail immediately gave me a key 
statement in WORMS: 

tail <- tail + 1 

In other words, with each major cy
cle of the program's operation the 
tail pOinter would move one position 
along in the arrays. 

If, for example, tail were currently 
equal to 7, the last circle in the worm 
would have its center coordinates at 
xcirc (7) and ycirc (7). When the assign
ment shown above is carried out, the 
new value of tail will be 8. Meanwhile 
a new head circle must be drawn and 
its coordinates put in the arrays xcirc 
and ycirc. The logical place to put 
these coordinates is in the position 
currently occupied by the coordi
nates of the old tail: position 7. 
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At this point I had not the slightest 
idea how the program would decide 
where to draw new head circles on 
the screen; this was a completely 
separate issue that I would deal with 
later. A frequent cause of difficulty in 
designing programs lies in the confu
sion that results when different com
putational demands become mingled 
in the mind. Divide et impera. 

Before even beginning to sketch an 
algorithm for WORMS on paper I had 
the idea of creating the two arrays 
that would contain all the circles cur
rently appearing in a given worm. 
The pointer tail would move along 
each array, replacing an old tail
circle coordinate by a new head
circle coordinate. What would hap
pen, however, when tail reached 
the end of the array? It would jump 
back to the beginning, of course, us
ing modular arithmetic. If the worm 
were composed of 10 circles, for in
stance, and the old value of tail 
were 9, the new value of tail would be 

O. Here is what the algorithm looked 
like at this point: 

loop 
tail <- tail + 1 (modulo something) 
get new head coordinates 
insert in xcirc(tail) and ycirc(tail) 
draw new head 
erase tail 

end loop 

The real usefulness of the algo
rithmic approach to the design and 
specification of computer programs 
lies in the wonderful vagueness and 
flexibility of algorithmic language. 
The designer may say anything he 
or she wants at any point in the algo
rithm, as long as the statement has 
a potential meaning that can be 
fleshed out later. For example, I had 
put off the question of just how the 
program would arrive at new head 
coordinates by writing "get new 
head coordinates." This would prob
ably become several lines in a more 

detailed algorithm. Even at such a 
coarse level of detail I found that the 
algorithm immediately led to a clear
er vision of just how the program 
should be structured. I even found 
a mistake: how would the program 
know how to "erase tail" if it did not 
know where it had been? Farther up 
in the loop the tail coordinates had 
just been overwritten with the new 
head coordinates. Erasure of the old 
tail would have to be done earlier in 
the loop, namely before the coordi
nate replacement was carried out. I 
amended the algorithm accordingly. 
Beginners may want to try to fix the 
algorithm themselves before going 
on and seeing what I did. 

It was now time for a second pass 
through the algorithm. What kind of 
loop would I embed the entire thing 
in? The question immersed me right 
away in the problem of terminating 
the worm. The simplest scheme I 
could think of involves a fixed num
ber of iterations in a for-loop in which 

A worm that leaves tracks (top), falling rain (bottom left) and a stellar explosion (bottom right) 
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some index mindlessly counts out 
several thousand iterations during 
which the worm would wriggle about 
the screen. But the preferred mode 
for ending the worm's career is to hit 
a key. Hence a repeat loop seemed in 
order. The program would repeat the 
instructions inside the loop until a 
human being hit a designated key. 

I also had to decide what to substi
tute for "something" in the first in
struction of the loop. The modulus 
would have to be the size of the ar
ray. This led directly to the question 
of how long to make the worm. I arbi
trarily decided that 25 circles would 
yield a fairly active-looking worm. 

The algorithm for WORMS now 
looked like this (where "mod" stands 
for "modulo"): 

repeat 
tail <0- tail + 1 (mod 25) 
erase tail 
get new head coordinates 
insert in xcirc( tail) and ycirc( tail) 
draw new head 

until keystroke 

Continuing to refine the algorithm, 
I replaced "erase tail" by something a 
little closer to the command I intend
ed to use ultimately. Since I wanted 
to draw a black circle where formerly 
a light one (on my otherwise dark 
screen) had been, I inserted the state
ment "black circle at circ(tail)," 
which means that a black circle with 
its center at xcirc( tail) and ycirc(tail) 
should be drawn. 

I now had to face how to "get new 
head coordinates." By what mech
anism might the program decide 
where to draw the next head circle? 
It obviously had to be close to the 
preceding one and somewhere in 
"front" of it. Furthermore, in order 
for the twists and turns of the worm 
to look natural, the new direction 
taken should not be too different 
from the old one. Here the solution 
lay in a single variable called dir. 
Short for direction, it would contain 
the current heading of the worm in 
degrees. At each iteration of the main 
loop the program would increase or 
decrease dirrandomly by 10 degrees. 

It was time now to decide how 
close the circles should be and, in
deed, how big to make them. Tenta
tively, a radius of 4 seemed rea
sonable. Since the worm had to look 
connected, the circles would have 
to overlap. I replaced "get new head 
coordinates" by 
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change <0- random 
if change < .5 

then dir<o-dir + 10 
else dir<o-dir - 10 

x <0- xCirc(tail - 1)  
y<o-ycirc(tail- 1) 
newx<o-x+ 4.cosine(dir) 
newy<o-y + 4. sine(dir) 

The algorithm fragment selects a ran
dom number called change. Most pro
gramming systems provide random 
numbers between 0 and 1. Since a 
random number in this range will be 
less than .5 roughly half of the time, 
the variable dir will be incremented 
half of the time. This will be true only 
in the long run, of course. In the short 
run dirwill be increased or decreased 
unpredictably by 10 degrees. The co
ordinates x and y are simply the co
ordinates of the previously drawn 
head. The last two statements are 
just high school computations that 
employ the elementary trigonomet
ric functions cosine and sine to get x 
and y increments scaled to size 4. Co
ordinates of the new head emerge. 

It took only two more steps for me 
to refine the algorithm. Putting the 
new head coordinates in xcirc(tail) 
and ycirc(tail) was now easy-it was a 
simple assignment statement. Draw
ing the new head involved a pseudo
plot command of the form used earli
er to erase the tail. 

Finally, I had to initialize the arrays 
and variables at the beginning of 
the algorithm. Here I set the pointer 
tail to 1 and xcirc( 1) and ycirc( 1) to 
100 each. The remaining entries of 
these arrays were assumed to be au
tomatically set to o. The direction 
variable dir was initialized to O. The 
worm would thus begin at the point 
(lOO,lOO) and head in the O-degree di
rection. The point (lOO,lOO) is a kind 
of shorthand for the actual center of 
one's screen. This may vary from 
machine to machine. 

One problem remained: What if the 
worm crawled off the screen? I decid
ed to incorporate a wraparound fea
ture in the program. An x or y coordi
nate that wandered outside the range 
of allowable screen values would 
automatically be converted into a 
coordinate on the opposite side of 
the screen. Assuming a hypothetical 
screen on which coordinates range 
from 0 through 199, the following 
computation converts each coordi
nate outside this range into one that 
lies inside it: 

newx<o-newxmod 200 
newy<o-newy mod 200 

The modulus function is available 
in virtually every programming lan-

guage. It divides the number to 
be converted (newx) by the modulus 
(200) and computes the remainder. 
The variable to which the remainder 
is assigned (newx) now carries the 
value of the modular computation. 

So much for WORMS. Or should I 
have called it WORM? The algorithm 
provides for just one. To add S mean
ingfully, readers may employ one set 
of arrays for each worm that is to ap
pear. In any event, the algorithm I 
have so far specified appears in the il
lustration on the opposite page. An 
equivalent BASIC program appears 
alongside it. It would be most upset
ting to this teacher to learn that any 
reader had merely typed the BASIC 

program into his or her machine 
without absorbing the lessons care
fully spelled out here. 

A line-by-line comparison of the al
gorithm and the program discloses a 
fairly close similarity between them. 
Indeed, two major blocks of instruc
tions within the algorithm survived 
the translation into BASIC (IBM PC 
BASIC version 3.0) with very little 
change. Major differences revolve 
around implementation features of 
BASIC'S key facility on the IBM PC, and 
also on the absence of the repeat loop 
from this version of BASIC. 

In the first category, KEY(l) (the 
function key Fl on the IBM PC key
board) was selected as the trigger for 
turning off the program once a user 
had become tired of watching the 
worm wriggle about on the screen. In 
line 70 the program turns the key on, 
Signaling the underlying BASIC sys
tem to watch for signals emanating 
from the Fl key. In line 90 the KEYOFF 

command removes the BASIC options 
display at the bottom of the screen to 
make way for the worms. The main 
instruction involving the Fl key, 
however, occurs at line 60. Here the 
system is instructed to jump to state
ment 290 if the user presses F1 .  At 
line 290 the screen is cleared and ex
ecution stops at the END statement. 

In the second category, the ab
sence of a repeat loop made it neces
sary to construct an equivalent form 
of execution control by means of 
the GOTO command at line 280 of the 
program. This causes execution to 
jump back repeatedly to line 110 until 
someone pushes the Fl key. The po
sition of the resulting loop is signaled 
by two comments, one at line 100 and 
the other at line 270. These com
ments were inserted for the sake of 
indicating the intended loop struc
ture to readers. 

Other differences also came about 
from writing WORMS in BASIC. State-
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ment 10 sets the dimensions of the ar
rays to 25 entries each. Statement 80 
sets up the high-resolution screen for 
the IBM Pc. Here the points are close 
together. In line 110 a new variable 
wastail takes the value of tail just be
fore the latter variable is decrement
ed. Hence wastail in the program 
can replace tail - 1 in the algorithm 
where x and y are computed. The 
main reason for using wasta ii, howev
er, is that tail, an array index, cannot 
have the value zero in this version of 
BASIC. Consequently in statement 120 
the 1 is added after the modulus is 
taken, not before. In the algorithm I 
was merely being sloppy, imagining 
that the index tail ran from 0 through 
24. The actual circle-drawing com
mand of the IBM PC BASIC occurs at 
line 130. The center of the circle is at 
XCIRC(TAIL) and YCIRC(TAIL) ; the radius 
is 4 and the color is 0 (black). 

In line 150 the variable DIR is incre
mented not by 10 degrees but by the 
roughly equivalent angle of .1745 ra
dian. (The IBM PC BASIC does not use 
degrees.) In lines 200 and 2 10 the 
variables NEWX and NEWY are limited 
to sizes 600 and 200 respectively. 
This forms a box just inside the IBM 
PC display screen. The modulus facil-

xcirc(l)� 100 

ycirc(l)� 100 

dir�O 
tai/�l 
repeat 

tai/<f,- (tail + 1) mod 25 

black circle at circ(tai/) 
change<f,- random 

if change < .5 

then dir� dir + 10 

else dir� dir - 10 

x � xcirc(tail - 1) 

y � ycirc(tail - 1) 

newx � x + 4 • cosine (dir) 
newy� y + 4 • sine (dir) 
newx� (newx + 100) mod 200-100 

newy� (newy + 100) mod 200 - 100 

xcirc(tai/) <f,- newx 
ycirc(tai/) � newy 
white circle at (newx, newy) 

until any key 

ity in BASIC reduces positive numbers 
quite nicely but fails to work on nega
tive numbers. Thus when a worm 
crawls off the screen in a negative di
rection, the modulus is taken by add
ing the appropriate screen dimen
sions, as in lines 220 and 230. A worm 
that crawls off one edge of the box 
will reappear on the other side. At 
line 290 the SCREEN 0 command re
sets the screen for any ensuing textu
al displays. 

WORMS lovers can enhance their 
program by inserting a RANDOMIZE 

command before the loop begins, 
preventing the worm from retracing 
its path. They can also add provi
sions to restart the program, if they 
want to. They can also add a little 
trail of dots as we have done in the 
exemplar worm displayed in the top 
of the illustration on page 143. 

The other special effects I men
tioned above might now conceivably 
be programmed, even by neophytes, 
if the following hints suffice. 

The program I call RAINDROPS se
lects a random point on the display 
screen and draws a succession of cir
cles of ever increasing radii about 
it. Then the program selects anoth
er point and repeats the circle-draw-

ing procedure. RAINDROPS continues 
in this way until the rainmaker de
presses a key. Thus there are two 
loops, an outer loop in which the 
point is selected and an inner loop 
in which the surrounding circles are 
drawn. RAINDROPS converts two ran
dom numbers between 0 and 1 into 
screen coordinates by multiplying 
them by the respective dimensions 
of the screen. The resulting point 
(x,y) becomes the center for a succes
sion of circles drawn by the inner 
loop. Let an index k run from 1 
through 25 while white (or light-col
ored) circles are drawn. The centers 
are at (x,y) and the radii take on the 
values 4k. It is simpler to leave all the 
circles so drawn on the screen. But it 
is more realistic to have just one cir
cle or a few circles spreading out
ward. To obtain just one, RAINDROPS 

must erase (redraw in black) the cir
cle with radius 4(k - 1) after the cir
cle with radius 4k is drawn. 

STARBURST displays a stellar explo
sion. The experience can also be 
seen as the trip down a vast corridor 
of stars that pass one's armchair 
spaceship at warp speed. The stars 
move by small increments along 
lines of perspective toward the view-

10 DIM XCIRC(251. YCIRC(25) 

20 XCIRX(l) = 100 

30 YCIRC(l) = 100 

40 DIR = 0 

50 TAIL = 1 

60 ON KEY(l) GOSUB 290 

70 KEY(l) ON 

80 SCREEN 2 

·90 KEY OFF 

100 'repeat 

110 WASTAIL = TAIL 

120 TAIL = (TAIL MOD 25) + 1 

130 CIRCLE (XCIRC(TAILl. YCIRC(TAIL»,4,O 

1 40 CHANGE = RND 

� 
150 IF CHANGE < .5  THEN DIR = DIR + .1745 ELSE DIR = DIR - .1745 

160 X = XClRC(WASTAIL) 

170 Y = YClRC(WASTAIL) 

180 NEWX = X + 4 * COS(DIR) 

190 NEWY = Y + 4 * SIN(DIR) 

200 NEWX = NEWX MOD 600 

210 NEWY = NEWY MOD 200 

220 IF NEWX < 0 THEN NEWX = NEWX + 600 

230 IF NEWY < 0 THEN NEWY = NEWY + 200 

240 XCIRC(TAIL) = NEWX 

250 YCIRC(TAIL) = NEWY 

260 CIRCLE(NEWX , NEWY),4,l 

270 'until key pressed 

280 GOTO 110 

290 SCREEN 0 

300 END 

Converting WORMS from an algorithm into BASIC 
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er. The increments themselves in
crease as the stars approach. Nearer 
objects appear to move faster than 
distant ones. STARBURST is more com
plicated than RAINDROPS, however. It 
must keep track of all the stars cur
rently appearing. Readers may use 
an array called stars to this end
more correctly two arrays, as in 
WORMS-to store the x and y coordi
nates of individual stars. The z coor
dinates are implicit in the apparent 
motion of the stars. 

When a star first appears at the ori
gin 000,100), motion increments are 
at first very small. The increments 
get steadily larger as stars approach 
the observer (or vice versa), increas
ing by an amount inversely propor
tional to z, its supposed distance from 
the observer. Programmers may plan 
on, say, 25 increments per star before 
it flashes past. The distance z to a giv
en star may thus be taken as 25 - k ,  
where k is the number of iterations in 
the star's history. 

The grand loop for STARBURST in
volves the creation of a new star, the 
destruction of an old one and an in
crement for every star in the arrays. 

The resourcefulness of our read
ers never fails to amaze me. Hav

ing implied in the August column on 
word webs that anyone without a 
computer need not concern herself 
or himself with certain problems, I 
find those very people knocking on 
the door, solutions in hand. 

In particular, I posed the general 
question of converting one n-letter 
word into another by way of a se
quence of intermediate words. Only 
one letter at a time may be changed. 
The result is a word ladder. In the 
case of n = 2, for example, all two-let· 
ter words (in the dictionary I provid
ed) are connected by word ladders. 
I left open the question of whether 
all n-letter words are connected for 
higher values of n. It proved hardly 
necessary to use computers to ex
plore the interconnections. 

Many readers offered gnu to settle 
the three-letter case. For n = 5 a num
ber of others offered xylem. These 
forays depended only on the insight 
that a word that cannot be connect
ed to any others settles the issue; 
then others cannot be connected to 
it. According to George A. Miller of 
San Francisco, there are 1 ,217 En
glish words to which horse (my own 
example) cannot be connected. Mil
ler has a program that determines 
all possible word ladders. It can be 
ordered from him at 2426 Bush 
Street, San Francisco, Calif. 94115. 

A highly interesting variation of 
word ladders is suggested by Paul L. 
Blass of Florham Park, N.]. In addition 
to substituting single letters, let the 
words crawl sideways like worms, 
shortening or lengthening by one let
ter at each end. 

By employing one or two slippery 
intermediaries (such as orad), Joseph 
M. Erhardt of Richmond, Va., discov
ered a way to transform evil into 
good. Dennis Farr wrote from Fra
mingham, Mass., to display a ladder 
stretching from solid to plane. He did 
some flips and a slide on the way. 

The Martian word problem dealt 
with webs of a different kind: Giv· 
en a dictionary that lists allowed sub
stitutions of one string for another, 
transform an initial word into a final 
one. The problem was solved by Al
fred V. Perthou, III, of Seattle, Wash., 
and Edward ]. Groth of Scottsdale, 
Ariz. The puzzle falls apart once it is 
realized that the few dictionary en
tries amount to simple rules that al
low one to shuttle symbols about. 

Some of the best fun arose from the 
computational word-bender created 
by Ron Hardin and featured in the 
August column. Readers may recall 
the strange verse entitled "Tweeze 
Denied Beef Worker Isthmus," a tor
tuous sound-alike of the familiar 
Christmas poem by Clement Clarke 
Moore. The art was already old in the 
hands of computerless humans. Ron
ald C. Read, a mathematician and 
gamester at the University of Water
loo in Ontario, told me of a French 
(kind of) book called Mots d 'Heu res: 
Gausses, Rames, or "Mother Goose 
Rhymes," which contains such per
versions as "Lit-elle messe, Moffette." 

In English there is literature of this 
ilk. Two readers sent in the charming 
"Ladle Rat Rotten Hut." For such, a 
computer is hardly necessary. D. H. 
Wood of Montreal, Quebec, rendered 
the carol "It Came upon the Midnight 
Clear" with new lyrics: "Eat cane a 
pond am I'd knight glare." Finally, 
Richard Tilden wrote from Somer
ville, Mass., to remind me that Walt 
Kelly, the beloved American cartoon
ist, had constructed a number of 
pieces including "Deck the Halls with 
Boston Charlie" and "My Bonnie Lice 
Soda Devotion." 

I am subscribing forthwith, after 
much needless delay, to the maga
zine Word Ways. I have heard so 
much about all the art in the field of 
word webs from the editor, A. Ross 
Eckler, that I cannot wait any longer. 
Readers can subscribe by writing to 
Eckler at Spring Valley Road, Morris
town, N.]. 07960. 
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In tests of exercise efficiency at a 
major university, NordicTrack burned 
more calories and provided greater 

cR-'.,,,.JU.<.; 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. 

With flQJlust(20/e 
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
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BOOKS 
A vacation trip for young readers 

around the world of science 

by Philip and Phylis Morrison 

Physical Sciences 

EXPLORING THE NIGHT SKY: THE EQUI

NOX AsTRONOMY GUIDE FOR BEGIN

NERS, by Terence Dickinson. Prin
cipal illustrations by John Bianchi. 
Camden House Publishing Ltd., dis
tributed by Firefly Books, 3520 Phar
macy Avenue, Unit l-C, Scarbor
ough, Ontario, Ml W 2T8 ($9.95). 

The starry sky has been caught 
well in these full-page paintings; they 
evoke-particularly for the begin
ner-the sense of pattern and the 
subtle contrast better than the cam
era can. One among the plates offers 
the sky surrounding bright belted 
Orion, viewed across a snow-cov
ered stretch of pine woods. Some six 
dozen stars are painted in, along with 
a key map, names, time and direction 
in which to look. So far this is famil
iar, if unusually convincing; every 
star guide has a version of such an 
image, the myriad fire folk breathtak
ing in the velvet night. The next page 
is unique, yet exactly what tyros 
need. Here is the same stretch of sky. 
Now the foreground is a city scene, 
and the stars are city stars in the per
petual twilight of the city sky: belted 
Orion and scarcely a dozen more. 
This is unusually realistic help, fulfill
ing the book's claim that it is an "as
tronomy guide for beginners. " 

The first two sections of this main
ly pictorial book complement the sky 
plates very well: they enhance the as
tronomical imagination rather than 
the grasp of the unaided eye. A cos
mic voyage is set out in 10 paintings 
of scenes at growing scale. The first 
step shows a view of the moon's sur
face from close by, bright crescent 
earth as background. The last is a 
cluster of galaxies. On the way we 
visit many planets; we even gaze at 
the grand disk of the Milky Way from 
one in the Magellanic Cloud. The sec
ond section treats yet more "alien 
vistas," the stuff of speculative head
lines, from other planets to quasars. 
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Here a little hyperbole enters, al
though not much: icicles on Pluto are 
hard to credit, and black holes are 
given enthusiastic play. A table with 
a fine diagram of nearby stars drawn 
in color and to relative size is per
haps the most abstract page of this 
admirable work from Canada. It is 
a beginner's bargain that is hard to 
beat, well suited for readers in the 
middle grades on up (and their el
ders too). 

THE GEYSERS OF YELLOWSTONE, by 
T. Scott Bryan. Revised edition. Col
orado Associated University Press 
(paperbound, $7.95). 

Old Faithful is so worn a souvenir 
of casual tourism that its wonder is 
now somewhat obscured. Never did 
it jet faithfully "every hour, on the 
hour"; its actual rhythms have been 
carefully measured. Nearly 50,000 
events yielded a mean interval of 
64. 9 minutes, between observed ex
tremes of 33 and 120 minutes. This 
small bargain volume is a compre
hensive field guide to the 300-plus 
active geysers that play within our 
oldest national park. It covers the 
subject spout by spout from the little 
fellows like one-foot Lime Kiln Spring 
up to Giant, whose rare big burst of 
steamy water reaches past a height 
of 200 feet. The book is a tribute to 
and a tool for the geyser gazers, the 
amateurs who watch fondly night 
and day over the entire striking as
sembly of geysers (more than half of 
all the active ones in the world are 
there in Yellowstone National Park) 
with patience and enthusiasm. 

Like all subjects admired by natu
ralists, geysers have names, char
acteristics, locations. All the known 
geysers are mapped, disputed over, 
judiciously listed and compared in 
this volume. The water in Sawmill's 
pool spins during an eruption. For Jel
ly, dormant intervals are long and 
brown algae grow thick in the pool. 
These inanimate fountains form an 

ecology, interacting, shifting, even 
competing. The lucky observer can 
be first to report such changes. The 
intricate plumbing of crack and crev
ice through which cold groundwater 
finds its way to hot rock and back, 
and the unstable consequences of 
boiling flow under the variation of 
pressure with depth, rule the geyser 
phenomenon. 

T. Scott Bryan makes clear how the 
subtler chemistry of the basin rock is 
decisive as well. In Yellowstone the 
dozen geyser basins lie in recent vol
canic fields of silica-rich rhyolite. 
The silica dissolves and redeposits 
as opal-like stuff to seal the unseen 
plumbing and build the visible cones 
and pools that house the geysers. 
Underground changes invisibly con
trol the flow: Daisy's Thief, a new jet 
that emerged in 1942, spouts mo
ments before Daisy, siphoning off 
just one of her regular eruptions. 
Earthquakes induce more extensive 
changes over the years. 

The lore is outlined here in genu
ine fondness for the geyser-gazing 
art. It is also recounted in defense of 
these somewhat fragile organisms of 
water, steam and brittle rock against 
attack by boot, spade and willful 
blocking. Although the book focuses 
primarily on Yellowstone, there is 
an unusual up-to-date compilation of 
geysers the world around (geysers 
are to be found in half a dozen of our 
states). Any visitor to Yellowstone for 
whom geysers carry any appeal at all 
needs the guide. Good readers far 
from Wyoming will also enjoy the 
narrative; it is a fresh example of 
what can be made out of the spec
ificity of the natural world. 

ICEBERGS AND GlACIERS, by Seymour 
Simon. William Morrow and Compa
ny, Inc. ($13). 

In a score of big brilliant pages, ice 
blue and cloud white, this skillful au
thor has· assembled a fascinating dis
play of ice at geologic scale, supple
mented by a brief, clear text written 
for readers in the lower grades. It 
is systematic enough to convince (a 
single snowflake shown large is pre
sented as the beginning of it all) and 
dramatic enough to catch eye and 
mind in the striking results of time 
and snow. The roped parties of geol
ogists picking their way among the 
enormous crevasses of the wide Ju
neau Ice Field, the blued cliffs of the 
thick tabular bergs frowning high 
above the open ocean, the bright red 
Coast Guard patrol cutter at sea wari
ly close to a jagged berg, and the 
false-color satellite image of Iceland 
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and its ice only sample what is here. 
These photographs are large and 
glowing enough to compete with the 
fleeting images of television. The mo
tion of glaciers is made clear, and 
the mechanics are suggested well 
enough, although one figure to sup
port the story of the old surveys 
of glacier motion would have been 
helpful. 

The work glaciers do on land is 
not forgotten: rock flour, scratches, 
sheeplike rocks, moraines and oth
er traces are shown. The book ends 
with a page or two to remind the 
young reader of the thick ice that 
once was here and will come again. 

SCIENCE FARE: AN ILLUSTRATED GUIDE 

AND CATALOG OF ToYs, BOOKS, AND 

ACTIVITIES FOR KIDS, by Wendy Saul, 
with Alan R. Newman. Harper & Row, 
Publishers (paperbound, $ 14.95 ). 

This ambitious book is for parents, 
teachers, librarians and leaders of 
youth groups of any kind, people 
who may feel themselves far from 
science or its teaching. It centers on 
informal education in science, out of 
school, although many teachers will 
put it to good use. 

The text is in two parts; the shorter 
first portion reviews how children 
might learn science. It treats how to 
get started, reading about and with
in science, approaches to learning, 
questions and answers, visits, work
ing with others and science fairs. All 
those matters are complex, subjec
tive, even divisive, and so the posi
tion taken matters; not everyone will 
accept the premises, even though 
Saul writes fairly and openly. 

A few remarks seem so striking 
and sensible that they may serve to 
calibrate the author's point of view. 
They stand in a chapter that ad
dresses three worries: mess, unre
alistic expectations of grand success 
and safety. On messes: "Hands-on 
science tends to be messy," although 
palliatives are offered. On lack of re
alism: Headline adult science is Cape 
Canaveral and giant dinosaur bones. 
A child cannot enter that high circle 
but can go far anyhow. On safety: 
"Although coating a coin with mercu
ry may be fun, the thrill of the shine 
is definitely not worth the danger of 
messing with a dangerous chemi
cal." In contrast, "rockets can be dan
gerous, but I believe the value an in
terested and reliable kid can realize 
from an intense interest in model 
rocketry is worth the dangers inher
ent in the activity." If that sympathet
ic and courageous judgment does not 
suit you, the book will have only mi-

nor worth; if you find the view plausi
ble, the book is a rich resource. 

The larger part of the text is an 
evaluative listing of toys, kits, post
ers, books and other things you can 
buy to help children into science. 
Since the estimates flow in part from 
the viewpoint of the authors (aided 
by expert consultants), the two por
tions are connected, although con
creteness widens the appeal of the 
lists. Those lists extend from the 
main sciences to include computers, 
electronics and optical devices. Even 
if the work were not evaluative, it 
would be fascinating just to see what 
is out there and where to get it. A 
worm farm, a big magnifier, a batch 
of geologic data from your own state, 
astronaut ice cream, the welcome 
given children by the organized net
work of amateur radio-maybe the 
book is for kids after all! Hundreds 
of good books and magazines are 
knowingly annotated. Perhaps you 
recall fondly your old chemistry set 
with its rows of chemicals ranged in 
a gleaming metal box; alas, "there 
is nothing comparable on the mar
ket today." This book is a contem
porary resource that fulfills the 
same description. 

A SKELETON IN THE DARKROOM: STO

RIES OF SERENDIPITY IN SCIENCE, by 
Gilbert Shapiro. Harper & Row, Pub
lishers ($ 13.95 ). 

The darkroom was Wilhelm Roent
gen's laboratory, where he worked 
alone in the winter evenings, seeking 
the faint glow from the cathode rays 
he could make in his clumsy dis
charge tube. It was an all-glass tube, 
and he would run the voltage up so 
that the rays Professor Lenard had 
just reported could penetrate the 
thickish wall. The glow they would 
make in air was very faint; he sought 
real darkness so that he might see it, 
or better yet, see the glow from the 
little fluorescent screen he had pre
pared. But even while he was setting 
up in the dark at low voltage, there 
came a faint glow from the end of the 
laboratory table. "Damn! The cover 
must have fallen off the coil." Only 
when he had struck a match could he 
see that it was in fact the screen on 
the table that had glowed; the glow 
was green as it should be, but Roent
gen had mistrusted that judgment, 
for he was a little color-blind. Within 
a few impatiently awaited nights the 
skeleton itself had appeared: the 
bones of Roentgen's living hand 
shadowed clearly on the screen. 
Within weeks X rays were made 
worldWide ;  the world of physics had 

entered its 20th century, only a few 
years early. 

Six other maj or discoveries in sci
ence are also well and briefly ren
dered as tales of surprise, based on 
carefully selected secondary sour
ces. They begin with Hans Christian 
Oersted's wire and compass· needle 
in 1820 and end in 1979, when the 
Alvarezes, father and son, and their 
nuclear-chemist colleagues, Frank 
Asaro and Helen Michel, sought and 
found the iridium fingerprint at the 
top of the Cretaceous rocks that 
somehow spelled the end of the dino
saurs. Between them we read of peni
cillin, of the faint radiation from the 
big bang, of the J/Psi meson (a dou
ble name because it was a double dis
covery, made at two places simulta
neously) and of the bit of scruff on 
the output chart of a new radio tele
scope. That scruff signaled in 1967 
the first pulsar; graduate studentjoc
elyn Bell remembered that the same 
mark had been seen before at the 
same place in the sky. 

None of these tales is particularly 
new (granted, the J/Psi story is told 
much more intimately than is usual). 
Yet the sense of adventure is so well 
brought out in each of the narra
tives that they constitute an Arabian 
Nights of the laboratory. The book 
can be enj oyed by any good read
er; the more science you know, the 
richer the tales become. Their sour
ces are given in full. 

MUSICAL SOUND: AN INTRODUCTION 

TO THE PHYSICS OF MUSIC, by Michael 
]. Moravcsik. Paragon House Publish
ers ($24.95). 

A man of taste in phYSiCS, in music 
and in popular exposition of science, 
Michael Moravcsik, a nuclear theorist 
at the University of Oregon, has writ
ten an unusually readable text. With 
a genuine minimum of mathematics 
the book treats the physics of waves, 
propagation and perception, musical 
time and musical scales, as well as 
the making, hearing and recording 
of music. The aim throughout is an 
honest mapping of everyday under
standing into the more general lan
guage and crisper ideas of physics. 

Is it the inverse-square law you 
want to grasp? Most texts might draw 
concentric spheres swelling with ra
dius and leave it at that. This author 
shows waves sent down a tunnel and 
out into a closed shed as well: dif
ferent decay in idealized circum
stances. Kinetic energy and potential 
energy? A vibrating string is drawn 
in 18 successive positions and the 
energy relationships are tabulated. 
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Analysis according to M. Fourier is 
given a step-by-step account; there is 
a good supply of curves and analo
gies but there are no formulas. The 
idea of musical scales is explained by 
means of explicit arithmetic, the in
tervals rising through the simple ra
tional fractions to yield the diatonic 
major. The task is repeated starting 
from another note, and the need
ed arithmetic complicates itself by 
short division before your eyes. Log
arithms are avoided, although the 
rules of decibel appear earlier in an 
account of loudness. The tempered 
scale enters as welcome compromise 
in a world that wants to use the fixed 
pitches of winds or clavier. 

A logical flow from energy source 
through primary vibrator to resona
tors unifies the treatment of the musi
cal instruments. The Donald Duck 
sound of the helium-filled singer is 
evidence that resonance of the oral 
cavities is important to voice quality, 
even if the primary vibration fre
quencies of the vocal cords cannot 
change on inhalation of the gas. 
Room acoustics and recording are 
similarly discussed, with a sense of 
what is important; technicalities are 
kept to a severe minimum. This book 
should serve well any serious musi
cal readers able to work out a graph, 
from those who are old enough for 
junior high to the nonscience college 
students for whom it was designed. 
Its apt concreteness keeps it quite 
free of the glib generalizing that mars 
many simplified treatments of a 
piece of real physics. 

Mathematics and Image 

WHEN SHEEP CANNOT SLEEP: THE 

COUNTING BOOK, by Satoshi Kita
mura. Farrar Straus Giroux ($9.95). 

One night Woolly, a serious-look
ing young sheep with small horns, 
was too restless to sleep. He got up to 
walk around the meadow in the love
ly calm night. He found plenty to do: 
chase a butterfly, watch ladybugs, 
talk with squirrels. He even found 
some apples on a tree and climbed a 
handy ladder to reach them. There 
were fireflies; later a squadron of big 
lights zipped across the sky, looking 
just like UFO'S. Frightened, he ran off 
across a bed of red tulips to a large 
house, full of doors and windows. 
One room had colored pencils, and 
so he made pictures (a profoundly 
mathematical set of them); the kitch
en held peas that he cooked and ate 
when he felt hungry. He went to bed 
in the quiet house, thinking as he 
rested of all his distant dear woolly 
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friends and relatives. Finally Woolly 
fell sound asleep and filled the air 
with Z's. 

Everything that Woolly saw can be 
counted, although no digits appear at 
all until the index page, which lists 
the sights in order: from a single but
terfly up through 22 Z's. Very young 
counters will find these tallies hard to 
resist, although in the endpapers and 
on the dust jacket Woolly encounters 
the starry sky: too many! This is a 
funny and somehow a joyful book 
both for its arithmetic, deeper than 
mere memorization, and for the sen
tence or two of text on each page. 

A GRAIN OF RICE, written and illustrat
ed by Helena Clare Pittman. Hastings 
House, Publishers ($12.89). 

A handsome young peasant, Pong 
Lo, had the temerity-his clever head 
seemed at risk-to ask the Emperor 
for the hand of the Princess Chang 
Wu. The gentle Princess was clearly 
won by Pong Lo and persuaded her 
father to engage him to help clean 
the Imperial Storeroom. He rose by 
sheer merit and charm to cook for 
the Emperor himself. The Princess 
grew so radiant that soon her father 
assembled the young noblemen so 
that from among them she might 
choose a husband. 

What happened next? Of course 
poor Chang Wu languished, fell ill 
and came near death. She was saved 
only by a potion from Pong Lo, 
brought to her by her worried father 
with the promise that if the medicine 
worked, the young man might ask 
for any gift. His remedy cured swift
ly; he chose, of course, the hand of 
the Princess. Impossible! But an alter
native, a single grain of rice, was 
granted freely, including a whimsical 
little stipulation that the amount 
must double every day for 100 days. 
Even by the 12th day the affair was 
still ceremonial: 2,048 grains came to 
Pong Lo's door in a box covered with 
silk, to join the precious little jade 
and ivory packages of the week be
fore. By the 40th day . . .  elephants 
on parade. The abacus beads had 
clicked and clacked: 2 to the 39th 
power means some 50 tons of good 
rice. The grave advice of the Imperial 
Exponentiator was compelling. Soon 
the wedding of the Princess to the 
richest man in all the land was cele
brated with a grand feast, organized 
by the gifted Prince, who out of deli
cacy served not one grain of rice. 

The story of the wheat on the 
chessboard has been amusingly Sini
fied (its ambience now not gaming 
but dining) with evocative drawings; 

any young reader (with calculator 
handy) will enjoy the tale and can 
lengthen it. 

DOTS, SPOTS, SPECKLES, AND STRIPES, 

by Tana Hoban. Greenwillow Books 
($11.75). 

The 100 eyes of the peacock's tail, 
the colorful mottling of strawberries, 
kiwi, lilies and the child's freckles; 
the field of sunflowers aligned and 
backlit, the big Dalmatian, the cow, 
the ladybug, the zoo tiger and the 
confetti spilled on the street. .. Was 
that next picture, a smiling masquer 
adorned with both spots and stripes, 
made at the same little carnival? In 
strong contrast and delicate ripple, 
this photographer once more sets 
before us a diverse feast made one, 
images suited for all who are begin
ning to ponder the pages of books. 
The 29 full pages without words 
celebrate dappled things; they ap
pear here more in sweetness than 
as Gerard Manley Hopkins saw them, 
"counter, original, spare, strange." 

OPT: AN ILLUSIONARY TALE, by Arline 
and Joseph Baum. Viking Penguin, 
Inc. ($11.95). 

Across the 20-some picture pages 
of this droll little book any young 
reader (even those who still prefer 
being read to) can follow the stylish 
story of a visit to a kingdom where 
King and Queen strongly resemble 
face cards and children fill the color
ful costumes of the court, from jester 
to Princess. There are strange pets, 
along with a cat and a friendly drag
on (he made a perfect guest). The few 
lines of text on each page are even 
in rhyme. 

Pleasant enough, all of that an 
agreeable icing. The clever magician
artist pair who made this book in fact 
use it to present to young readers the 
full standard set of optical illusions. 
Cleverly woven into the images are 
lines that are the same length but 
look longer or shorter in their con
text, colors that Similarly are belied 
by their surroundings, false nonpar
allels, hidden figure-ground image 
pairs and visually concealed faces; 
words that cannot be read except 
at glancing view, shifting gray spots 
and aftercolors, impossible perspec
tives, and drawings of hollow box
es-or are they solid blocks? A few af
terpages explicitly point out and ra
tionalize in simplest terms all those 
perceptual effects (and a few more). 
As a reader you are offered advice 
that will help you make and test your 
own illusions and are encouraged to 
do so. The book is a small tour de 
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force of cheerful, if rather mannered, 
exposition. 

PRELUDE TO MATHEMATICS, by W. W. 
Sawyer. Dover Publications, Inc. (pa
perbound, $4.50). 

The little classic by a Toronto pro
fessor remains one of the best books 
through which a high school student 
can come to see that mathematics is 
neither the set tasks of the school 
curriculum nor the professional elab
oration of calculations. The book was 
first written in the 1950's; a few fi
nal pages were added about 10 years 
ago. It consists of two parts, different 
in content but akin in tone. 

The first quarter of the book, al
though it offers very interesting ex
amples, is really a look at just what 
a mathematician is and how one 
grows. The wish to explore for one
self, to seek pattern, to generalize 
and unify is given vivid meaning by 
the examples, which are not always 
elementary. (A fine footnote explains 
the ubiquity of the Laplacian opera
tor in applications; it is the simplest 
differencing operator that treats all 
directions and all pOints in space on 
an equal footing.) Neither mathemat
ics seen as art nor mathematics seen 
as utility gives an adequate model 
of this subject with its "enormous 
bulk," although the theory of the art
ist "would do less harm. " 

The remaining text treats a number 
of topics selected for their novel
ty and interest, often with quickly 
grasped and yet striking results (not 
all the text is easy going). The top
ics include non-Euclidean geometries 
and a little of their physics, matrices, 
projective geometry and its applica
tions within mathematics itself, finite 
arithmetic, some algebraic logic and 
the theory of groups. The decades 
have not made these topics less in
teresting; groups are perhaps even 
of greater interest today than they 
were a mere 10 years ago. True, there 
is no hint of complexity or compu
tability or fractals or similar com
puter-related topiCS. It is still a useful 
exercise to try to describe geometric 
matters over the telephone to an an
gel who lacks earthly experience. 

A few pages explain the Galois 
group of the equation for the three 
cube roots of 2. It is the same as that 
for the movements of an equilateral 
triangle. Its structure is compound, 
and through it we begin to glimpse 
the nature of the nonprime simple 
groups, "interesting and somewhat 
rare," lately noticed for the remark
able intricacy of their kind, the small
est having 60 elements, the next 168. 

Today the list of such interesting sim
ple groups extends to gigantic pro
portions. Professor Sawyer has the 
knack of opening topics up, not of 
closing them off; explorers, notice. 

Technology 

THE HISTORY OF INVENTION: FROM 

STONE AxES TO SILICON CHIPS, by 
Trevor I. Williams. Facts On File, Inc. 
($35). THE GENIUS OF CHINA: 3,000 

YEARS OF SCIENCE, DISCOVERY, AND IN

VENTION, by Robert Temple. Simon 
and Schuster ($19. 95). 

The shelves of every good library 
for readers in science are weighed 
down by two big and wonderfully il
lustrated multivolume works; both 
are comprehensive references and 
mighty good reading at the same 
time. One of these is the eight-vol
ume general history of technology, 
completed in 1984 after three dec
ades of work under managing editor 
Trevor Williams. Its senior editor is 
Charles Singer. The other work is 
the 15 volumes (and counting) on the 
history of science and civilization 
in China, produced during approxi
mately the same years by Joseph 
Needham of the University of Cam
bridge and his friends. The pair of 
books reviewed here are up-to-date, 
authoritative single-volume abridg
ments. Gone are the leisurely and 
learned apparatus and full documen
tation, the glorious footnotes and ob
scure sources; what has been gained, 
besides affordable price and small 
bulk, is colored illustrations in plenty 
and a concise narrative text that 
opens the once academic material to 
many more readers, above all those 
of high school age. This is a fine year 
for the reference bookshelves. 

Dr. Williams has organized his nar
rative on the same lines as his big 
book. We are led along the continu
ous thread of the history of technol
ogy from ancient times on into the 
medieval world, the Renaissance 
and the Industrial Revolution. An ex
panded account treats the 20th cen
tury. For each period-the charts and 
illustrations are integral with the 
text-we find a readable survey of all 
relevant fields, say agriculture, do
mestic arts and crafts, industry and 
building, transport and communica
tions, even the arts of war. Of course, 
the detail of treatment is adjusted to 
the nature of the period. 

Early pages show and comment on 
Olduvai Gorge and the key graph of 
world population over time; one of 
the final images is a shuttle launch. 
The 300 large pages in between span 

the entire domain of what we know. 
Here is a rendering of the famous Ro
man grain mill near Arles in the south 
of France, in the fourth century the 
most powerful installation in the 
world. Its 30 horsepower came from 
16 big waterwheels fed one after 
another by an aqueduct led down 
the steep hillside. A few pages later 
a similar drawing describes the re
markable copper mine at Rio Tinto in 
Spain, where Roman engineers ar
ranged a set of eight wheels that one 
after another raised water a total of 
100 feet to keep the mine works from 
flooding; human beings supplied the 
pumping power. 

The second book is by a scholar 
whose own previous books are ex
cellent credentials for the study of 
the history of science and technolo
gy. Dr. Needham himself introduces 
Robert Temple's volume as a "bril
liant distillation. " It sets out the 
whole of Chinese technology topic 
by topic, from agriculture through 
astronomy, engineering, mathemat
ics, acoustics and weapons, to name 
but half its chapters. The book shares 
Needham's constant and delighted 
search for unexpected priorities in 
Chinese technology. Again a single 
amazing sample will have to suf
fice. Seeking salt from brine wells, 
the Chinese craftsmen-engineers of 
the first few centuries A.D. drilled to 
depths of 4,000 or 5,000 feet, antici
pating the oilmen of Pennsylvania by 
15 centuries and more. There were 
entire fields, hundreds of deep wells, 
in China by the year 1000; the gas 
they yielded as a natural by-product 
was burned to evaporate the brine. 
The mile-long cables that held the 
drill bit were pieced out of strips of 
bamboo, flexible enough to wind on 
drums, 10 times as strong as hemp 
rope. Bamboo piping lined the bore
hole and carried off the gas. Month af
ter month the hard cast-iron bit, deep 
below, would pound up and down a 
couple of feet at a stroke, steadily 
powered by a team of six men on the 
surface rhythmically jumping on and 
off a long lever board. The tall bam
boo derricks are in use in our times; 
there are clear photographs. 

Not everything we read is right, 
even in such definitive treatises, a 
lesson itself worth learning. Claims 
that empty eggshells can be made to 
float in the air as hot-air balloons are 
flawed, if authentic; it simply will not 
work. Williams remarks in an aside 
that the verdant limestone sinkhole 
holding the wonderful radio dish at 
Arecibo is an extinct volcano. What 
counts is how well these fine books 
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bring the best of our learning to a 
new audience. 

LIFE ON A FISHING BOAT: A SKETCH

BOOK, by Huck Scarry. Prentice-Hall, 
Inc. ($14.95). CLEARED FOR TAKE-OFF, 

by Meredith Hooper. Illustrations 
by Tony Talifero. Angus & Robert
son Publishers, u.S. distributor Salem 
House Publishers ($14.95). 

These two books are closely ob
served and vividly reported narra
tions of how expert people work for a 
living with some very special tools. 
The tools are of course described; 
our attention is on their knowing use, 
not on how they were made. Authors 
and artists in each case went along 
to watch hour by hour; these reports 
stay close to what happens. 

The two accounts are akin, yet 
quite different. The tools in the first 
book are fishing boats of several 
kinds. The smallest is a bright red 
wood diesel trawler-a tugboat for 
fishnets-out all day raking its net 
along the bottom for half a ton of 
good fish off the Brittany coast. It is 
not a tool for one person's hand, al
though the captain does own it. The 
fiberglass wheelhouse holds radar, 
depth and fish-finding sonar and a 
Decca radio navigator. The captain 
depends on the expert help of his two 
sons, as once his father depended 
on him. Many large, detailed pencil 
sketches show us the boat and its 
family, the nets, the instruments, the 
people, the fish in variety (flat, round, 
whiskery), the dockside market, the 
fishmongers ... It is easy for us to 
imagine ourselves aboard on these 
particular voyages, sharing a little of 
the life of a hunter at sea. We join two 
or three other French boats, out for 
Norway lobster or silvery sardines, 
then on to the cold, windy North Sea, 
turning back as shore radio warns of 
Force 8 winds to come. A few less in
timate pages extend to North Amer
ican shores, where the fisherman's 
world looks little different. 

The second book is also about a 
journey of a day or two, but one sev
en miles high and halfway around 
the world (and back). We are aboard 
a Boeing 747-238B, one owned by 
Qantas, called VH-EBQ, delivered in 
Seattle in December, 1979, and veter
an at this flight's end of 2,090 land
ings. It carries along "its own biogra
phy and its own vital statistics" in a 
big book. There is a first-aid kit of vi
tal spare parts too, along with oxy
gen, knife sharpeners and a silver 
caviar bowl, but no spare engine. 
This big plane resides at the Qantas 
Sydney Jet Base, where it was fitted 
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the week before our flight with four 
new Rolls-Royce engines; for now 
they must be used only at the same 
thrust rated for the older engines. 
The engineers have been retrained, 
the new spare parts are stored out 
there along the route, but the final 
certification is not yet in hand. The 
new engines will save high-cost fuel 
anyway (on each leg of the journey 
the big jets drink 100 tons), although 
they can save much more once they 
are allowed to operate as designed. It 
is this kind of lifelike detail the book 
celebrates; a heavy jet is a complex 
tool tied even more than any fishing 
boat to intricate techniques, legal ob
ligations, constant negotiations and 
many skills, organized international
ly for smooth function worldwide. 

This trip takes us from Sydney 
to Singapore, Bahrein, London and 
back, all in some 46 hours one week
end; we leave, but the jet is off again, 
late Monday afternoon. The sense of 
participation is strong; the reader is 
by turns with the intense flight crew 
up front, the big, busy cabin crew, 
the caterers, mechanics, dispatchers, 
controllers, couriers. You are one of 
an overlarge family of 400 intimate 
strangers, restlessly sleeping in your 
cramped seat, washing by turns, 
waking repeatedly to eat in place, 
watching sunsets or movies, maybe 
sniffing the outside air at the night
bound stops across Asia. The maxi
mum space between passenger head
rests is always close to 34 inches 
in economy class; "humans come in 
odd shapes and sizes but airlines do 
their best to make them all fit a stan
dard space." 

The good drawings show the plane 
in detail, the airports from runway to 
passenger queues to kitchen; there 
are telling photographs, plans and 
maps. This is the closest thing to a 
long international flight, both tedi
ous and exhilarating (roomier in first 
class), to be found in print. 

BRIDGING THE GOLDEN GATE, by 
Kathy Pelta. Lerner Publications 
Company ($10.95). 

The great bridge opened just 50 
years ago; a quarter of a million cele
brators during last summer's anni
versary flattened the span's six-foot 
camber. This excellent small book 
(for anyone who can read well) 
recounts how the popular wonder 
came to be. In 1916 the proposal for a 
suspension bridge to span the rough 
waters of so many ferry rides was put 
forward by a newspaperman-engi
neer. He recognized that it would be 
the longest bridge ever built. The 

county supervisors on both sides or
dered a study; soundings were car
ried out after the war, in 1920. Feisty 
engineer Joseph Strauss headed a 
firm that had built 400 unremark
able bridges worldwide; the daring 
idea appealed to him mightily, all the 
more so as a widespread opposition 
grew on safety, economic and aes
thetic grounds. It took until 1928 to 
win the go-ahead in court. Strauss 
won the competition for chief engi
neer. His first design of 1921 is shown 
here; no beauty, it was a pair of tow
ers with cantilever arms joined by a 
cable portion. (The present beautiful 
design was by an associate.) 

In the depression year of 1930 the 
people voted a bond issue for the 
bridge by a count of three to one. 
Work began in 1933; the forecast was 
three million days of abundant la
bor. Construction was full of novel
ty; many stages are shown in photo
graphs. The building of the Golden 
Gate saw the first use of concrete 
trucks that stir the mixture as they 
go and the first use of safety nets in 
bridge construction. For more than 
three years there was not one fatality 
on the job; lead poisoning from the 
paint was the chief worry. In the end 
11 men died, 10 of them when scaf
folding gave way as forms were be
ing removed during the completion 
of the roadway. The bridge was fin
ished a few months late, a million dol
lars under the $35-million budget 
and well below the grim expectations 
of one life lost for every $1 million 
of construction. 

The first day was for pedestrians. 
"Be qUiet," a man called to the stroll
ing crowd. "Listen to the bridge." 
The beautiful soaring structure was a 
giant wind harp. (It had a touch of the 
Tacoma Narrows disease, oscillating 
in strong winds; after the Tacoma ac
cident the Gate bridge was treated by 
cross bracing.) The billionth car tra
versed the famed bridge in 1985; all 
the loans had been paid off through 
tolls by 1971 . Strauss was once asked 
how long the bridge would last; he 
"replied calmly, 'Forever!' " 

WHEELS AT WORK: BUILDING AND Ex

PERIMENTING WITH MODELS OF MA
CHINES, by Bernie Zubrowsky. Illus
trated by Roy Doty. William Mor
row and Company, Inc. (paperbound, 
$5.95). 

What a contraption! It is clearly 
drawn, in operation by the fourth
to Sixth-grade boy-girl partners who 
built it. Waterpower drives it. The 
flow siphons down from a bucket of 
water on a high stool. The jet is di-
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rected against a waterwheel at floor 
level that consists of plastic cups edg
ing a pair of plastic plates held on 
ball-point-pen tube bearings. A wire 
shaft mounted on milk cartons sup
ports the assembly. Masking tape fas
tens and seals everything. A loop of 
ribbon couples the driving wheel to 
another wheel on the tabletop above. 
That wheel's rim repeatedly carries 
four pipe-cleaner loops through a 
soapy solution held in a shoe storage 
box. A household fan blows across 
the film-covered loops to loose a 
storm of rainbow spheres: bubbles 
made wholesale by machine. Safe 
and well tested until it really worked, 
the design is just what we count on 
from this savvy engineer at the Bos
ton Children's Museum. 

The book evolves with easy text 
and many drawings to that compli
cated wonder (and a little past it to 
windmills and rubber-band boats), 
through simpler pulleys, gears, wind
lasses and the like. Each device lies 
within the same genre of materials 
and style. These tasks are scaled to 
small teams of children, good friends, 
club members or students. The proj
ects call for very little money; they 
do require adult tolerance for sand or 
water spilled on the floor or in some 
close-by yard or driveway. The de
vices are fine examples of engineer
ing design; they can be realized in 
materials available in household and 
supermarket: cat-litter trays and 
coat-hanger wire. 

Archaeology and Folklore 

DIGGING TO THE PAST: ExCAVATIONS 

IN ANCIENT lANDS, by W. John 
Hackwell. Charles Scribner's Sons 
($13.95). 

The beautifully painted amphorae 
of the opening page give way at once 
to an archaeologist carefully sketch
ing on his plane table; this science is 
no treasure hunt but a study of the 
past by methods that inescapably de
stroy part of their context. A respon
sible dig is a controlled one, but it is 
never beyond surprises. 

In full-page paintings from life and 
a clear firsthand text, this artist-ar
chaeologist recounts his experiences 
at a tell in Jordan. The survey may 
lay out 10,000 squares, each about 
the size of a living room. A super
visor, helped by one or two assist
ants and some local labor, will exca
vate each square chosen. Perhaps 20 
squares can be opened in one hot 
summer season, working daily from 
first light to sunburned noon. The 
tools are familiar: brush, pick, hoe, 

trowel, sieve. It may take a full day 
of touchy work to uncover without 
crumbling them only five or 10 an
cient bricks. The sifters will come on 
thousands of shards; broken pottery 
is everywhere. Each find is labeled 
and entered in the computer file. Sift 
meticulously; just one shard with 
scratched writing "can be more valu
able than any other find on the tell" 
during 10 years of excavation. In 
every square a meter-wide strip at 
north and east is saved from excava
tion; the smoothed vertical walls of 
these "balks" graph the past in layers 
to be read anywhere in the dig. 

You can get lucky and find tools, 
coins, figurines, seals, striking mo
saics, walls built of big boulders. 
Graves that contain offerings and 
even human skeletons are treasured 
finds. It is no wonder that most of 
the diggers are hopeful volunteers, 
usually undergraduates working for 
credit. The evening meal of falafel, 
flatbread filled with salad and beans, 
is satisfying after a hard day, while 
someone on a more fortunate square 
recounts an exciting little find. At 
season's end the dig is legally in
spected by the hosts; then heavy 
equipment can come to haul away all 
the unwanted silt. You go home after 
a farewell feast of herbed roast lamb 
for all; sometimes the "young Bed
ouin boy" who was hired to gather 
stones is met 10 years later as a full
fledged archaeologist, representing 
his national department of antiqui
ties as director of another dig. One 
day the long report will come out and 
the museums will be enriched: more 
of the human past. 

J-OLKTALES OF INDIA, edited by Bren
da E. F. Beck, Peter j. Claus, Praphulla
datta Goswami and Jawaharlal Han
doo. The University of Chicago Press 
($29.95). 

Ninety-nine folktales from all over 
India, each only a few pages long, are 
set down in English translation. They 
are unadorned; a map, a set of index
es and a valuable foreword and intro
duction are what you get. The stories 
were collected by a dozen or more 
cited scholars. For each story there is 
an introduction; a note recounts the 
source in detail. Here are stories told 
by 13-year-old girls, by famous pro
fessional storytellers, by a garage 
mechanic or a village housewife or a 
Brahman professor during a universi
ty tea break. This is the stuff itself. 

Of course, India is so big, so com
plex and so long devoted to the nar
rative and the parable that in these 
stories Sanskrit myth can be heard 

amidst today's wit. Who can know 
which came first? Those who wrote 
down the classics long ago had cer
tainly heard the storytellers in the 
vernacular. "Myths, by and large, di
vinize the human; folktales human
ize the divine." Folktale is of the 
earth and says little about other lives 
than those lived here, although gods 
and ogres do appear. These tales 
speak intimately; not every young
ster is ready for them. (High school 
kids know all the themes.) 

They yarn about family life, court
ship, newlyweds, parents and chil
dren, sisters and brothers, domestic 
strife and about virtue and knowl
edge and beginnings. A tale from 
Kashmir, taped by a professional 
folklorist in 1971 from the telling by a 
housewife 84 years old, has become 
so widely known that it has entered 
the theater. Listen for its overtones 
and connections: 

A saintly beggar appears at a de
vout home where husband and wife 
have seven girls but no son. He 
promises them a son, whom they 
may raise for 12 years only; at that 
time the boy must be returned. The 
bargain is struck. They love and ad
mire young Akanandun as he grows, 
takes the sacred thread, becomes a 
diligent schoolboy. But the beggar
saint returns, takes a knife, dismem
bers the boy when he comes home 
and even demands that the parents 
eat the child's boiled flesh. The dis
traught mother is calmly asked to 
taste the dish to judge its salting. 
The very stars hide in the face of 
such shame and disgust. All at once 
the boy Akanandun himself enters 
cheerfully to share the meal. He 
grows up as he should, the lifelong 
joy of the family. The storyteller 
commented that it requires a heart of 
steel to tell this particular story. 

Living Things 

WILD BOARS, by Darrel Nicholson, 
photographs by Craig Blacklock. Car
olrhoda Books, Inc. ($12.95). MORN

ING GLORIES, by Sylvia A. Johnson, 
photographs by Yuko Sato. Lerner 
Publications Company ($10.95). DIS

COVERING FLIES, by Christopher 
O'Toole, illustrations by Wendy 
Meadway. The Bookwright Press, 
387 Park Avenue South, New York, 
N.Y. 10016 ($10.40). SPARROWS, adapt
ed by Katherine Pohl. Raintree Pub
lishers Inc. ($14.65). 

Colorful and interesting species 
abound worldwide, and naturalists 
everywhere study them fondly. Each 
life cycle is recorded, nowadays of-

153 

© 1987 SCIENTIFIC AMERICAN, INC



'A splendid introduction to a 
fascinating, rapidly growing 
discipline" -Martin Gardner 

"Full of beautifully strange 
and strangely beau tiful ideas" 

-Douglas Hofstadter 
Nominated for the National 
Book Award 
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ten by admirable closeup photogra
phy. The role of each species in its 
context is to some degree known and 
often easily described in simple lan
guage. There are young readers ev
erywhere too, and publishers to pro
vide them with easy text and fine im
ages of natural history. Once a book 
has been well received somewhere, 
it is no difficult task to translate it, 
adapting the text as needed, and to 
republish it for other readers in an
other tongue. The photographs can 
usually remain unchanged. Two uni
versals meet in these pages: the natu
ral world and the interests of young 
readers. Admirable. 

All the same, the meeting is at a 
place of least resistance. The simple 
text and striking pictures vary from 
form to form in wild variety. Yet the 
concept is single, the pool of resour
ces plentiful. The result is a tide, 
many good books of the same kind; 
on the whole the differences in quali
ty are not large compared with the 
disparate appeal of this or that kind 
of plant or animal to any particular 
reader. The four books discussed are 
members of a long series; with them 
one might also list six dozen related, 
more or less similar works on other 
living forms. The same phenomenon 
can be found on televiSion, where na
ture film also abounds worldwide, for 
both young and adult viewers. These 
books need to be good to compete 
with those images moving on the vid
eo screen; they are, and they do. 

A few words for the individual little 
volumes; like animals, no two books 
are alike. The wild boars are Ameri
can: blends of introduced European 
boars and feral domestic pigs. These 
animals resemble their wild Eurasian 
forebears. They are found in half a 
dozen states, fierce, adaptable, har
dy, like the ones shown in snowy 
Minnesota woodlands. The morning 
glories are Japanese; the seedlings 
are found first underground, and all 
the major parts of the plants are fol
lowed through time until at last new 
seeds appear. 

Some flies are of course almost ev
erywhere. Here are commonplace 
greenbottles and exotics as well; one 
West Indian wood-boring fly is a full 
two inches long. The fly text is aimed 
at early readers; its unusual images 
are taken from footage shot by a 
number of English filmmakers. The 
sparrows were recorded by a Japa
nese photographer; they are the Eu
ropean tree sparrow, somewhat dif
ferent from the usual American va
rieties, and indeed from our now 
common English sparrow as well. 

They all mate, nest, fight, preen, 
chirp and flutter in a most sparrow
like way. 

Remember, a dozen or so books 
like each one of these are out there. 

DINOSAURS PAST AND PRESENT: VOL

UME I, edited by Sylvia). Czerkas and 
Everett C. Olson. Natural History Mu
seum of Los Angeles County in asso
ciation with University of Washing
ton Press ($35). 

These big pages offer dramatic pic
tures, old and new. On the dark for
est floor a proto bird, still rather rep
tilian, seizes a large dragonfly as 
the big, shadowy feet of a sauropod 
swing past. What happens when a 
ponderous herbivore seeks aquatic 
refuge from a little herd of fierce allo
saur predators? Why, they follow it 
into the water to tear at the fleeing gi
ant while we watch from the depths 
nearby. Across a dry cypress swamp 
trot a herd of big-beaked reptiles. 
Their broad crests bear a pattern in 
red and white as showy as Some cere
monial New Guinea mask. All these 
are the work of contemporary artists. 
Way back in 1897 the artist Charles R. 
Knight painted a dramatic scene of 
energetic combat, two dryptosaurs 
leaping and rolling in mortal com
bat "like a pair of half-ton fighting 
cocks. " Neither the lumbering file in 
mid-distance nor ritual combat with 
toothy tyrants need limit dinosaur 
images today. 

The book reports a traveling muse
um exhibit of representations of the 
dinosaurs, from those of Benjamin 
Waterhouse Hawkins at the time of 
the Exhibition of 1851 to the scrupu
lous and imaginative work of today's 
painters. In addition to these images 
there are half a dozen papers by pa
leontologists and artists (one or two 
can claim both professions) that ad
dress, often quite personally, the 
problem of restoration of those fel
low creatures long since gone. A 
piece by Robert T. Bakker strength
ens his vision of the old reptiles as 
warm-blooded, fast-moving, diverse. 
Size estimates based on trackways 
(laid down by both the earliest rep
tiles and today's mammals), prey and 
predator counts as well as bone 
structure all concur; those heavy 
shafts of bone bespeak adaptation to 
extraordinary stress, not a clumsy 
slowness. The chief theme of the oth
er papers is how the synthesis that 
the artists seek can best include the 
detailed analytic data of the expert. 
No reader will go away without admi
ration for the devotion and originali
ty of the artists' effort. There is even 
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a "dinosauroid" sculpture, an expert 
thought experiment about what sau
rians might have yielded along the 
sapiens path had they and not the lit
tle mammals survived. On this planet 
no test seems possible. 

A companion volume is due in the 
spring, and seven big museums in 
turn will host the show through 1988. 
A serious work for adult readers, this 
first volume will challenge and de
light dinosaur enthusiasts from the 
middle grades up. There is a lot to 
learn at many levels: fresh images, 
comparisons, striking graphs, entire 
parades of tracks and plenty of in
formed argument. 

WHEAT: THE GOLDEN HARVEST, by 
Dorothy Hinshaw Patent, photo
graphs by William Munoz. Dodd, 
Mead & Company ($12.95). 

Every year the average American 
eats at least 100 pounds of wheat 
products, more than he or she eats 
of sugar, fats, beef or pork. And 
so the field of ripe wheat stretches 
golden to the mountain edge, every 
single head heavy with the tiny grass 
seeds that will nourish us. Those are 
shown up close too, as are the first 
green leaves of winter wheat peek
ing through the snow. Other pages 
compare soft white spring wheat 
with hard red winter grains. Bread 
is watched in all its stages, from 
the bowlful of ingredients-the wet 
dough indeed looks unpromising-to 
the plump, browned, fragrant freshly 
baked loaf. We learn a little of eleva
tors and mills, of grain drills and am
monia tanks, of white flour and bul
gur and bran and wheat germ and of 
the giant combines that now harvest 
the crop across the plains. 

This Montana writer-photographer 
pair manage to make vivid both the 
broad farms with their big machines 
and what we carry home from the 
supermarket. One remark helps to 
illuminate the history of our times: 
the acre of ripe wheat that 12 men 
with a dozen horses, mules or oxen 
would cut and thresh in three days 
is now gathered up in six minutes 
as the combine rolls, one person at 
the controls. 

EGGS: NATURE'S PERFECT PACKAGE, by 
Robert Burton. Photographs by Jane 
Burton and Kim Taylor. Facts On File 
Publications ($22.95). 

"The photographs in this book rep
resent three years of dedication to 
eggs, " to the animals that produced 
them and to those that hatched from 
them. The take is dramatically visi
ble: big vivid pictures, which are par-
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"The Bovs Club helped 
take me from the outfield 

to the oil field:' 

"In the neighborhood where I 
grew up, th ere were n ' t  m a n y  
places for a kid to spend his time. 
Except maybe the streets. So it's a 
good thing there was a Boys Club 
down the road. Sure,  our Club 
was a place where we could play 
ball. But it was also a place where 
we learned about something far 
more important than how to run 
the bases-we learned how to 
run our lives. 

You see, a Boys Club doesn't 
stop at teaching young people 
good sportsmanship. It teaches 
t h e m  a b o u t  fri e n d s h ip,  
good citizenship, leader
ship. I guess that helps ex
plain why so many friends 

C . J .  " Pete"  S i las 
C ha irman & C h ief Execut ive Off icer, 
P h i l l i p s  Pet ro leum Company 

who were in the Boys Club when 
I was a member are now success
ful businessmen and professionals. 

It's nice to know that more than 
1,200,000 young people at 1 , 100 
Boys Club facilities all across the 
country are getting the same op
portunities we had. And more. 

Today, they can learn computer 
skills and get vocational training at 
a Boys Club. They can even get 
help with college and career plan
ning-the kind of help that can 
turn a star in the outfield into a 
star in any field he chooses ! 

Take it from me, a Boys 
Club gives a kid a chance 
to be a leader. And that's 
a lesson I never forgot ! "  

BOYS CWB 

The Club that beats the streets. 
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ticularly helpful when they show se
quences of events, enrich the well
written nontechnical text. The 
emphasis is on a thoughtful compar
ative account, evolutionary but not 
at all molecular or even genetic; the 
entire chromosome dance draws 
only a column of explanation. We 
read of and see the budding of hy
dras and the fusion of protozoa, but it 
is the widespread occurrence of the 
egg and the related seed, and the sex
ual reproduction they generally rep
resent, that sound the motif. 

The hard-shell hen's egg, outward
ly inanimate, and "the animated, 
mewling kitten crawling towards its 
mother's teats" make a strong cog
nitive contrast. Even the biologists 
were misdirected by those external
ities, and doubted that a mammal 
might ever have laid eggs. The platy
pus was a wonder. But in fact the egg 
and its development are remarkably 
alike across the entire span of mul
ticellular life, from the tiny brine 
shrimp to the great gray slug, the 
rainbow trout, the common frog, 
birds (of course) and the newborn 
kitten. All of those are shown along 
some developmental sequence, par
ticularly the melodrama of birth or 
hatching. Yet the egg is a powerful 
single theme with variations. There 
are three egg architectures. The egg 
of the mammal is tiny, fed and guard
ed by the mother's body; the bird and 
the reptile supply plenty of yolk and 
a big container, but a tiny embryo 
within enters on the same dance. 
The sea urchin and the brine shrimp 
make little maternal investment; 
there are plenty of minute unfur
nished eggs, and the small larvae 
must now emerge quickly to set off 
on their own. 

This is good reading for anyone 
interested in biology, made easier 
by the striking illustrations; the lan
guage is clear and unlabored, with 
only a little of the Hellenic jargon of 
the textbooks. The complete absence 
of explicit indications of scale is a 
problem presented by many, but of 
course not by all, of the images. Ac
tion is everywhere in image and text, 
since the topic of this book is life in 
swift change. The American lobster, 
for instance, is a unique mother. No 
other parent helps as clearly with 
egg hatching; when the time is ripe, 
she beats her swimmerets, on which 
her eggs are glued, "so violently 
that. .. the embryos are shaken out." 

THE NATURALIST'S YEAR: 24 OUTDOOR 

EXPLORATIONS, by Scott Camazine, 
with original illustrations by Cynthia 
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Camazine and the author. John Wiley 
& Sons, Inc . (paperbound, $ 14.95). 

The versatile author is a physician 
in Ithaca, N.Y., where he plainly 
adorns the Cornell tradition of keen 
amateur naturalists who transcend 
mere field-guide ideQtification. The 
24 activities described with affection 
and mastery in this attractive and 
personal volume are divided equally 
among the seasons of the year. 

The cold winter winds carry the 
dry flakes of snow, to deposit them 
behind obstacles.  A little aerodynam
ics helps to make sense of the snow 
cornices of rolling country and the 
avalanches of open snowy lands. 
Snow fences upwind form lee drifts, 
keeping clear the roadway beyond; 
they work best when they are not 
solid walls but half-open pickets. A 
trial with your own test obstacles 
(perhaps fireplace logs) to follow 
what drifts they induce fills the out
door hours more happily than shov
eling snowpiles. 

Spring will bring bad weather as 
well as good. Study the creatures in 
the home on a bad day. Flies,  silver
fish, clothes moths, yes, and cock
roaches-"even I find them some
what loathsome"-all repay study. A 
key is given to begin identification of 
the insects you find; only a few flies 
are easily identified, even under the 
stereomicroscope. These pages give 
a nice sense of the problems of taxon
omy, at and beyond the level of the 
field guides.  Cluster flies deserve 
even more attention; their exquisite 
response to temperature sets many 
nice problems. In summer, seek out 
and examine the milkweed and the 
birdfoot trefoil flowers. These blos
soms, common in the northeastern 
U.S. ,  are as cleverly contrived to ex
tort proper pollination from their in
sect visitors as any of the orchids 
celebrated by Charles Darwin. They 
too use such clever devices  as bait
ed slots, springs and clips. Test the 
mechanisms yourself with a tooth
brush. For autumn, turn biochemist. 
Here is an account of paper chroma
tography you can carry out on the 
brightly colored leaves ;  household 
equipment, such as the blender and 

. coffe e  filters, is needed; so are re
agents such as vinegar and solvents 
such as acetone and methyl alcohol. 
They are found among the paint thin
ners at your hardware store . 

Scott Camazine has mapped some 
fascinating trails clearly open to high 
school students, or to younger ones 
with some help from older friends. 
His book is a reliable guide. It is 
worth a line to expose an old and dis-

agreeable stereotype :  the artist Cyn
thia Camazine is the author's talent
ed and patient stepmother. 

A SHOVELFUL OF EARTH, by Lorus J.  
Milne and Margery Milne.  Illustrated 
by Margaret La Farge. Henry Holt and 
Company, Inc. ( $ 12 .95). 

Call it what you will, soil or dirt or 
ground covers most of the lands , 
only feet thick but continent-wide. 
Even the biologists somewhat ne
glect it; soil science is mostly a prod
uct of the 20th century. These two bi
ologist-writers point out a domain 
open to fresh exploration at modest 
effort almost everywhere. 

Dig in the forest if you can; be
tween the tree roots the ground is 
soft and moist. Hands and a shovel 
are plenty of tools; mark off with 
string and nails four square feet, 
somewhat less than a tenth of a mil
liacre. First is the litter layer, where 
the parts of plants can be recognized 
by eye. Then comes dark brown top
soil, organic but without recogniz
able plant parts. Below that is the B 
horizon, the paler subsoil, grittier, 
denser, with scattered pebbles, not 
very organic . The pebbles grow in 
number with depth, until finally 
there is bedrock, too deep to reach, it 
may be, although disclosed at road 
cuts. In each layer there is a special
ized and often abundant life .  

The iitter holds the sparrow hunt
ing (listen for its scratching among 
the dry leaves) for the beetles,  snails 
and grubs that crawl or scurry there. 
Earthworms dominate the topsoil; 
there are also springtails, fungus 
networks, roundworms, ants and yel
low j ackets. Deep down lie the 
strange, lonely cicadas, programmed 
for resurrection. 

The drawings make this darkened 
life vivid, and the text tells of the 
ways of counting and collecting it. 
You will enj oy some finds, but not all 
the methods are e asy enough for the 
amateur to use. Soils differ; there are 
brief chapters on what is found under 
the evergreen forest, under land on 
which rain falls every day, under dry 
deserts and under frozen ground. 
How a single sand grain could be 
shown to have a history as a distinct 
particle for a couple of hundred thou
sand years, in desert dune,  glacial 
ice and tidal flat, is well explained; 
for the electron-microscopic images 
that were the signs of that past you 
would need to look up the reference 
given. This is a fresh and important 
IOO-page contribution, a first-rate 
small book for grade school biolo
gists (or older beginners). 

I ;';· ===:;1 GIVE YOUR 
KIDS A 
TASTE OF 
ANALYTIC 
THINKING 
via illustrated 
question� and 
explanauons. 

"Thinking Ph ysics is 
fascinating to dip into, 

even for the informed 
� physicist." NEW SCIENTIST 

" Explanations deal with concepts and don't require 
mathematical aptitude. The best explanations I have 
ever seen. Scudents will love il." CHOICE 
"No other physics book can match this. It is rigor· 
ously correct despite lighthearted style and cleverly 
designed to spur thought in physics students of all ages." 

THE PHYSICS TEACHER 
$ 18.95 postpaid ; no bi l l ing Or send a , .. mped 
e nvelope for sample pages to  t!fI I N S I G H T  P R E S S  I� 614 VERMONT STREET � 
SAN FRANCISCO, CA 94107 -

" � " � i i " � " �  
• • • • • • • • • • 

Have you Heard? 

\N11ere ancient tradition 
and modern expression 
share one roof. 

\N11ere the vital 
Native American spirit 
breathes and inspires, 
evolves and expands. 

\N11ere over 75,000 
Indian artifacts 
have come to l ive, 
and contemporary artists 
and cultural programs 
l ive on . 

\N11ere l ife becomes culture 
becomes art becomes l ife. 

Have you Heard? 

The Heard Museum · Phoenix 
1m 
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