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When Lisa was born 

her kidneys didn' t work. 

So we helped Lisa's mother 

learn to care for her. 

It saved $200,000 

in hospital costs. 
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Aetna's Individual Case Managers help 

people who are in our group plans receive 

proper health care. They help to find the 

best available treatment by understanding 

people's needs and by working with their 

doctors. In many cases, by discovering 

alternative methods for treatment, medical 

costs are reduced. And more importantly, 

people can recover in a somewhat more 

comfortable environment. Like 

home, for instance. With family. 

Aetna. A policy to do more:" 

C> 1992 Aetna Life and Casualty Company 
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It's not a car. 
It's an aphrodisiac. 

You know that car you've always wanted? Really, 

really wanted? It's here. The new Infiniti 130 

personal luxury sedan. 

And its looks aren' t all that will entice you. 

For $33,400' the 130 is sure to impress you on 

a purely emotional level. With luxury details like 

the Bose audio systerri with a standard compact 

disc player. Soft gathered leather. Tasteful walnut 

trim. And a 24-hour Roadside Assistance Program 

that's standing by to dp whatever it takes to keep 

you on the road. 

Of course, the ]30 is also equipped with a 

long list of impressive technological features. 

Like the variable valve timing system and the 

double isolated multi-link rear suspension. 

Three-sensor, three-channel A B S braking. And 

both driver's and passenger's side airbags. 

But, in the end, what's really appealing about 

the new ]30 is something far more than all its 

individual parts. Something indefinable. It's what 

happens when you cross sheet metal and desire. 

INFINITI® 
For Gunr Dri.�� informal ion, coli 1-800-816-6500. © 1991lnfiniti Division of NiJS<m Moror Corp. in U.S.A 
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Dynamics of Kilauea Volcano 
john J Dvorak, Carl johnson and Robert I. Tilling 

One of the longest volcanic eruptions in recorded history began in 1983. Lava 

flows from Kilauea have since added 120 hectares of new land to the island of 

Hawaii and covered 100 square kilometers. From a nearby cliff, the authors ob

served and analyzed these events. Their findings clarify the mechanisms of vol

canism. The techniques they developed are helping to predict other eruptions. 

Bacterial Endotoxins 
Ernst Theodor Rietschel and Helmut Brade 

Bacterial endotoxins are a two-edged sword. These cell-wail components of a 

major group of bacteria account for many symptoms of cholera, whooping cough 

and other diseases. But they can also enhance the immune response to other bac

teria, viruses and even cancer. Recent findings may lead to ways of curbing the 

harmful effects of endotoxins and harnessing their disease-fighting capacity. 

How Cosmology Became a Science 
Stephen G. Brush 

The big bang became the established explanation for the origin of the universe 

almost overnight, when Arno A. Penzias and Robert W. Wilson observed the faint 

signals of the cosmic background radiation in the 1960s. Their achievement re

lied on a rich legacy of theory and experiment that enabled big bangers to chal

lenge successfully the earlier concept of a universe that had always existed. 

Naked Mole Rats 
Paul W. Sherman, jennifer U. M. jarvis and Stanton H. Braude 

These African rodents have been described as saber-toothed sausages, as baby 

walruses or simply as ugly. Naked mole rats are also fascinating creatures. Unlike 

most mammals, they practice the "eusocial" behavior typicaily observed in ants 

and termites. In mole rat burrows, only a few individuals breed; others care for the 

offspring. What are the genetic and evolutionary roots of this social organization? 

SCIENCE IN PICTURES 

Evolution Comes to life 
Ian Tattersall 

The curator of the American Museum of Natural History'S new Hail of Human 

Biology and Evolution describes the daunting task of constructing lifelike figures 

of our distant ancestors, guided only by fragments of ancient bone. 
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Paradoxes of Musical Pitch 
Diana Deutsch 

Just as optical illusions can trick the eye, so various combinations of musical 

pitch can deceive the ear. Recent research shows that these auditory paradoxes 

may be related to the brain's processing of speech. The way individuals hear vari

ous sequences of tones seems peculiar to their particular language or dialect. 

Achieving Electronic Privacy 
David Chaum 

All of your electronic transactions, from credit card purchases to bank withdraw

als, are creating a digital dossier of your life. The author proposes an encryption 

system that would allow individuals and institutions to take advantage of the 

benefits of computer communications while protecting privacy. 

TRENDS IN TRANSPORTATION 

Air Trains 
Gary Stix, staff writer 

In the 1960s, a handful of engineers devised what they believe is the answer to 

ground transportation needs for the next century: high-speed trains buoyed on 

magnetic fields. While Europe and Japan forged ahead, Washington zeroed out 

U.S. programs in the 1970s. Now, with the backing of an equally zealous senator, 

these aging visionaries may have a second chance to see wheTher maglev will fly. 
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Imagine you could design your own personal 
computer. What would it be? It would be fast, of 
course. Faster than your basic 486 machine. Fast 

The Apple Macintosh Quadra. 
enough to handle the rendering, animating, design 
and analysis jobs that often require a workstation. 

It would have immense storage and memory 
capacity. And it would have features like high-

performance networking and accelerated 

• RutoCRO 
video support built in . 

.. MacBRRUO! You would make it flexi-
• MacTOPRS ble enough to run any kind 
� Mathemati(:a of application. Affordable 
l\I MicroStation enough to put on every engi-
� Uellum neer's desk. And as long as 
Jp UersaCRO you're fantasizing here, 
, youtl make it as easy to set 

Macintosh Quadra runs all the most 1 d powerful engineering sojiware. Up, easy to earn an easy 
to use as an Apple® Macintosh® personal computer. 

But it's not a fantasy. It's a Macintosh Quadra� 
By any measure, the Macintosh Quadra 700 and 

950 are two of the most powerful personal com
puters ever built. Both are based on the Motorola 68040 programs like AutoCAD, MicroStation Mac� MacBRA VOl 
(rated at 20 and 25 MIPS, running at 25 and ........... _- and VersaCAD perform at a level once seen 
33 MHz), which integrates the processor, math only in dauntingly complex workstations. 
coprocessor and RAM cache all onto one chip. High-performance subsystems proVide 

They're up to twice as fast as any of their built-in support across the board: Ethernet 
forebears. Fast enough to beat the chips off networking, accelerated 24-bit video** sup-
comparably priced 486 computers from IBM, Butlt-in 24-btt video leis you port and faster SCSI and NuBus'" slots. 
Compaq and Dell� And fast enough to make crea:%f;��':ea�f��i�I:,�e����hout 

You can add a 400MB hard disk to both 
�Comparisolls are base:' on a 1991 independent research study cOllducle:' by Ingram Laboratories tbat tested {lmriel), of pers01It1/ computers rU1Ining applications {lft/ilable for both Ibe Alacin/osb (llId Microsoft Windoll:),].O �I/'iromllen/s. --24-bi/IIU!eo supporl Jar up 10 (116ft 1I/.01lilor 

specificaliolls (/nd descriplwlIs U'i!re supplzed by lbe respectitv! /I(?I/dor or Stlpp/zer: Orbiler images created by Jerry Flynll, ©1992 Apple Computer, /IIC. Apple, the Apple logo, NUX, Alae, Macinlosh and "?be power /0 be )1?U1' best" (Ire regIS/emf trademarks and Macintosh fjuadrtl and SuperDril'e are 
Imdemark oJWoIJram ResetJrch, inc. MicroSIalion is a registered trademark of Bent/e)' �)'Stems 11Ic. MS-DOS is a registered trademark and lr:indoulS is a tmdemark of Microsoft Corp. Motorola is a rep,istered trademark ofMoIoroia Corp. NuBus is a trademark of7exas IlIstrummls. 
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the 700 and the 950 to accommodate the largest CAD 
files. And the 950 even lets you add a CD-ROM drive or a 
removable cartridge drive, and a disk array or more than 
a gigabyte of internal hard disk storage. 

You can increase the memory of the 950 to up to 64MB 
of RAM for handling compute-intensive applications like 
three-dimensional modeling and stress analysis. 

Over your network, the unique Apple interapplication 

communications architecture 
lets you easily take advantage 
of features like distributed pro-

. 

cessing, allowing programs like 
RenderPro and BackBurner to 
utilize excess CPU cycles on 
other Mac computers or WOrk- There are two Macintosh Quadra . £ f d' 

models. The 950 sits nexl/o your 
statIons or aster ren ermgs. desk, the 700 fits on top of it. 

And Macintosh Quadra fits in with the PCs you 
already own. The built-in Apple SuperDriv( used 
with Apples new Macintosh PC Exchange software, 
allows you to share files easily with MS-DOS PCs 
via floppy disk or over a network. And with Apple's 
fully compliant version of UNIX" - NUX® - you can 
even run UNIX, X Window, MS-DOS and Macintosh 
programs all at 
the same time. 

It all adds up to 
the kind of power 
that moved PC 

Performance Index 
I Macintosh Quadra 700 (93) & 950 (97) I 
I Com�aq Deskpro 486/33L I 
I IBM PS/2 Model 95 XP 486133 I 
I Dell 433P (486/33) I 

�"edr.ttil1g 
1= spee<I of IBM PSiI 286 

1 2 3 , \ 6 7 8 9 10 

.1� th 
Macintosh Quadra significantly outpetforms 486 PCs 

wee� to give e from IBM, Compaq and Dell running Windows 3.0. 

Macintosh Quadra its highest satisfaction rating in 
the categories of overall performance, price relative 

to performance, expansion capability and ease of instal
lation and configuration: 

Your authorized Apple reseller would be glad to show 
you all this and more. For the name and location of 
the one nearest you, call 800-538-9696, extension 200. 

And soon you' ll discover the latest power of t 
Macintosh personal computers. The power to 
start a revolution. The power to be your bese 

-alro al1tlilable for 2/" mOllilors with optimml tbird-party />itleo cmr/. 'PC \l\!ek, December 23130, 1991, ©1991 Ziff Commullica/iollS Compau)'. Mention of !birr/-IXIrI)' products is for informational purposes oll/Y and C{mstilutes lIeUber an elldorseme1l1 liar a reclJmmcn(/(lfiGn. All prrxlucl 
trademarks of Apple Computer, Inc. AuloCAJ) is a registered trademark of AUlodesk. Inc. &ckBumer is (/ trademark of Specular In/mlt/fuma!. Mac8RAVOl is a lrademark of Scb/umberger 7lxhno/ogies, Inc. Mac7DPAS is a regislered /rademark of AT&T Grapbics Soflu'ilre ulbs. MalbemaliCll is a 
RenderPro is a /rademark ofSlrata, Inc. IN/lim is a registered Irtuiemark of Asblar II/corporated ItnaC4D is tI regis/eml trademark oflvrsacad Corp. X Window �)'Stem is tI trademark olMn.' UNIX is (l regislered Irtlliemark of AT&T This ad I/'IIS cretlled usillg Macintosh computers. 
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THE ILLUSTRATIONS 

THE COVER photograph captures a foun

tain of lava that spurted from the east rift 

zone of Kilauea volcano. Kilauea's present 

eruption, now in its 10th year, is proving a 

boon for scientists seeking to understand 

and to predict outbreaks of volcanism [see 

"Dynamics of Kilauea Volcano," by John J. 

Dvorak, Carl Johnson and Robert 1. Tilling, 

page 46]. The volcano's relentless activity 

also serves as a sobering reminder of the 

potent forces lurking inside the earth; the 

recent lava flows have buried a region the 

area of Manhattan Island. 

Cover photograph by Lee Allen Thomas/Doug Peebles Photography 
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No ONE HELPS YOU 

KEEP IN TOUCH MORE THAN WE DO. 

Toshiba helps you keep in touch, because we keep in touch with you. 

Understanding that one of the last places people get any work done is in the 

office, we make notebook computers that give you more power than many 

desktops, and more freedom than you can imagine. 

For instance, the T4400SXC has an i486™SX microprocessor, three hour 

battery life, and the newest TFT LCD technology that can display 256 colors 

from a built-in palette of 185,193. It's the most powerful color notebook 

available to control information and improve communication. 

At Toshiba, we want you to be your most productive, so you can keep in 

touch with a few other important parts of your life. Your family, friends .... 

In Touch with Tomorrow 

TOSHIBA 
For more informotion wrire:Toshibo Americo Informotion Syslems,lnc.,9740 Irvine Blvd.,lrvine, (A 92718 or coli: 1-800-457-7777. i486 is 0 trademark cllnlel (orp. 
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counting Your Change 

Timothy Taylor's article on the or
igin of "The Gundestrup Cauldron" 
[SCIENTIFIC AMERICAN, March) was a 
fascinating exercise in antiquarian de
tective work. Yet deducing the caul
dron's country of origin through the 
decomposition of its weight into an 
integral number of coins available only 
from Persia is an unjustifiable leap of 
faith. Although the bowl could have 
been melted from precisely 1,666 sig
loi of 5.67 grams each, it is unlike
ly the coins had the same mass to 
the nearest hundredth of a gram. (U.s. 
quarters vary by approximately five 
hundredths of a gram.) The variation 
in weight creates an uncertainty of 
as much as three coins. Different num
bers of coins from other countries 
would have fit the hypothesis equal
ly well. 

GREG BLONDER 
Director, Materials and Technology 

Integration Research Laboratory 
AT&T Bell Laboratories 

I am sure the error [from uncertain
ty about the coin masses) is dwarfed 
by the uncertainty in estimating the 
weight of the missing parts of the caul
dron or indeed of the wide range of 
possible losses during its fabrication. 
No production process of the period 
would directly yield the sharp cornered 
panels used for the sides of the caul
dron; rather a rounded shape would 
be trimmed to those finished forms. 
The resulting loss of material would 
be impossible to estimate to the accu
racy needed to support the assertion 
that the siglos was the base materi
al used. 

STEVE THOMPSON 
London 

Taylor replies: 
In antiquity, precious metal vessels 

were often made in round and easily 
memorable multiples of coin weights 
so that they might serve in effect as 
large denomination bank notes. Their 
production did not require the rework
ing of real coins. A sheet-silver vessel 
would have been made to a siglos stan
dard from an appropriately sized ingot 
and trimmed to reach its exact value. 

10 SCIENTIFIC AMERICAN August 1992 

I apologize for not making this point 
clear. Despite the apparent low accura
cy of the calculation, the probability of 
obtaining by chance two siglos-based 
round figures for the Gundestrup caul
dron (one and two third thousands and 
three quarters of a thousand) is low. 
The calculations should be seen in con
text as only one independent part of 
the argument that the cauldron belongs 
to a silversmithing tradition strongly 
influenced by Persia. 

Her Rightful Name 

By her own account in Charlotte's 
Web, by E. B. White, Charlotte's species 
was Aranea cavaticus, and not A. di
adematus as mentioned by Fritz Voll
rath in "Spider Webs and Silks" [SCI
ENTIFIC AMERICAN, March). At least that 
is how she introduced herself, exer
cising license in feminizing the specif
ic name: 

"My name," said the spider, "is Char
lotte." 

"Charlotte what?" asked Wilbur, ea
gerly. 

"Charlotte A. Cavatica. But just call 
me Charlotte." 

As a matter of literary, if not scien
tific, propriety, shouldn't one of the no
blest and most attractive heroines in all 
literature be allowed her own identity? I 
can imagine how the error occurred: the 
range of A. diadematus, the cross spi
der, is cosmopolitan; A. cavaticus, the 
barn spider, is limited to eastern North 
America and may be unfamiliar to Pro
fessor Vollrath. 

EUOTPORTER 
St. Louis Post-Dispatch 
St. Louis, Mo. 

Warming Up the Market 

Richard Elliot Benedick's essay on 
global warming, "A Case of Deja Vu" 
[SCIENTIFIC AMERICAN, April), is wor
thy and telling. To me, the uncertain
ty about global warming is nothing but 
academic. In the 1800s and up to 1900, 
the Columbia and Willamette rivers, 
among others, regularly froze in win
ter, allowing easy sled and wagon trav
el. As described in exploration reports 
and mountaineering literature, the ex
tent of glaciers and snowpack in the 
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Now schools without French teachers 
can still have lessons in French. 

Students at three high schools in northwestern suburbs 
of Chicago now can take classes their schools might not 
have been able to afford otherwise - thanks to a system 
provided by Ameritech. 

Called Distance Learning, the system is a new application 
for video conferencing, a service originally intended for 
business use. By video, a teacher can combine students 
from three schools to form a class and teach them 
simultaneously even though the schools are twenty miles 
apart. It's only one of many educational efforts Ameritech 
has under way. Our Buddy System, for example, is linking 
students and home computers with their schools and a 
whole world of information. We're also providing grants 
to students doing graduate work in telecommunications 

© 1992 Ameritech Corporation 

and supporting teachers writing curricula using our 
Ameritech PagesPlus® directories as learning tools. 

At Ameritech, we're developing innovative products and 
services of all kinds to help make sure today's students aren't 
just ready to face the future, but to shape it. 

For more information on our contributions to the quality 
of life in communities we serve, call 1-800/242-8580. 

THE CoMMUNICATIONS COMPANIES OF AMERITECH ARE: 
Illinois Bell-Indiana Bell-Michigan Bell-Ohio Bell-Wisconsin Bell 

Ameritech Audiotex Services -Ameritech Credit -Ameritech Development 
Ameritech Information Systems -Ameritech International 

Ameritech Mobile Communications -Ameritech Publishing 
Ameritech Services -The Tigon Corporation. 

£f._� __ . __ � .. 

I."'�K' • �"''' 

Connecting You With Tomorrow 
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Northwest and Rockies is minuscule 
compared with their former glories. 

The market system is far more re
silient and capable than we give it cred
it, and there is no question that a vigor
ous response would follow incentives to 
reduce global warming. As the world's 
largest consumer, polluter and market 
economy, the U.S. should rightly lead 
the movement for change. We should 
feel an obligation to err on the side of 
caution because as consumers, we are 
the major "beneficiaries" of chlorofluo
rocarbon pollution and global warm
ing, yet the negative effects go far be
yond our own borders. 

WALTER T. HASWELL ill 
Corvallis, Ore. 

A Crick in His Thinking 

It seems to me that Francis Crick's 
deterministic assessment of the na
ture of consciousness, as reported in 
John Horgan's profile of him ["Science 
and the Citizen," SCIENTIFIC AMERICAN, 
February], is as metaphysical as any 
characterization in terms of free will. 
He asserts that "you, your joys and 
your sorrows, your memories and am
bitions, your sense of personal iden
tity and free will, are in fact no more 
than the behavior of a vast assembly 
of nerve cells and their associated 
molecules." 

If we carry this thesis to its logical 
conclusion, then we must also declare 
reason, judgment, logic, consistency and 
similar faculties as equally illusory. Sci
ence thus becomes a sham process. 
Paradoxically, if Dr. Crick is correct, his 
suppositions lose their validity because 
they are no more the result of reason 
than is the plodding, mindless orbit of 
the earth around the sun. 

MARK ADKINS 
Phoenix, Ariz. 

ERRATA 

In the box on page 111 of "Heisen
berg, Uncertainty and the Quantum Rev
olution" [May], a mathematical formula 
is incorrect. It should read: t; x = 2 s� 0' 

The caption of the cover illustration 
for the May issue neglected to credit Da
vid Malin of the Anglo-Australian Obser
vatory for the photograph on which the 
painting is based. 

The article on "The Codex Mendoza" 
[June] misstated the relative size of Te
nochtitl<J.n, the capital of the Aztec Em
pire: it actually contained about 1 per
cent of the population then living in cen
tral Mexico. 
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Saturn from the Hubble Space Telescope shows features never before photographed from Earth. 

This space reserved for Lockheed. 
Space is an inexhaustible source of discovery. In the single generation 

since we ventured into space, the benefits have been immense. America's leadership 

in science, medicine, computers, telecommunications, software and environmental 

technology has been enhanced, in part, by an aggressive, dynamic space program. 

Lockheed is very much part of that momentum, often the driving 

force: in satellite systems, NASA Shuttle processing, orbiting observatories, advanced 

solid rocket motors, space-based communications systems and the development of 

Space Station Freedom. 

Lockheed manages its business to leverage its core technologies not 
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into space; and Lockheed is leading the way. 

�Lockheed 
Watch NOVA on PBS, Tuesdays at 8 p.m. 
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50 AND 100 YEARS AGO 

AUGUST 1942 

"Scientific American, since last au
tumn, has quietly organized some of its 
thousands of amateur telescope mak
ers. A limited number of these advanced 
workers have already demonstrated that 
the amateur who works mainly for the 
love of the work, or for the hate of Hit
ler's regime, can successfully do pre
cision optical work of a grade of dif
ficulty that is looked upon even by 
most professionals as ultra, and which 
some of them find it prudent not to 
tackle." 

"I have no quarrel with-in fact, I 
commend-those individuals who want 
to store their cars for patriotic reasons. 
Nor will I argue about possible savings 
in gasoline and oil if cars are taken off 
the road. However, preservation is one 
thing and waste is another. Persons who 
are considering storing their cars for the 
duration to save tires should consider 
the fact that tires deteriorate when not 
in use. This is because normal operation 
of a car flexes the rubber and keeps it 
alive. Light -even artificial light -dam
ages stored tires. All windows in the 
storage place should be blacked out 
and the car should be blocked up to re
move the weight from the tires." 

"It is evident that the Crab Nebula is 
expanding in all directions, and at a 
very rapid rate, astronomically speak
ing. Carrying the motion back in time 
as well as in space, it appears that 
all parts of the nebula started from a 
central point at nearly the same time, 
about 800 years ago. Chinese records 
described the appearance of a 'guest
star' in the right part of Taurus, and in 
the year 1054 A.D. This is almost 900 
years ago, but it would hardly strain the 
observations of the fuzzy moving neb
ular condensations to fit them to this 
slower rate of motion." 

"In a paper reported in The Journal 
of the Institution of Engineers, Austra
lia, Alan Price states that it is a mistak
en idea that road corrugation results 
from the frictional action of motor car 
wheels. He points out that, if this were 
so, the corrugations would occur only 
adjacent to the wheel tracks, whereas 
actually they are found to extend right 
across the road width, and he postu
lates the theory that they are the direct 

result of air currents produced by the 
motion of the car. Observations and ex
periments are quoted by Mr. Price to 
show that air currents have wavelengths 
which eventually bring about 'heaps' or 
corrugations at right angles to the di
rections of flow; in the case of a road, 
however, these corrugations do not oc
cur exactly normal to the center line, 

Electrical ore finder 

but lie slightly forward from left to 
right. The reason for this latter phe
nomenon is that the air stream is not 
running parallel to the center line, be
cause the camber of the road induces 
the current to follow the line of least 
resistance." 

AUGUST 1892 

"French science has to deal with a 
peculiar problem, how to prevent the 
depopulation of the country, which is 
now going on so rapidly that deaths ex
ceed the births by nearly 40,000 in a 
single year. Increasing the birth rate 
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having proved impracticable, the pres
ent hope is to diminish the death rate. 
At a recent meeting of the new Society 
for the Protection of Children, Dr. Ro
chard stated that 250,000 infants die 
yearly, of whom at least 100,000 could 
be saved by intelligent care. Stringent 
laws have been already passed to aid 
in preventing this great waste of life. It 
is now illegal for any person to give 
children under one year of age any sol
id food except on medical advice, and 
nurses are forbidden to use nursing bot
tles having rubber tubes. Efforts are be
ing made also to induce Parisian moth
ers to nurse their own infants." 

"In the figure (left) is shown an instru
ment for indicating the presence of met
als. The induction coil consists of a pri
mary coil made of coarse wire and con
nected with a rapid automatic circuit 
breaker and battery. The secondary coil 
is made of fine wire and is arranged ex
actly at right angles to the coarse wire 
coil. A telephone is connected with the 
secondary coil. If the primary circuit is 
continuously and rapidly interrupted 
while the coil is not in the vicinity of 
any magnetic material, no sound will 
be heard in the telephone, as all the in
ductive influences are equal and oppo
site; but when the coil is held in prox
imity to metal or magnetic ore, the equi
librium is disturbed and the sound is 
heard in the telephone." 

"It is said that there are at least two 
distinct races of stingless bees in South 
America, but these races have not much 
value as honey gatherers, and moreover 
they build combs with very thick-walled 
cells, and probably they would not be 
worth cultivating as compared with the 
European, Asiatic, and African races. But 
if we can cross our bees with the giant 
bees of India and obtain a race with a 
long proboscis and perhaps increased 
size (if that should prove to be of any 
advantage), and cross this improved 
race with the South American stingless 
bees, we shall then have a race of bees 
which it will be difficult to improve." 

"The Empire State express breaks its 
own record so often that close atten
tion is required to keep track of it, 
so says the Railroad Gazette. On July 4 
it ran from Syracuse to Rochester, 81 
miles, in 74 minutes, equal to 652/3 
miles an hour." 
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IN OCTOBER, TECHNICS 
WILL TURN THE WORLD OF MUSIC UPSIDE DOWN. 
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SCIENCE AND THE CITIZEN 

Aborting Research 
Fetal cell transplants in the 
U.S. are stalled by opposition 

�the First International Congress 
of the Cell Transplant Society 

held recently in Pittsburgh, 13 
papers were delivered during a special 
session on transplanting tissue ob
tained from fetuses. Their results in
spired increasing confidence that those 
vigorous cells can enhance life for peo
ple with a number of disabling dis
eases. But only one presentation was 
by U.S. researchers-and it was based 
on sheep. The balance were by workers 
from China, Japan, Russia, Hungary, 
Singapore, Sweden and Yugoslavia. 

The paucity of reports by U.S. scien
tists was mute testimony to the effects 
of a 1 988 federal moratorium on fund
ing for studies on fetal cell transplanta
tion that use tissue obtained from vol
untarily aborted fetuses. The Bush ad
ministration has continued to enforce 
the ban even though a specially con
vened expert panel recommended that 
the research should proceed provided 
safeguards were put in place to prevent 
it from encouraging abortion. In addi
tion, the ban has discouraged private 
funding for the work and had a chilling 
effect on most investigative efforts into 
fetal development, says D. Eugene Red
mond, Jr., a fetal transplantation re
searcher at Yale University. 

The standoff has now escalated into 
a full-blown political confrontation. 
President Bush vetoed a congressional 
effort to overturn the ban in late June, 
and an attempt to override the veto 
failed to succeed. Opponents of the ad
ministration's position-among them 
the American Medical Association, the 
Association of American Medical Col
leges, the Association of Biotechnology 
Companies, the Juvenile Diabetes Foun
dation and several foundations on 
Parkinson's disease-emphasize that 
their support for research on fetal cell 
transplantation does not imply any 
particular view on abortion. "What we 
are talking about has nothing to do 
with abortion," insists Sara King, re
search director of the Juvenile Diabetes 
Foundation. 

Assistant Secretary for Health James 
O. Mason has accused critics of exag
gerating the potential of fetal cell trans-

]. WILLIAM LANGSTON of the California Parkinson's Foundation uses positron emis
sion tomography to monitor fetal tissue grafts. Photo: Douglas L. Peck. 

plantation. Yet although the techniques 
are still experimental and involve small 
numbers of patients, the clear consen
sus of researchers is that the results 
with Parkinson's disease, at least, are en
couraging. And scientists are optimis
tic that the findings have broader ap
plication. Fetal cells not only thrive in 
a host, they also can develop into spe
cialized forms and secrete substances 
that nurture surrounding tissue. In ad
dition, some fetal cells seem less likely 
than other cells to trigger an immune 
reaction. 

These properties could make fetal 
cells uniquely valuable for treating dis
eases in which tissue degenerates. Par
kinson's disease, for example, slowly de
prives its victims of the power of move
ment by destroying cells in a small 
region of the brain. Most of the 1 00 or 
more Parkinsonian patients worldwide 
who have had fetal brain cells implant
ed are reported to show signs of im
provement, according to Anders Bjork
lund, a Swedish pioneer in the field. 

Bjorklund readily agrees that the 
technique must be refined. Thirty-four 

months after transplantation, positron 
emission tomography scans indicated 
that only 5 to 1 0  percent of the cells he 
and his colleagues implanted into one 
group of four patients appeared to have 
survived. Even so, three of the four pa
tients show improved mobility, Bjork
lund says. Similarly, Robert E. Breeze, 
who has performed fetal tissue trans
plants in Parkinsonian patients with 
Curt R. Freed of the University of Col
orado, says seven of eight patients are 
improved, one dramatically. Breeze and 
Freed support their research with pri
vate funds and patient fees. 

Parkinson's is not the only disease 
that might be treatable with fetal tis
sue. Several researchers at Pittsburgh 
reported progress using pancreatic tis
sue grafts to reduce diabetics' reliance 
on insulin. Using fetal tissue could elim
inate some of the problems encoun
tered in obtaining tissue from adult 
cadavers. The one U.S. researcher who 
has achieved promising results treat
ing diabetics with fetal pancreatic tis
sue, Kevin ]. Lafferty of the Universi
ty of Colorado, discontinued the work 
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Poll: Fetal Cell Experiments Should Continue 
A majority of the U.S. public does not agree with attempts by the antiabortion lobby 

and the Bush administration to hold back research on fetal tissue transplantation. A 
poll by Louis Harris and Associates found that 74 percent of those surveyed believe 
experiments should continue, including 55 percent of those who oppose abortion. 
The survey of 1,255 adults was conducted in June. Here are the results: 

• Do you believe that research in this field should continue or not? 

Total (percent) Antiabortion Proabortion* 

Yes, should continue: 74 55 87 
No, should not continue: 22 42 9 
Not sure: 4 3 3 

• Allowing fetal cell research using aborted fetuses should be forbidden 

because it will encourage more abortions. 

Agree: 33 60 17 
Disagree: 64 37 81 
Not sure: 3 3 2 

• The use of aborted fetuses for research should be allowed if the alternative 
source-chiefly miscarriages-is inadequate in volume and quality. 

Agree: 61 33 79 
Disagree: 33 61 17 
Not sure: 6 6 5 

"Totals may not equal 100 because of rounding. 

when the ban came into effect in 1988.  
Another disease that might one day 

be treatable with fetal tissue is muscu
lar dystrophy, according to Terrence A. 
Partridge of Charing Cross and West
minster Medical School, London. And 
Paul R. Sanberg of the University of 
South Florida implants rat fetal tissue 
in rat brains that have chemically been 
damaged to cause symptoms resem
bling those of Huntington's disease, an
other devastating neurodegenerative 
disorder. Sanberg says his treatment 
can restore normal levels of activity. 
Deane B. Jacques of the Hospital of the 
Good Samaritan in Los Angeles, who 
plans to use private funds to treat 
Parkinsonian patients, hopes within a 
few years to experiment with treating 
patients disabled by cerebral palsy and 
stroke in the same way. 

The encouraging results serve only 
to rankle further the handful of U.S. 
scientists who have proceeded despite 
the ban. ]. William Langston of the Cali
fornia Parkinson's Foundation in San 
Jose, who has sent brain-damaged pa
tients to Sweden where Bjorklund's col
league Stig Rehncrona implants fetal 
cells, worries that the administration's 
ban is eroding the quality of fetal trans
plantation research by forcing it to go 
outside the peer-review system of the 
Nationallnstitutes of Health. Breeze ar
gues that the ban slows progress to
ward determining the best age for 
transplanted tissue and impedes efforts 
to determine where precisely such tis
sue should be placed. 

Other countries have moved ahead by 
taking measures to assure that the re-

search does not encourage abortion, ei
ther by inspiring altruism in potential 
donors or creating a market for fetuses. 
In England, where Edward R. Hitchcock 
of the University of Birmingham has per
formed several dozen fetal transplants 
in Parkinsonian patients, apparently 
with beneficial results, women who have 
already decided to have an abortion are 
asked if they are willing to donate fetal 
tissue for medical research. Donors are 
not told what disease is being studied, 
in order to avoid evoking sympathy on 
their part. 

Ironically, such safeguards parallel 
those proposed by the U.S. review com
mittee in 1 988.  It insisted that finan
cial inducements should be illegal and 
that women should not be able to do
nate fetal tissue for named beneficia
ries. In addition, the committee said 
women should be asked to donate only 
after they had made a firm decision 
to have an abortion. Among those vot
ing with the 17-4 majority on the com
rnittee was Bernadine Healy, who is 
now director of the National Institutes 
of Health. 

Otis Bowen, who as secretary of 
health under President Reagan enacted 
what was then seen as a temporary 
ban, said recently that he thought the 
government should have permitted 
federal support of the research once it 
received the advice. But the present ad
ministration still contends that such 
guarantees might not work. "It's very 
unlikely [donors] will not know the hu
manitarian effect of donating tissue," 
said Assistant Secretary Mason at a re
cent press conference in Washington. 
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" This may well be part of their decision 
about whether or not to have an abor
tion." (Mason also admitted there are 
no data to support that view.) 

In an attempt to defuse mounting op
position, the administration announced 
in May that it would spend $3 million 
to establish "banks" of fetal tissue 
from "spontaneous abortions" -miscar
riages-and from ectopic pregnancies, 
in which a fetus develops outside the 
uterus and has to be removed to save 
the mother. Mason said transplantation 
research using tissue from the pro
posed banks would not be "encourag
ing or justifying elective abortions," 
and Healy declared the approach to be 
"feasible." But the researchers knowl
edgeable about fetal development pro
test that the proposed banks are im
practical. "As far as I know, there is not 
anybody who is involved who believes 
this is a reasonable proposal," Red
mond says. 

Redmond points out that researchers 
have avoided tissue from miscarriages 
and ectopic pregnancies for good rea
sons: tissue for transplantation should 
be kept in sterile controlled conditions, 
and its developmental stage must be 
known. That is possible in a medical fa
cility, but fetuses spontaneously abort
ed are likely to become infected. In
deed, a high proportion of miscarriages 
occurs because of infection or some ge
netic abnormality. 

Moreover, "tissue from thousands of 
miscarriages would have to be collect
ed and cryopreserved, and subsequent 
pathological, cytogenetic and microbio
logical studies would have to be done 
in order to obtain the 3.58 fetuses per 
year that might be usable" in a large 
hospital, Redmond maintains. "It sim
ply would never work." Nor would us
ing fetuses obtained from an ectopic 
pregnancy, which is a surgical emergen
cy: delaying the procedure to get in
formed consent and to assemble a team 
to preserve the tissue would be unethi
cal and dangerous, Redmond says. And 
tissue from ectopic pregnancies is of
ten nonviable because it has a poor 
blood supply. 

Healy has suggested that soon it 
will be possible to culture fetal cells in 
the laboratory. If so, cells from a sin
gle ectopic pregnancy might then be 
used to treat hundreds of patients. 
And many investigators are working on 
ways to implant animal cells into pa
tients without triggering immune reac
tions. But those techniques are not yet 
available. In the meantime, according 
to Breeze, the administration's position 
is "greatly" hindering progress toward 
treatments that could relieve enormous 
suffering. - Tim Beardsley 
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DINNER IS SERVED: caterers prepare crickets, mealworms and other delicacies for 
an entomological feast. Photo: Jim Lukoski/Black Star. 

Entomophagy 
A meal of cooked insects 
offers food for thought 

E ntomologists and their guests 
were gathering on the patio of 
the Explorers Club in Manhattan 

to snack from a large bowl of roasted 
crickets and larvae. With every handful 
removed, the remaining contents shift
ed in a way that looked distressingly 
animated. Meanwhile Gene DeFoliart, 
professor emeritus from the University 
of Wisconsin, answered an inevitable 
question. "Americans say, 'I could never 
eat a cockroach,' as if cockroaches were 
the only insects," he remarked, then 
ticked off why nobody-anywhere-eats 
cockroaches: they are filthy, allergenic 
and chock full of bacteria. 

When the New York Entomological So
ciety celebrated its centennial this past 
May with a banquet, the organizers de
cided to put insects on the menu: choco
late cricket torte, mealworm ganoush, 
wax worm fritters with plum sauce and 
more. The society also invited DeFoliart, 
the editor of the Food Insects Newslet
ter, to deliver an after-dinner talk on 
the merits of entomophagy. 

According to DeFoliart, the squea
mishness that many Westerners feel 
about eating insects is a minority view. 
Outside of Europe and North America, 
most people throughout the world eat 
at least some insects. (No one knows 
why European cultural cuisine became 
so fastidious.) At movie theaters in Co
lombia, for example, roasted ants are 
eaten like popcorn. Insects are a major 
staple in some rural areas: one study 

found that in parts of Africa, more 
than 60 percent of the dietary protein 
comes from insects. 

A grasshopper may look less appe
tizing than a drumstick, but insect bod
ies are nutritious. When dried, their pro
tein content per pound is higher than 
that of conventional meat, although 
much of this protein is in the form of 
indigestible chitin, the material of the 
exoskeleton. Grubs and caterpillars of
ten contain an abundance of unsaturat
ed fats. Many insects are also rich in vi
tamins and lYSine, an amino acid defi
cient in the diets of many people who 
subsist primarily on grain, DeFoliart 
says. Moreover, people do not just eat 
insects out of necessity-they enjoy the 
flavors. 

"Chacun a son gout," some cynics 
might shrug, but DeFoliart argues that 
such narrow-mindedness is harmful. 
Because Americans and Europeans do 
not consider insects a food source, 
few funds are availableJor research on 
the food uses of insects. Such research 
could help identify particularly nour
ishing insects and improve methods 
for raising and harvesting them. 

As a consciousness-raising event, 
the banquet was successful. The only 
off-putting items were the three-inch, 
sauteed Thai water bugs, which were 
entirely too similar to giant cock
roaches. The honeypot ants, which had 
transparent abdomens distended with 
peach nectar, were delightful sweets. 
And aside from their shape, the roast
ed crickets were almost indistinguish
able from salted peanuts. As DeFoliart 
joked during his talk, the genus name 
of crickets is an open invitation to 
dine: Gryl/us. -John Rennie 
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counting Down 
Pressure mounts on the u.s. 
to stop nuclear weapons test 

O n April 8 the French govern
ment took a step that would 
have been unimaginable before 

the end of the cold war. It announced it 
was suspending through at least the 
end of this year its nuclear weapons 
tests, which since the early 1960s have 
taken place in the South Pacific. Presi
dent Franc;:ois Mitterand urged the U.S. 
to do likewise, arguing that such an ac
tion would help stem the spread of nu
clear weapons to other countries. 

On April 30 the U.S. responded to the 
French plea by detonating a nuclear 
bomb in a tunnel at the U.S. Depart
ment of Energy's Nevada Test Site. The 
blast -a so-called effects test, which in
vestigates how military hardware, in
cluding nuclear warheads, will perform 
in a "nuclear environment" -was the 
second this year and the 3 0th since 
George Bush became president in 1989. 

Just as Bush stood alone among 
heads of state attending the United Na
tions Conference on Environment and 
Development in refusing to sign the 
biodiversity agreement, so has he be
come increasingly isolated on the issue 
of nuclear testing. Now that the cold 
war is over, proponents of a test ban 
say, the U.S. has nothing to lose and 
much to gain from ending its tests. 
"The discontinuance of nuclear testing 
is seen worldwide as a first step toward 
a world of zero nuclear weapons," says 
Frank von Hippel, a physicist at Prince
ton University and an authority on 
arms control. "If we insist that nuclear 
weapons are forever, then, over time, 
more and more countries will argue 
that they too need such weapons."  

Arms-control advocates hoped Bush 
might take a small step toward a test 
ban in June during his summit meeting 
with Russian president Boris N. Yeltsin. 
Military leaders in Russia had been press
ing Yeltsin to end that country's unilat
eral moratorium on testing, and to keep 
the hard-liners at bay Yeltsin had re
portedly sought some sign that the U.S. 
was committed to a ban-an agreement 
to limit the number of tests per year, for 
example. Although the leaders did agree 
to slash their missile arsenals, Bush 
conceded nothing on nuclear testing .. 

Some congreSSional leaders, notably 
Sam Nunn of Georgia, chairman of the 
Senate Armed Services Committee, view 
Bush's position as a betrayal of a pledge 
made by his predecessor, Ronald Rea
gan. In 1986 Nunn and others agreed 
to squelch a test-ban bill and to sup-
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Functional Neuroimaging: 
Looking at the Mind 

An Internatianal Symposium 
Back Bay Hilton, Boston, Massachusetts 

November 5-6, 1992 
Sponsored by the Massochu5ens Biomedical Research Corporation 

Daniel Tosleson 
and the Mauochusetts General Hospital Department of Radiology 
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Instrumentation for Functional Neuroimaging 
T. Brady, M. Phelps, S. Williamson, A. Gevins, 
G. Gonzalez, M. Cohen, T. Budinger, V. Caviness, 
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The Brain in Health and Disease 
G. Fischbach, K. Chiappa, D. Caplan, 
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Commentator: S. Grossberg 
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port Reagan's efforts to complete nego
tiations with the Soviet Union on the 
Threshold Test Ban Treaty, which pro
hibits tests with yields exceeding 1 50 
kilotons of TNT. In exchange, Reagan 
said the U.S. would "immediately" be
gin negotiations toward a comprehen
sive test ban after the threshold treaty 
was completed. 

The Soviet Union and the U.S. had 
been voluntarily abiding by the 1 5 0-
kiloton limit (roughly 10 times the 
yield of the bomb that destroyed Hi
roshima) since 1 9 74, but their inability 
to agree on verification measures pre
vented them from making the agree
ment official. In 1 990 the Soviet Union 
finally accepted all the U.S. demands 
on verification, which included U.S.-de
signed sensors and on-site inspections. 
Both nations signed the treaty, and the 
U.S. Senate ratified it. 

Congressional leaders then waited in 
vain for Bush to fulfill the promise made 
by Reagan. This past March, Nunn and 
two other Democratic senators, Al Gore 
of Tennessee and Paul Simon of Illinois, 
wrote a letter to the president's nation
al security adviser, Brent Scowcroft, re
minding him of Reagan's "solemn com
mitment." "We cannot overemphasize," 
the letter stated, "the implications for 
possible legislative action by Congress 
in the nuclear testing area this year 
were the Bush Administration to re
nege on this commitment." 

Indeed, Congress is now seeking to 
take matters into its own hands. In early 
June the House of Representatives vot
ed 23 7- 1 6 7  for a bill imposing a one
year moratorium on testing. A similar 
bill, still pending, has been sponsored 
by almost half of the members of the 
Senate. But even if the bill is passed by 
both houses of Congress, the president 
is almost certain to veto it. 

Obviously, the U.S. can no longer 
maintain that it must develop and test 
new warheads to keep pace with the 
now defunct Soviet Union. And in fact, 
tests of advanced warhead designs, 
such as the exotic nuclear-pumped x
ray laser warhead once being consid
ered for the Strategic Defense Initiative, 
have been drastically cut back. But Sec
retary of Defense Dick Cheney and oth
er officials insist that tests are still 
needed to ensure that weapons already 
in the stockpile are reliable and safe
in other words, that they will explode 
when called on to do so but not sooner. 

Those justifications have been rebut
ted by Ray E. Kidder, a physicist at 
Lawrence livermore National Laborato
ry. Kidder, who has 3 5  years of experi
ence as a designer of nuclear weapons, 
says nonnuclear tests are more than 
adequate to ensure that warheads will 
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blow up only on command. As for safe
ty, he notes that most U.S. weapons al
ready incorporate advanced, fully test
ed safety features, such as low-sensitiv
ity explosives to initiate the blast. 

Of those weapons that lack such fea
tures, only three are not scheduled for 
immediate retirement: the Minuteman 
3 ground-based missile and the Trident 
1 and 2 submarine-launched missiles .  
The U.s. can modernize these missiles 
simply by replacing their warheads with 
more advanced models, according to 
Kidder. No more than 1 2  underground 
tests, he says, would be required to 
demonstrate the reliability of the modi
fied weapons. 

Even these few tests may be UIllleces
sary, says Matthew BUIlll of the Arms 
Control Association. He points out that 
both the U.S. Air Force, keeper of the 
Minuteman 3, and the Navy, which over
sees the Trident missiles, have stated 
that the weapons are already safe and 
do not need modifying. The advantages 
of having an immediate test ban, BUIlll 
says, greatly outweigh the benefits of 
further safety-related tests. 

As if to underscore this point, China 
on May 21 conducted its most power
ful nuclear test yet. Although the Chi
nese blast, which had an estimated 
yield of more than 1 ,000 kilotons of 
TNT, was conducted underground, it 
reportedly released a large plume of ra
dioactive gas. 

Now that France has suspended its 
tests, BUIlll points out, China is the only 
nation besides the U.S. and Great Britain 
that is openly conducting tests and is 
not publicly committed to a comprehen
sive test ban. (Great Britain conducts 
roughly one test every 1 8  months at 
the Nevada Test Site and would there
fore probably cease testing if the U.S. 
did.) BUIlll argues that by halting U.S. 
tests and applying some "strong di
plomacy," Bush could almost certainly 
persuade China-the country to which 
he was once ambassador-to join a test 
ban. "China would find it embarrassing 
to oppose a comprehensive test ban at 
this point," BUIlll says. 

Kidder, the livermore weapons de
signer, predicts that a test ban will be 
achieved within four years, even if Bush 
is reelected. Although "Bush and a few 
diehards are still hanging on," Kidder 
says, even the weapons laboratories are 
losing their enthusiasm for testing now 
that the emphasis on designing new 
warheads has declined. "When I was 
a lad here" in the late 1 9 5 0s, Kidder 
recalls, "we were banging them off in 
the atmosphere, out in the South Pa
cific. It was very glamorous, and we 
were designing new things.  Now it's  a 
dead issue." -John Horgan 
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Plenty of Nothing 
A detector finds more particles 
than expected-but not enough 

When physicists began operat
ing the Gallium Experiment in 
the Gran Sasso tunnel below 

the Italian Apennines a year or so ago, 
they had high hopes. The primary pur
pose of GALLEX, which consists of a 
tank containing 50,000 liters of a solu
tion laced with the element gallium, 
was to observe the elusive, possibly 
massless particles known as neutrinos 
and thereby resolve the so-called solar
neutrino problem. 

The problem is this: the standard 
model of nuclear physics yields a re
markably precise estimate of the num
ber of neutrinos spawned by nuclear 
fusion in the sun's interior, but obser
vations made during the past 24 years 
by three different neutrino detectors 
have come up far short. The discrepan
cy led some workers to call for revi
sions in the standard model of particle 
phYSiCS, while others argued that the 
data were tentative and needed confir
mation [see " The Solar-Neutrino Prob
lem," by John H. Bahcall; SCIENTIFIC 
AMERICAN, May 1 990]. 

Now that the first year's results from 
GALLEX have been reported, they mud
dy rather than clarify the situation, ac
cording to Richard Hahn of Brookhaven 
National Laboratory, a member of the 
GALLEX team. If the detector had ob
served more neutrinos, he explains, 
"everybody would say, 'Aha, they're con
firming the standard model.'" Results 
that were lower, nearer to those from 
the previous experiments, would have 
confirmed the need for a new physics 
model. "But we're sort of in-between," 
Hahn says. 

Like previous experiments, GALLEX 
detects only an infinitesimal fraction of 
the vast numbers of solar neutrinos 
that pass through it every second. Ev
ery now and then, a neutrino strikes a 
gallium nucleus and transforms it into 
a radioactive isotope of germanium. By 
measuring the radioactive germanium, 
the GALLEX workers have estimated 
that roughly two thirds as many neutri
nos are passing through the detector 
as predicted by conventional models of 
nuclear and solar physics. 

That percentage is still significantly 
higher than those derived from earlier 
experiments. Workers began monitor
ing solar neutrinos in 1 968 with a vat 
of a chlorine compound called per
chloroethylene-ordinary dry-cleaning 
fluid-in a gold mine in South Dakota. 
(Neutrino observatories are placed un-
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derground to shield them from cosmic 
rays that could produce spurious sig
nals.) When a neutrino collides with a 
chlorine nucleus, it is transmuted into 
a radioactive isotope of argon. After 
24 years of measuring argon isotopes, 
workers found less than a third of the 
predicted number of neutrinos. 

trino with an electron in the water re
leases a flash of light, called Cerenkov 
radiation, that is detected by photo
multiplier tubes surrounding the tank. 
So far the experiment, which is called 
Kamiokande II, has detected about 40 
percent as many neutrinos as predict
ed by the standard model. 

anachronistically) the SOviet-American 
Gallium Experiment, or SAGE, it began 
operating four years ago. Unlike either 
the South Dakota or Kamiokande II ob
servatories, which can detect only high
ly energetic neutrinos produced by rel
atively rare types of fusion, SAGE was 
designed to detect the low-energy neu
trinos generated by the fusion of two 
hydrogen nuclei, or protons, which is 
thought to be the source of almost all 
solar neutrinos. 

In 1986 a more direct type of obser
vatory consisting of a large tank of wa
ter began operating in a mine near 
Kamioka, Japan. The collision of a neu-

The lowest numbers of all have come 
from a detector in Russia's  North Cau
casus region that, like GALLE)(, con
sists of gallium in solution. Called (now 

A Rare Glimpse of a Dim World 

E ver since it was discovered in 1930, Pluto has stood 
out as a planetary oddball. Its highly elliptical orbit 
periodically carries it more than half again as far 

from the sun as any other planet. It is tiny-a mere 2,300 
kilometers across, or about two thirds the diameter of the 
earth's moon. Knowledge about Pluto's appearance had re
mained scanty because the planet appears as a feature
less blob even through the finest telescopes. 

From 1985 to 1990, however, nature afforded astrono
mers a way to glimpse details on the planet's surface. Dur
ing those years, Pluto and its large moon Charon, which 
measures 1,200 kilometers in diameter, were aligned as 
seen from the earth. Charon therefore appeared to pass in 
front of and behind the planet once every 6.4 days, the 
time Charon takes to complete one orbit. As Charon ob
scured part of Pluto's surface and as Pluto eclipsed its 
satellite, the combined brightness of the two objects var
ied slightly. Such mutual eclipses occur only once every 
120 years. Eager to make the most of the opportunity, 
several research teams closely monitored those fluctua
tions in brightness and analyzed the information to locate 
the bright and dark patches on Pluto and on its satellite. 

Two groups-one led by Marc W. Buie of Lowell Obser-

vatory and the other by Richard P. Binzel of the Mas
sachusetts Institute of Technology-have just released the 
product of their years of labor: the first detailed views of 
Pluto and Charon. Although the teams worked indepen
dently, their maps of surface reflectivity closely resemble 
each other, a reassuring sign. Both maps show that Pluto 
is dark at mid-latitudes and distinctly brighter around the 
north pole. Most intriguingly, the planet has an extremely 
bright south polar region, which hints at the seasonal 
changes that sweep across this remote world. 

The area around the south pole reflects 98 percent of 
the light that strikes, making it as white as freshly fallen 
snow. Binzel thinks that bright zone consists of a thin lay
er of methane ice. Pluto's atmosphere contains methane 
that probably evaporated from the surface as the planet 
approached its closest point to the sun, which occurred in 
1989. As the planet circles away from the sun and tem
peratures drop, much of the methane will freeze back 
onto the surface. Pluto's orientation now is such that the 
south pole is moving into darkness and will remain there 
for one half of a Pluton ian year, or 124 terrestrial years. 
Consequently, the frost should preferentially settle on the 
frigid, shadowed south pole. 

Buie and his collaborators have 
mapped Charon in addition to Pluto; 
they report that Charon is darker 
overall and that some regions seem 
to reflect only about 3 percent of the 
incoming light, about as much as a 
lump of coal would. One likely rea
son for the dissimilarity is that Char
on's gravity may be too weak to hold 
on to its methane and so does not 
develop a seasonal covering of frost. 

RECONSTRUCTED IMAGES of Pluto and Charon depict the bodies as seen from 
the north (a) and from the south (b). Marc W. Buie of Lowell Observatory and his 
co-workers inferred one set of hemispheres from eclipse data (c) and the other 
(d) from cruder observations of rotational light curves. 

These findings come at a time of 
increasing interest in Pluto and Char
on. S. Alan Stern of the University 
of Colorado argues that Pluto and 
Triton, Neptune's largest moon, are 
the sole known survivors of a swarm 
of icy bodies that circled the outer 
reaches of the solar system during 
its infancy. If so, they harbor a great 
deal of information about how the 
outer planets formed and why they 
are so different from the earth in size 
and composition. Even as it recedes 
ever farther from the sun, Pluto is at 
last getting its moment in the astro
nomical limelight. -Corey S. Powell 
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Last December, however, the SAGE 
team reported that it had observed 
only 20 percent, at most, of the pre
dicted number of low-energy neutrinos 
in its first year. Some researchers sug
gested that even these few apparent 
detections were spurious and that the 
experiment had actually detected no 
neutrinos. 

The disagreement between GALLEX 
and SAGE is particularly vexing, since 
the experiments are similarly designed 
and are sensitive to neutrinos in the 
same energy range. On the other hand, 
SAGE workers recently reported that 
since they doubled the amount of galli
um in their experiment last year, they 
have been detecting neutrinos in greater 
numbers. The most recent data are re
portedly in rough agreement with the 
GALLEX findings. 

John Wilkerson of Los Alamos Na
tional Laboratory emphasizes that the 
results from both GALLEX and SAGE 
should be considered preliminary, since 
neither has been properly calibrated 
yet. (Calibration involves exposing the 
detectors to a radioactive source whose 
output of neutrinos is known.) Wilker
son points out, moreover, that because 
the detectors built thus far record so 
few "events"-SAGE, for example, ob
served only three putative neutrinos 
during all of 1 990-their findings are 
statistically suspect. 

More robust data should be forthcom
ing from a highly sensitive neutrino de
tector located in a mine near Sudbury, 
Ontario, and scheduled for start-up in 
1 9 9 5 .  Called the Sudbury Neutrino Ob
servatory, or SNO, it is similar to the Ka
miokande II experiment but uses heavy 
water (formed when oxygen bonds to 
deuterium, an isotope of hydrogen con
taining a neutron as well as a proton). 
Sensitive to a broad spectrum of neu
trino interactions, SNO should be able 
to detect as many as 3,000 neutrinos a 
year, more than 20 times the number 
achievable by any other experiment. 
"One of the keys to solving the solar
neutrino problem," Wilkerson says, "will 
be an experiment like SNO with very 
high statistics." 

The payoff for solving the problem 
could be high. Already some physicists 
who think the apparent deficit in so
lar neutrinos is real have sought to ex
plain it by proposing modifications to 
the standard model of nuclear physics. 
The most popular modification, known 
as the Mikheyev-Smirnov-Wolfenstein 
theory, requires that at least one type 
of neutrino have mass, perhaps enough 
to account for the mysterious "dark 
matter" that many astrophysicists be
lieve dOminates the structure of the 
universe. -John Horgan 

Particle Goddess 
A new accelerator 
peers inside protons 

T o look deep into the structure 
of matter, physicists will gather 
this month under the streets of 

Hamburg, Germany. There lies the Had
ron-Electron Ring Accelerator (HERA), 
which recently began smashing elec
trons into hadrons, a class of heavy 
fundamental particles that includes 
protons. Like an immense microscope, 
HERA promises to reveal structures 
smaller than a billionth of a billionth of 
a meter, a distance 1 ,000 times small
er than the diameter of a proton. " The 
goal of HERA is to look at the proton 
at a very high resolution, a factor of 
1 00 greater than people have done be
fore," says Bjorn Wiik, who, with Gustav 

Voss, directed the construction of HERA. 
Housed in a circular tunnel 6.3 kilo

meters long, HERA is designed to accel
erate protons to energies of 8 20 GeV 
(billion electron volts) and electrons to 
30 GeV. The machine is the most pow
erful collider of protons and electrons. 
In terms of energy alone, however, 
HERA has two rivals. The LEP coUider 
at the European facility CERN acceler
ates electrons and positrons to ener
gies of 50 GeV, and the Tevatron at Fer
milab in illinois propels protons and 
antiprotons to 900 GeV. But like the 
Greek goddess, HERA has special abili
ties of her own. 

HERA can propel electrons deep into 
the interior of the proton. There an 
electron interacts with the proton's 
constituent particles: three quarks and 
a number of gluons. The three quarks 
contribute mass and electric charge to 
the proton. The gluons hold the quarks 

East of Eden 

T hese skulls from China's Hubei Province tell of a time before Homo 
sapiens had emerged. Yet their finders say the specimens tell much 
about that emergence. The workers cite faunal and other evidence to 

date the skulls to at least 350,000 years ago, long before the time when other 
scholars place the first modern-looking people in Africa and in Africa alone. 
Moreover, they say, the skulls' flat faces and high cheekbones testify to a 
racial continuity with modern Asians that contradicts the out-of-Africa theory. 

"I wouldn't say Asia is the homeland of modern humans," says Dennis A. 
Etler, a doctoral candidate at the University of California at Berkeley, who re
ported on the skulls in Nature with Li Tianyuan of the Hubei Institute of Ar
chaeology. ''That goes totally against what we're trying to say, which is that 
modern humans don't have one exclusive place of origin." 

Li found the skulls, deformed and encrusted in mineral deposits, under 
newly terraced ground that had already churned up other bits of fossil bone. 
The crushing obscured some features, and the mineral matrix still clogging 
the braincases prevents direct measurements of their capacity. Yet Etler says 
external evidence shows a brain size at the "very upper end of H. erectus, if 
not beyond it." Continuity with that earlier species is apparent, he adds, in the 
cranial vault, which is long, low and angled toward the back like a football. 

But Christopher B. Stringer of the Natural History Museum in London con
tinues to support an African homeland for humanity. He says the Chinese 
skulls may represent a dead-end branch stemming from an earlier popula
tion that some scholars call H. heidelhergensis. "Heidelhergensis could have 
split," Stringer says, "in Europe becoming Neanderthals, in Africa modern hu
mans and in China-we don't know. All we can say is that well-dated modern 
humans do not turn up in China until 35,000 years ago. In Africa we have a 
chain showing the transition, and my view is that the evidence still supports 
the African area." -Philip E. Ross 
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The good health of the home 
planet is the reason we're building 
the manned space station today 
and why we'll launch the first compo
nents for it in less than four years. 

Some of the laboratories will 
be dedicated to the life sciences 
studies that touch the l ives of 

virtually everyone on earth. Others 
are designed to learn more about 
materials - the basic building 
blocks of our civilization. 

The space station will have 
unique micro-gravity labs where 
scientists can do experiments that 
are impossible on earth. 

And it will allow research into 
the natural processes that created 
and still change our world. And 
our lives. 

Best of all, research on board 
the space station will increase our 
rate of discovery and invention in 
materials and life sciences. 
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That's important to every 
American, and to future generations. 
To create new jobs, we need new 
discoveries , new inventions, new 
ways of looking at the world. 

The space station is more than 
high technology. It also is a practical, 
down-to-earth idea. 

BOEING 
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together by conveying the strong force. 
When the electron collides with a quark, 
it cannot kick the quark free. But the 
collision will produce j ets of particles 
that, when analyzed, will reveal the in
ternal structure of the proton. 

The accelerator will truly deserve a 
place on Mount Olympus if it produc
es an exotic particle known as a lep
toquark. All matter consists of either 
quarks, such as those in the proton, or 
leptons, such as electrons and neutri
nos. Physicists predict that if a quark 
and a lepton collide at literally lightning 
speeds they will bind together to form 
a leptoquark. If discovered, physicists 
will begin to understand just why na
ture created both quarks and leptons. 

HERA took eight years to build and 
cost about $6 50 million (DM 1,O l O  mil-

Sea Sick 
Marine mammals are a 
barometer of ocean health 

T he big-eyed seals and sea lions 
lolling at the Marine Mammal Cen
ter are drawing murmurs from 

visitors-some because the animals are 
cute, others because they are so ob
viously ill. But determining what ex
actly is wrong and the best kind of 
care to administer is difficult. "When 
humans walk into an emergency room, 
we have a very solid idea of what their 
immunologic profiles should be, but 
we have only limited baseline data for 
marine mammals,"  points out Peigin 
Barrett, executive director of the pri-

lion). It requires two independent accel
erator systems, one for the protons, the 
other for electrons. The proton accelera
tor must keep the relatively heavy pro
tons on track and therefore requires 
strong superconducting magnets. The 
electron accelerator's most important 
challenge consists of replenishing the 
energy that the particles lose in the 
form of synchrotron radiation. A series 
of sophisticated radio-frequency cavi
ties makes up the deficit. No less com
plex is the feat of guiding the beams 
of electrons and protons so that they 
collide in the center of two house-size 
detectors. 

In May, HERA's two large detectors re
corded their first events, and in the fall, 
researchers expect HERA will begin to 
show her true power. -Russell Ruthen 

vate hospital and rehabilitation center 
in Sausalito, Calif. 

Every year the center assists hun
dreds of mammals that wash up along 
1 ,000 miles of California coastline. 
These stranded creatures are "barome
ters of what' s  going on in the oceans, "  
Barrett declares. "We should be study
ing them not just to make a few animals 
feel better but to get a balanced look at 
the ocean environment we humans de
pend on and share with other coun
tries." The unique research opportunity 
that stranded mammals represent has 
been largely missed, she observes: " The 
technology has been there. The dollars 
have not." 

Yet Barrett's center and others could 
soon receive a financial boost if legisla
tion set to go before Congress this sum-

PEIGIN BARREIT of the Marine Mammal Center, a private rehabilitation center, aids 
hundreds of stranded and dying sea creatures every year. Photo: Stephanie Rausser. 
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mer is approved. A new bill, an amend
ment to the Marine Mammal Protection 
Act of 1 9 72,  would corral funds to 
study the health of these creatures and 
to coordinate effective responses to 
strandings and catastrophes. 

Impetus for supporting systematic 
study of marine mammals is growing 
as die-offs and massive strandings be
come more frequent, asserts John R. 
Twiss, Jr. ,  executive director of the Ma
rine Mammal Commission in Washing
ton, D.C. The most recent spate of 
deaths began this spring, with the ap
pearance of distemper virus in seals 
along the northeastern coast of the u.S. 
A die-off of bottlenose dolphins that 
started this past winter continues off 
the coast of Texas. Over the past two 
years, a virus has killed hundreds of 
striped dolphins in the Mediterranean. 
"There are clearly things going on with 
marine mammal health that are not 
well understood," Twiss says. 

Several factors are probably involved 
in the massive mortalities,  suggests Jo
seph Geraci, an expert on marine mam
mal deaths at the Ontario Veterinary 
College in Guelph. Stress from high 
populations and competition with com
mercial fisheries may enhance mam
mals' susceptibility to infectious virus
es, Geraci says. "That' s  not to discount 
the possible effects of numerous con
taminants animals are eating every day 
and accumulating in blubber," he adds. 

Geraci says he has not yet encoun
tered evidence to convince him that 
man-made pollutants are an underly
ing cause of the die-offs. Biological poi
sons produced by microscopic aquatic 
organisms have been involved in at 
least two major outbreaks and perhaps 
more, he notes. 

It is impossible to forge any caus
al links without a reliable data base, 
says Nancy Foster, director of the office 
of protected resources at the National 
Marine Fisheries Service. She pushed 
for the founding of the National Marine 
Mammal Tissue Bank, established in 
1 988. The amount of data is growing as 
stranding networks around the country 
follow systematic protocols for collect
ing and preserving tissue. "We want 
people to be able to rely on this in 20 
o r  1 00 years," Foster says. 

Whales and dolphins may well be 
sentinels for ocean health, but they are 
also totems for public admiration. The 
double-edged sword of public senti
ment sometimes slices at researchers 
attempting to take blood samples from 
beached animals. The cry goes up, " Let 
them die in peace," even as workers 
try to explain that the animals'  deaths 
will not be in vain if they provide 
understanding. -Deborah Erickson 
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S p e c i a l  A d v e r t i s i n g  S u p p l e m e n t  /IT he most promising words ever wriHen on the maps of human . 
knowledge are terra incognita - unknown territory./I 
Daniel Boorstin, The Discoverers . 

Discoverers are of many kinds, and the Space Age has 
encompassed most types. 

Some have mirrored those Spanish sailors who set 
forth on uncharted seas and stepped onto new worlds. 

Others have followed the quieter, more methodical 
path of the scientist. And some have worked with the preci
sion of the engineer to design vehicles to go where none 
have gone before. 

Of these variations on the theme of "Discovery," the 
human explorer tends to stir the most excitement. After all, 
more than one-fifth of the world's papulation watched 
Astronauts Neil Armstrong and Buzz Aldrin plant their 
nation's colors on far-off luna firma. 

Said Aldrin on the last night of the Apollo XI mission, 
'We feel that this stands as a symbol of the insatiable curios
ity of all mankind to explore the universe." 

But space science and technology can also grab atten
tion. Consider the late winter sighting by a NASA satellite of 
conditions ripe for the destruction of ozone over North 
America and northern Europe. Many metropolitan dailies 
gave it a page-one banner headline. Or think back to the 
news of a possible planet revolving around a distant star. 

For each of these publicized discoveries, there are 
many others casting light on small corners of unknown terri
tories. But every so often, the opportunity arises to get a 
sense of the entire picture, as well as its parts. 

The inaugural World Space Congress, meeting August 
28 through September 5, promises to offer such a chance. 

For nine days, 3,000 scientists, engineers, and policy
makers from all around the world will gather in Washington, 
D.C. Furthermore, because this event occurs at a critical junc
ture in history, it is sure to affect every aspect of future space 
operations. 

IGY, ISY, and the Voyage of Columbus 

Thirty-five years ago, when the International 
Geophysical Year (lGY) began, few realized how a little 
orbiting, metallic ball was about to play havoc with super
power priorities. When it opened on July 1 ,  1 957, IGY had 
more land-based objectives: Antarctic exploration, oceanog
raphy, and meteorology. But both the U.S. and u.s.s. . saw 
it as the opportunity to grab the high ground in the space 
race. During IGY, both nations succeeded in this aim, but the 
Soviets scored first, shaking America out of its smugness 
about its educational system and technology. Thus IGY ush
ered in the Space Age. 

In 1 985, the late U.S. Senator Spark Matsunaga, real
izing the coincidence of the 35th anniversary of IGY with the 
500th anniversary of Columbus' voxage, proposed an Inter
national Space Year (lSy). Endorsed by President Bush and 
supported by NASA and 28 other space agencies, ISY is fir
ing up the engines of both exploration and scientific inquiry. 

Discovery, 1 992: Exploring New Realms, 
Saving the Present One 

Although he himself was not aware of it, Columbus 
returned from "the Indies" with the seeds of a whole New 
World view. The idea of Earth as mostly land soon vanished. 
Earth was the opposite: 70% ocean. As Boorstin writes, 
"Never before had the arena of human experience been so 
suddenly or drastically revised." 

What would be a comparable world view shift for us? 
Astrophysicists might say experimental confirmation of black 
holes or, better, a Grand Unified Theary that would explain 
all that has transpired since 1 0-35 second after the start of the 
big bang. 

But the same lure of the trackless seas that drew 
Columbus still attracts modern man, except now his horizon 
stretches to other planets. In calling for a renewed space pro
gram, President Bush has frequently used historic images of 
exploration and colonization. Michael Griffin, NASA's asso
ciate administrator for exploration, who has charge of the 
Space Exploration Initiative (SEI), finds a similar rationale. 

'We explore," says Griffin, "as a phenomenon of 
Western ideals. Other cultures, in spite of their achievements, 
were not noted for their great voyages." 

As to why the Western branch of humanity has taken 
this course, Griffin replies, "Over the centuries, it returns 
value. It often kills off the people who do it, so it does not 
necessarily show immediate value. But over the long term, 
Europeon-sponsored exploration brought return to Europe. It 
kept the Europeans from being stagnant." 

Griffin concludes that " exploration opens the culture out
ward, insteod of turning it inward. The result is net positive." 

Mission to a Living Planet 

Helping the environment is probably the least contro
versial aim of space exploration. Politicians, commissions, 
engineers, scientists, and respondents to opinion polls all 
support using space to help safeguard our environment. The 
U.S.-led Mission to Planet Earth is a multi-decade attempt to 
understand factors behind global change using surface, air, 
and space platforms. 

"Spacefaring nations have an obligation to understand 
the Earth," says Lennard Fisk, NASA's associate administra
tor for space science and applications. But Fisk also notes 
that Earth is "complicated." In fact, present problems with 
the environment have brought home that complexity to the 
man on the street. 

Over eans, ocean, atmosphere, and land have interact
ed to produce global change. But the alterations have hap
pened slowly, imperceptibly. Today, climatological changes 
can happen within a single lifetime. Fortunately, man is now 
better equipped to understand them. 

continued on next page 
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World Space C:ongress contInued from prevIous page 

First, he has a new frame of reference by which he 
sees Earth as a totally integrated system. Instead of concen
trating on isolated occurrences, each the province of a nar
row scientific discipline, Earth scientists focus on the relation
ships among these occurrences and Earth's environment as a 
whole. 

Second, the advent of environmental satellites has 
made possible taking measurements on a large enough scale 
to provide a comprehensive picture. 

The U.S., Europe, and Japan have outlined a very thor
ough program to carry out the mission. The largest space 
portion of the mission-the Earth Observing System-will not 
start being put in place until near the end of this decade. In 
the intervening years, spacecraft planned before Mission to 
Planet Earth will be launched. But Fisk and many of his col
leagues believe that the foundations for carrying out this 
long-term task have already been laid. 

Combining Policy, Principles, and Progress 

The World Space Congress brings together scientists 
and engineers from the Committee on Space Research and 
the International Astronautical Federation. This joint meeting 
of the two organizations is unique. However, Stanley Sadin, 
NASA's assistant director for external technology and chair
man of the International Aeronautical Federation's (lAF) 
Space Systems Committee, points out that ordinarily the cohe
sion between pure and applied science is strong in space. 

''When we journey to unknown realms and other 
worlds, we don't know what to expect beyond the laws of 
science," says Sadin. "For a mission to another planet, we 
must turn to fundamentol scientific principles." 

Sadin notes that the "push in technology always 
comes from a scientific base." Only then can the "design 
of the spacecraft be optimal for the mission." 

Similarly, the space scientist is indebted to technolog
ical advances. 

''Today we have access to the entire electromagnetic 
spectrum," says astronomer Herbert Friedman. Optical 
telescopes from Galileo's time to the present can only use 
the narrow portion that is visible. Modern astrophysics 
uncovered other wavelengths that can be detected and 
measured emanating from distont stars. Then, balloons, 
rockets, and satellites moved the observatories themselves 
beyond the distortion and absorption of the atmosphere. 
During the rest of the century, four great observatories 
will carry out a multi-spectral examination of the entire 
universe. Long timeframes of projects require engineering 
organizations such as NASA's Office of Aeronautics and 
Space Technology (OAST} to start working on ideas from 
five to fifteen years in advance. 

For example, nuclear propulsion could reduce travel 
time to Mars from a year to three months, making the trip 
easier and less risky for the crew. In response, OAST has 
proposed a radioisotope thermoelectric generator the size 
of a waste basket. Will it muster enough U.S. congression
al support to sustain it through the many stages of demon-

contInued on page WSC: J 0 

OMEGA WATCH 
CORPORATION: 
A 30-Year Relationship of 
Space and Time. 

General Thomas P. Stafford 
Chairman of the Board 

Enroute to NASA's 
third moon landing, disas
ter struck the craft and 
crew of Apollo XII I . 
Exploding oxygen tanks 
left the three-man crew in 
a desperate situation, 
forcing them to leave the 

-�:S;;;;;�1 command module and 
seek refuge to conserve 
air and energy in the 
lunar module. For five 
days in a power-down sit
uation, Astronauts Lovell, 
Swigert, and Haise were 
left largely without the 
sophisticated electronic 
guidance, communica
tions, and life support 

technology space explorers depend upon for survival in their 
hostile environment. Computers were shut down to save 
precious electric power and even the radio was set only to 
receive, not transmit. While the spacecraft was behind the 
moon, they could not even receive. 

Virtually the only functioning equipment left to these 
three brave and resourceful men in space was their radio 
receiver ... and their Omega chronograph wristwatches. But, 
despite all odds, that was enough to get them back home 
safely to Earth. Precise timing was essential for them to decide 
when to tum on propulsion units and to fire the thrusters that 
would keep them on a course for home. In this amazing 
"sea .... of..the-pants" manner, the "computer blind" Apollo XIII 
astronauts carefully worked their way to an impact point near 
the carrier task force waiting to pick them up. 

Former Gemini and Apollo Astronaut Lt. General 
Thomas Stafford calls the safe return of the Apollo XIII crew 
"the high point of America's space program to date." 
General Stafford, as CEO of the Omega Watch Corporation, 
remains committed to and enthusiastic about America's 
future in space. The same dedication and attention to detail 
that he brought to a long career as a NASA astronaut, 
Apollo X moon mission commander, and Air Force Deputy 
Chief of Staff responsible for directing the start of the F- 1 1 7 A 
Stealth Fighter program, is now focused on his corporate 
leadership role with Omega. 

In a recent interview, General Stafford tells how 
Omega watches began their long association with space 
flight as a personal preference timepiece among first genera
tion astronauts like Wally Schirra. NASA soon made it offi
cial after subjecting a range of commercially available 
watches to rigorous testing for performance in zero gravity, 

contInued on next page 
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OMEGA continued from previous page 

in magnetic fields, and under extremes of shock, vibration, 
and temperature. 

As other timepieces were eliminated, only the Omega 
"Speedmaster Professional" - best known at that time as 
the choice of professional automobile racers - stood up to 
all the tests. NASA named the Speedmaster as the agency's 
official wrist chronograph; it was flight qualified in 
September 1 962 for all NASA's manned space missions, and 
it has flown with NASA astronauts on every mission since. 

From Gemini to the space shuttle, Omega watches are 
the one item of official equipment in regular and current pro
duction. All Apollo missions and all Skylab missions benefit
ed from the instrument's accuracy and rugged reliability - so 
much so that Omegas are even built into the sleeves of suits 
designed for space walking. When Neil Armstrong first set 
foot on the moon, an Omega chronograph was on his wrist. 

o 
OME GA 

The sign of excellence .  

more determined to provide equally high quality support to 
future NASA missions. This commihnent to ambitious future 
goals is acted upon by General Stafford in his role as 
Chairman of the Steering Committee for America's Space 
Exploration Initiative (SEll . 

The SEI challenge, presented by President George Bush 
in 1 989, is to develop and employ the enabling technologies 
and human potential to accomplish what earlier generations 
could barely even dream of: "Back to the moon to stay, and 
onward to Mars." Encompassed in those few simple words is 
a tremendous undertaking, a challenge at least equal to any 
taken up by mankind since our earliest days on this planet. 

Vice President Dan Quayle, as Chairman of the National 
Space Council, has directed an extensive Outreach Program 
that challenges Americans to find new technologies and innov
ative ideas for making space exploration safer, faster, beHer, 
and more affordable. As part of this Outreach Program, the 
Vice President presented General Stafford the task of assem
bling "the Synthesis Group," an independent panel of recog
nized experts in a wide range of space-related fields. 

Recruited by Tom Stafford from across America, the 
Synthesis Group is composed of the finest talent and experi
ence from government, industry, and higher education. Their 
unique charter: to access the widest possible range of techni
cal and scientific innovation from all available sources and to 
define technology priorities, milestones, and architectures for 
SEI. Asked to present at least two alternative SEI architec
tures, the Stafford-led Synthesis Group produced four. All 
four alternatives are real pathways for returning explorers to 
the moon and then sending others on to explore the huge 
potential of the Martian surface. 

All four SEI architectures offer three common areas of 
emphasis: human presence, exploration and science, and 
space resource development for the benefit of Earth. Bath the 

During his fourth space flight as commander of the Earth's moon and Mars are vast storehouses of critically 
Apollo-Soyuz Test Project in July 1 975, General Stafford needed natural resources and energy for use in space - the 
recalls the historic rendezvous and successful docking with rich repositories of materials needed for even further explo-
the Soviet cosmonauts. He says one particularly memorable ration of our solar system. 
moment was seeing "that we had one more thing in common The accomplishment of each of the many steps involved 
with the cosmonauts. They were wearing Omega watches, in a determined pursuit of SEI goals will be a process that 
too." In fact, the Soviet space program employed the same can inspire American youth - leading them back to electri-
reliable timepieces as their American counterparts long fying excitement of scientific pursuits - while boosting 
before the Soviet Union acknowledged Omega as their offi- American competitiveness in space and fueling new tech-
cial manned mission chronograph in 1 988. nologies and innovative techniques that can have tremen-

As Thomas Stafford points out, "In the space environ- dously beneficial spin-offs for the business, industry, and 
ment where there is no wind and no current to affect cours_..:e;.:.' _

_ 
people of America. 

positions are extremely predictable . . .  but only if your,fime- SEI Chairman, and from the unique vantage point 
piece is extremely accurate." Astronauts track Ii from the of his disting ished career in space exploration, General 
moment of liftoff, ''T Zero", and every second in flight is criti- Stafford counts on "American ingenuity, initiative, drive, and 
cal with no room for error or deviation in tii1lelc:eeping. Lives technology to stay the course and propel humanity toward a 
depend on accuracy. If computerized tiptlng equipment mal- future of peace, cooperative effort, strength, and prosperity." 
functions, if power is lost as in the Apqllo XIII mission, or if The Omega Watch Corporation is pleased to serve in a 
crew members are working outside the spacecraft, the retsa- small but highly critical aspect of the great human adventure 
bility of the wrist chronographs is of crucial, uncompromising of opening space and other bodies in our solar system to 
importance. exploration and positive uses for the benefit of all 

The management and staff of the Omega Watch humankind. 
Corporation are proud of their 30-y�r supporting role in 
America's space program, and that Pcl'ide only makes them 
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Definitely not for the quiet life 

o 
OME GA 

The sign of excellence 

Omega Speedmaster Professional. 
Chronograph in steel 

with engraved inscription 
"The First Watch Worn on the Moon" 

on the case back. 
Water-resistant. 
Swiss made since 1 848. 
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MATRA MARCONI SPACE:  
Europe's Ful ly Integrated 
Space Company. 

In a sector characterized by spe
cialized players, MATRA MARCONI 
SPACE (MMS) can claim to be the first 
fully integrated European space com
pany. Its equity is internationally held 
(5 1 %  MATRA, 49"10 GEC MARCONI), its 
staff of three thousand is divided 
between France and Great Britain, its 
thirty programs cover the entire range 

of space activities. With a turnover in Claude Goumy 
President, CEO 

1 99 1  of U.S. $850 million, the firm now 
stands poised for the continued integration that will allow an 
ongoing high spending level for R&D, already some 400 mil
lion francs (more than U.S. $65 million) in 1 99 1 .  

Company management has predicted growth of 1 0% 
per year, thanks to overall trends in those several markets 
where MATRA MARCONI SPACE already excels: space 
telecommunications, Earth observation, and space defense 
programs. Cross-border collaboration and acquisitions (the 
firm owns 1 00% of the U.S.-based Fairchild Space and 
Defense Company) continue to strengthen a technology base 
that puts MATRA MARCONI SPACE at the forefront. With a 
first-class record to date, the firm continues its investment in 
a wide range of space technologies, developing equipment 
for satellites and systems: guidance, navigation, on-board 
computer controls, telemetry, instrumentation, robotics, image 
processing, components. 

• HEUOS I (A and B) space optical surveillance and recon
naissance program, for which MMS is responsible for the 
satellites, the platform, the control center software, and the 
entire user's ground segment (mission and image process
ing). The second generation (HEUOS II) is now under study, 
to be completed by enhanced radar and optical intelligence 
systems designed for the Western European Union. 

In the scientific field, as SOHO prime contractor for 
the European Space Agency (ESA), MMS will coordinate 
studies of the sun and its effect on the Earth's environment 
within the framework of the CLUSTER program, as part of 
the NASA STPS. 

MATRA MARCONI SPACE produces the ARIANE 
launchers vehicle equipment bay; to date, over fifty (50) 
launches have taken place. 

In the HERMES and COLUMBUS programs, MMS is re
sponsible for the on-board equipment, already in development. 

A Few Highlights of MATRA MARCONI SPACE's Latest 
Accomplishments in High Technology 

MATRA MARCONI SPACE was awarded by ESA a con
tract for SILEX. This is an optical link communications satellite 
system to enable high speed digital laser beam-based trans

missions between 
two satellites. One 

M AT RA M A R C O N I  S PAC E of the terminals 
will be placed on 
the SPOT 4 obser
vation satellite 

which will be launched in 1 994. The other terminal will be 
installed on ESA's Artemis, a geostationary satellite to be 
launched in 1 995. It will relay the images from SPOT 4' s 

Some Examples of MATRA MARCONI SPACE's Far-Rung cameras to Earth in real time. 
Expertise and Involvement: The firm's chief, Claude Goumy, says "this contract 

In telecommunications (some 36% of company places MATRA MARCONI SPACE at the head of European 

turnover), MATRA MARCONI SPACE is currently involved in industry for this new laser beam communications technology. 

twelve telecom satellite programs, as prime contractor (TELE- This is a first in the field of laser beam-based, high-speed 

COM 2, HISPASAT, SILEX to name a few), or as major part- data relay in free space." 

ner (EUTELSAT 2, INMARSAT 3) . Together with British Aero- Small Satellites 
space, the firm has developed the EUROSTAR family of plat-
forms, offering the telecom market satellites with a lifespan MMS realized, within a year together with the 
of at least ten years and at high payload weights. MATRA University of Surrey in Great Britain, a small technology 
MARCONI SPACE offers an extensive expertise in ground satellite - the S 80 T - to be launched next August by ARI-
control centers for civilian as well as military missions. ANE. Its purpose: to measure the radio-electrical noise in the 

In Earth-observation systems, the company's experi- _-..ii.-.V;;..:H�.F band between 1 48 and 1 49.9 MHz. This positions 
ence in civil and military Earth-observation system.}_using the TRA MARCONI SPACE at the leadership for future small 
SPOT platform as foundation, has led to an entire family of satellites fOra wide variety of missions: commercial, health, 
satellites based on a platform family manufa red by data gathering and transmission - as well as for localization 
MATRA MARCONI SPACE: and links with mobiles. 
• SPOT 1 and·2, launched in 1 986 and 990, with SPOT 3 

ready for launch and SPOT 4 under construction. Apart 
from overall responsibility for the satellite, MMS provicled 
the satellites' platform, optical instruments, the onboard 
and operations control center softWare, integration, and 
testing. 

• ERS 1 and 2 for the European Spqce Agency, in which 
MMS provides the platform, the Sxnthetic Aperture Radar 
and the scatlerometer. 

Fusion of Space Data: Visible, IR, and SAR Images 

Data fusion is a key technique for extending the applic
ability of remote sensing to new application fields and for 
improving the quality of results. Starting from the strong 
experience of SPOT (visible and IR) and ERS (SAR) satellites 
and data processing chains, MMS has developed the set of 
basic tools for consistent registration, multi-scale, and time 
variable analysis. 
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Thanks to the EuroStar platform , satellites can now be manufactured using an assembly 

l i n e  a p p r o a c h . T h i s  m e a n s  t h a t  e a c h  s u c c e e d i ng g e n e r a t i o n  b e n e fits  from q u i c k e r  

development, lower c o s t ,  a n d  greater quality - all  without compromising performance 

or restricting mission . From small dedicated tele communications to l a rge multi-mission 

broadcast ing & communicat ions . 

EuroStar's productivity speaks for itself: Inmarsat 2 

and Telecom 2 in December, their twins in Apri l .  

M AT RA M A RC O N I  SPAC E  
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THE ITALIAN SPACE AGENCY 
(ASI) : Supporting Internationa l 
Collaboration for Peacefu l Ends. 

The Ital ian Space Agency (Agenzia Spaziale Ital iana, 
ASI) is the focus and the lead entity for coordination of Italy's 
space activities. Its substantia l  budget increases indicate a 

Professor Luciano Guerriero 
President of ASI 

continuing high level of 
Government suppart. State 
spending on space grew tenfold 
between 1 980 and 1 990, 
al lowing ASI to administer an 
ever·expanding, wel l -bolanced 
program that is deemed to be 
"the best driving force" for 
industrial and scientific competi 
tiveness. 

Professor Luciano 
Guerriero, who heads the 
Agency (founded in 1 988), 
explains "we spend about one 
bil l ion dollars a year, used part
ly to underwrite our participa-
tion in the European Space 

Agency (ESA) . With 1 8% of ESA's tota l budget in terms of 
contributions to programs, Ita ly's is the third largest share 
of any member state, ranking behind only France and 
Germany. But the main use of this public money is, of course, 
to promote industrial and scientific activity." 

ASl's is a highly developed program, articulated in 
a National Space plan comprehensive of its important role 
in ESA's major undertakings. But one can focus on a few 
key projects, better to take the measure of Ita ly's space 
program today: 

ogenzia speziale 
italiano 

TSS (Tethered Satellite System) is a cooperative under
taking with NASA, to be operated in conjunction with its 
space shuttle. The satell ite can be deployed upward to a 
distance of 20 kilometers, and downward to a distance of 
1 00 kilometers from the orbiter, with retrieval upon mission 
completion . The "tethered" satell ite wil l  be litera lly that -
attached to the shuttle by a conducive tethering wire that cuts 

the Earth's magnetic field. At orbital velocity, a voltage wil l  be 
induced between the upper and lower ends of the·tether. 
When electrons are ejected from the lower end, current wil l 
flow. With downward deployment, atmospheric and ionos
pheric experiments can be conducted. The "tether" concept - a 
uniquely Italian contribution - has also been considered by a 
joint NASAl ASI task force for applications in connection with 
Space Station programs. TSS, explains Guerriero, is "charac
teristic of our long-standing pal icy of collaboration with NASA. 
Our pal icy has been ta be well- imbedded in European initia
tives, but also open ta the United States." 

An example of ASl's long history of close collaboration 
with NASA is the upper stage for the space shuttle: IRIS, the 
only such system built outside the U.S.  Designed to comple
ment the capabil ities of U.S. stages such as PAM 0 and PAM 

LAGEOS II - Geodeti c satel l i te to improve the performance of the system for 
the measurement of the Earth ' s  su rface motion i n  cooperation with NASA 

l iD, IRIS is designed to offer a more economic option for 
smal l  scientific payloads. It is very much on the scientific uses 
of space that ASI concentrates its efforts; one can cite the July 
1 992 flight of the fi rst Ital ian astronaut as case in point. By 
statute, a sizable partion of ASl's budget goes to developing 
payloads in the charge of the universities and Ita ly's 
National Research Council (CNR) . 

The first IRIS - to be used in September 1 992 - will 
work with the shuttle system in order to place the Laser 
Geodynamics Satellite (LAGEOS II) in a 6000 kilometer circu 
lar orbit. This is another cooperative program between ASI 
and NASA - to develop a second geodesic satell ite to 
improve the measurement of the Earth's surface motion. 
Guerriero: "As the mil itary threat to the word recedes, the 

continued on nex' page 
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peaceful use of space for scientific purposes - and LAGEOS is 
a perfect example - is rising to the fore." The orbiter's exteri 
or surface is covered by 426 equally spaced corner-cube 
retroreflectors that bounce by any incidenta l  optica l signal to 
its source. Study of the seismatica l ly active Mediterranean 
basin should a l low investigators to better understand i rregu
larities noted in the LAGEOS I orbit. 

The ASI effort in the Earth Observation sector is 
increasing as a consequence of the great politica l and socio
economic interest in monitoring and studying g lobal  change. 
The major effort is in sensor development, particularly in 
active microwaves (SAR-X) , and infrared interferometry. The 
ground segment is focused on the development of the Matera 
(Ita ly) processing and archiving faci l ity to provide services to 
both Ita ly's national, and to the Mediterranean, scientific, 
and appl ications communities. 

CASSINI is another ASI focus: a bilateral program for 
planetary probes. Its interplanetary mission is to conduct a 
detai led exploration of the Saturnian system and a remote 
and in situ study of Titan, using the ASI-developed Radar 
Mapper. Under an agreement with NASA, ASI wil l  develop 
the high-gain antenna telecommunications system, the radio 
frequency systems for the Radio Science Subsystem (RSS), 
and the Visual Infrared Mapping Spectrometer (VIMS) . 

Ita ly has built a solid track record in telecom satell itry. 
One landmark was the successful launch of ITALSAT I ( in 
January 1 99 1 ) , now positioned in a geostationary orbit at 
1 3  degrees east. The system wi l l  become ful ly operational 
with launch of ITALSAT II. Professor Guerriero states, 
"Because ASI has nurtured a special capacity in telecom, 
there were solid reasons why ESA has given the responsibi l i 
ty to Ital ian industry to undertake ARTEMIS, the new orbital  
telecom satell ite." 

TETHERED SATELLITE SYSTEM - A cooperative program with NASA for a 
reusable mult i -d iscip l inary fac i l ity to conduct space experiments in Earth 
orbit, 

ASI is key to development of two Mini Pressurized 
Logistics Modules (MPLM) for the International Space Station 
Freedom. Their capacity will be to transport user payloads and 
resupply items in a pressurized environment to the Space 
Station and return to Earth. The first MPLM is currently sched
uled to be transported to the Space Station by the space shuttle 

in May 1 997, and the second in August of 
that year. 

ASI bel ieves that, with the new 
order emerging in the world, space wil l  
increasingly be that area where public 
investment in the high technologies wi l l  
be focused. "Mil itary research fueled 
progress in a series of technologies in the 
past," says Guerriero. "Now industry 
and government can put the peaceful 
uses of space at the center of attention, 
and sti l l  invest and sti l l  reap applications 
benefits." 

IR IS - Upper stage to be used in  con junction with NASA's Space Shuttle to place payloads up to 900kg into 
geo-transter orbit. 

Professor Guerriero says ASI is con
vinced that the next phase of space science 
must foster international cohesion, not 
another route for competition. "Future pro
jects - like the exploration of Mars and the 
moan and exploration of the solar system 
- these are initiatives too large for any sin
gle country or its industry. They are the 
work of all iances, or consortia." 
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MCDONNELL DOUGLAS 
SPACE SYSTEMS COMPANY: 
Innovation and Experience. 

World Space Congress continued from page WSC 3 

stration and validation? Neither the scientist nor
'
the engineer 

has the answers. They must come from the policy-makers. 
Fortunately, there will be policy-makers at the World 

Spoce Congress. 
McDonnell Douglas Space Summary: A Cooperative and Scientific Summit 

Systems Company (MDSSCI is a major 
supplier of space-related products and Thirty-two years ago, Soviet-American tensions over a 

services worldwide. The company's shot down U-2 reconnaissance plane aborted a summit 

roots in the space business date back to conference. 

the early 1 960s, when the company This year, the U-2 that preceded Gary Powers over the 

modified its Thor intermediate-range Soviet Union hangs in an exhibit at the Smithsonian's Air and 

missile to produce NASA's three-stage Space Museum in Washington, DC. The exhibit's theme is 

Delta expendable launch vehicle. looking at Earth. But national security is no longer the prime 

Today, MDSSC's major programs beneficiary of surveillance. The new customer for high-altitude 

Kenneth A. Francis include its Delta launch business work intelligence is Earth itself. 
President, MDSSC package 2 of NASA's Space Sta�on In early 1 96 1 ,  President John F. Kennedy received a 

Freedom, manufacture of rocket fairings and missile compo- carefully prepared report from his science advisor Jerome B. 

nents, work on U.S. Army Strategic Defense Initiative ventures, Wiesner. The document held that manned flights were an 

and developmental programs in single stage rocket technolo- uncertain prospect for the future. Four months later, 

gy and advanced space exploration. The company employs Cosmonaut Yuri Gagarin orbited Earth and indelibly changed 

approximately 7,000 people at its Huntington Beach, CA, the entire pattern of the next 30 years. 

location and another 4,500 at locations in Houston, TX, Perhaps the superpower struggle had to pass for a true 

Kennedy Space Center, FL, Huntsville, AL, Pueblo, CO, and �orld Space Congress to happen. Today, rather than allying 

Seabrook, MD. With one or another opposing camp, each nation can find its 

MDSSC has built on its long experience in space in de- own optimal blend of autonomy and cooperation. 

veloping its present business base. Thirty-one years and more In essence, the space policy of the post-Cold War period 

than 200 launches later, the Delta still shines as a satellite h�s begun. The Congress provides the venue for exchanges of 

launcher, with a success rate of 94.3 percent. Delta has been views. It can also help nations clarify their own intra-agency 

dubbed the "workhorse" of launch vehicles, and has grown to and inter-agency perspectives. 

a vehicle capable of lifting 4,000 pounds into geosynchronous Jean-Pierre Contzen, director-general of the European 

transfer orbit for military, civil, or commercial purposes. Community's Joint Research Center, provides a model for 

The people of MDSSC's Space Station Division, head- how this clarification takes place in the idea of "subsidiarity." 

quartered in A nation, he says, initially strives to handle all projects at the 

Huntington Beach lowest possible government level. Programs then pass 

with major opera- ItIICDONNELL upward from provincial or regional to national to multination

tions in Houston, are DOUGLAS al and international jurisdictions. Thus Italy's space agency 

proud to be playing ASI pursues its own communications satellite program while 

a key role in the development of Space Station Freedom. The joining with other European nations on the Columbus interna-

company has been charged by NASA with the development tiona I space station platform, which, in turn, involves the U.S., 

of the largest "work package" in the space station program, Japan, and Canada. 

WP2. Leading a team of five subcontractors, MDSSC is Each stage presents trade-offs between cooperation and 

responsible for the design, development, assembly, and competition. Competition is often necessary to spur funding, 

c�eckout �f the station's preintegrated truss, airlock, propul- and a national team may provide the most responsible pro-

Slon, mobile transporter base, attachment systems, and inter- ject management. However, large-scale programs almost 

element hardware and software, and the outfitting of its ----·automatically require cooperation. 

resource nodes. Now, the World Space Congress promises a new begin-

America's national Space Exploration Initiative (SEll sets ni�g. This Congress is not an old-fashioned summit meeting 

its sights on a return to the moon in a per anent capacity, WIth pronouncements and photo opportunities. Nor is it sim-

followed by human exploration of Marsilncluded in MOSSC's ply a scientific and technical gathering. Behind the scenes, 

experimental SEI projects have been work on a prototype contacts will be made, links will be strengthened or forged. 

"aerobrake" that has applications for 'long-range space trav- Independently and cooperatively, the participants will pre-

el, and processing of lunar soil simulpnt to demonstrate the pare to push back terra incognita. -
-By Ellis Pines process of using on-site materials in lunar construction. The 

company is presently conducting an independent study 
focused on development of lunar resources for construction 
and maintenance of a long-term lunar base. MOSSC currently 
holds a NASA contract for technical support of SEI. 

. F?r o�dition?1 inform��on, please specify the nome of ony compony 
profiled In thiS speclol odvemslng report. Write 10: SCIENTIFIC AMERICAN, 
August 1 992. P.O. Box 5 1 47, Pittsfield, MA 02 1 03-9827. 
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as your introduction to the Astronomy Book Club 
You simply agree to buy three more books - at significant savings - within the next 12 months. 

Now you can easily take star maps and 
guides to any outdoor observing ses
s i o n  with THE AS TRONOME R ' S  
PORTABLE REFERENCE LIBRARY. 
They 're compact pap erbacks fil led 
with concise, practical information you 
can slip into a briefcase or backpack. 

Stars and Planets - The Sierra Club 
Guide to Worldwide Sky Watching and 
Direction Finding 
by WS. Kals 
This reference helps you learn the fea
tures of the sky and use them to guide 
your way in observing the heavens.  
You use an easily found reference line 
and the brightest stars in the sky to help 
you find your way , any date or any 
time. You'll learn techniques for sky 
exploration in all parts of the globe. 
Publisher's Price: $14.95 

The Observer's Sky Atlas - With 50 
Star Charts Covering the Entire Sky 
by E. Karkoschka 
This easy-to-use atlas includes charts 
for all three star-gazing methods -
nake d - e y e  obs ervat i o n ,  b ino cular  
astronomy, and telescope exploration. 
The Atlas divides  the sky into 4 8  
regions grouped under three sections 
for the northern, equatorial and eclip
tic , and southern skies .  Right-hand 
pages feature clutter-free charts and 
one label identifying major objects of 
interest .  Left-hand pages  include 

magnitude,  spectral type ,  name and 
comments , distance, coordinates, and 
other detailed information for both 
beginning and experienced observers. 
Publisher's Price: $15 .95 

Touring The Universe Through 
Binoculars 
by Philip S. Harrington 
Here is the most complete guide yet to 
making the most of this powerful and 
versatile instrument. Because binocu
lars are convenient ,  portab l e ,  and 
comparatively low in :{lrice , they have 
become a pO:{lular chOlce among .ama
teurs explonng the sky. This book 
features many observing projects for 
which using binoculars is not only 
possible, but preferable to telescopes. 
Publisher's Pnce: $24.95 

Magnifyin� Glass 
with built-m red 
light - yours 

FREE! 
A 

$7.00 
Value! 

The red light 
on this high qual

ity magnifying glass 
enables you to see the tiniest detail of 
each star map during observing sessions 
- WITHOUT DESTROYING YOUR 
NIGHT VISION! It's yours FREE when 
you order THE ASTRONOMER' S 
PORTAB LE REFERENCE LIBRARY. 
Requires 2 AA batteries, not included. 

Whether professional or amateur enthusi
a s t ,  THK A S TRONOMY B O O K  C L U B  
offers you the finest astronomy materials 
available. You'll enjoy atlases and how
to manuals ,  as well as textbooks and pop
ular guides covering the latest discover
ies, and the opportunity to purchase them 
conveniently and inexpensively. 

MEMBERSlDP BENEFITS- In addition to getting 
The Astronomer's Portable Reference Library for 
only $2.95 and the Magnifying Flashlight for 
FREE when you join. you'll also receive dis
counts on books you choose to purchase.  
Discounts generally range from 15% to 30% off 
the publishers' prices , and occasionally even 
more . •  Also, you will immediately become eli
gible to participate in our Bonus Book Plan, with 
savings of more than 50% off the publishers' 
prices . •  Moreover, our books are always identi
cal to the publisher'S editions. You'll  never 
receive an " economy edition" with inferior 
paper and bindings from us . •  At 3-4 week inter
vals (15  times per year) , you will receive the 
Astronomy Book Club News, describing the 
coming Main Selection and Alternate Selections, 
together with a dated reply card . •  In addition, 
ur to three times a year, you may receive offers 
o Special Selections which will be made avail
able to a group of select members . •  If you want 
the Main Selection, do nothing, and it will be 
sent to you automatically . •  If you prefer another 
selection, or no book at all, simply indicate your 
choice on the card and return it by the date spec
ified . •  You will have at least 10 days to decide. 
If, because of late mail delivery of the News, you 
should receive a book you do not want, we guar
antee return postage. 

If reply card is missing, please write to Astronomy 
Book Club, Dept L-DD3, 3000 Cindel Drive, Delran, 
NJ 08370-0001,  for membership information and an 
application. 

©Newbridge Communications, Inc. 
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PROFILE : PHILIPPA MARRACK AND JOHN KAPPLER 

Keeping It in the Family gestion to go to Brandeis University, 
and there he became involved in the 
biochemistry of cell differentiation. 

I n a  city park two blocks north of 
their Denver laboratory, while their 
co-workers finish the last of a pic

nic lunch, Philippa Marrack and John 
Kappler pace off 1 00 yards for a foot
race. He walks with confident, measured 
steps, eyes to the ground, alert to small 
inaccuracies .  She has assumed a more 
lighthearted gait, her arms and legs 
swinging jauntily in what might be a 
parody of a British lieutenant's  march. 
"We ran the 1 00 yards the other day, 
and John was the fastest person in the 
lab,"  Marrack explains. Kappler grins. 
"I was the fastest woman," she contin
ues, "but then, I was the only 
one running." 

In step and side by side, 
Marrack and Kappler have 
been winning honors in im
munology for two decades .  
As a team, they have done 
much to explain how the im
mune system balances on 
the razor's edge between 
self-tolerance and autoim
munity-acceptance and re
j ection of the body's own 
tissues .  They are both in
vestigators for the Howard 
Hughes Medical Institute at 
Denver and members of the 
elite National Academy of 
Sciences. They are also, per
haps not so incidentally, hus
band and wife. 

career scientist." She nonetheless in
dulged her aptitude for science all the 
way through undergraduate and doc
toral degrees in biology at the Universi
ty of Cambridge. "I was just following 
what I was good at, I guess,"  she ob
serves. "If I'd met with failure at any of 
those steps, I'd have stopped." Marrack 
says she made her decision to do post
doctoral work at the University of Cali
fornia at San Diego in 1 9 7 1 ,  after she 
and her friends decided in a pub that 
San Diego was the place in the world 
least like Cambridge. 

Kappler, who was born in Baltimore 

In 1 9 7 1 ,  after finishing his doctorate 
at Brandeis, he joined the laboratory of 
Richard W. Dutton at U.CS.D. Dutton 
had recently learned how to grow cul
tures of normal spleen cells, includ
ing the T lymphocytes that control the 
immune system. "This was just when 
immunology was getting ready to ex
plode,"  Kappler recalls. 

Marrack and Kappler worked togeth
er in Dutton's laboratory for two years. 
Then, in 1 9 7 3 ,  Kappler joined the ju
nior faculty of the University of Roch
ester and asked Marrack to go with him. 
They married in 1 9 74 .  "When we went 

to Rochester, I had a job and 
Pippa didn't ,"  Kappler ex
plains. "We just showed up, 
more or less. Pippa went to 
work in the lab, and we or
ganized a postdoctoral sala
ry for her." 

Establishing Marrack as a 
coequal member of the part
nership rapidly became a pri
ority. Fortunately, they re
ceived help from the chair
man of the department, 
Frank E. Young, who later be
came head of the Food and 
Drug Administration in the 
Reagan and Bush administra
tions. " He recognized some
thing good, and Pippa got an 
appointment pretty quickly," 
Kappler says. 

"The scientific world al
ways considers us a single 
word: Kappler-and-Marrack," 
she says over a bowl of soup 
in the cafeteria of the Nation
al Jewish Center for Immu
nology and Respiratory Dis
ease. From the other side of 
the table, Kappler nods his 
agreement. He had made al
most the identical point ear

PHILIPPA MARRACK AND JOHN KAPPLER are partners in 
both immunology and matrimony. Photo: Geoffrey Wheeler. 

To build her credibility fur
ther, Marrack immediately 
sought and won from the 
American Heart Association 
an investigatorship to do ba
sic research. " The universi
ty could see that somebody 
out there thought I wasn't 
just John's technician," she 
chuckles. Kappler's  attitude 
also encouraged her. "Very 

lier upstairs in the laboratory. "Our lives 
are so tangled up in the lab that we don't 
leave it. It's part of our life at home,"  he 
said. " It 's certainly an advantage that's 
played a big part in our success." 

Nothing about their partnership or 
their success would have been easy to 
predict. As a student at a girls '  high 
school in England during the early 
1 960s, Marrack reflects, "I don't think 
it ever occurred to me that I would be a 

in 1 94 3 ,  was a little more gung ho in 
his early years. Going to high school at 
Baltimore Polytechnic Institute during 
the Sputnik era, he was encouraged to 
pursue his interests in science and 
math. Kappler headed to Lehigh Uni
versity intending to be an engineer but 
says he was "scared off " by the first
year courses and Switched to chemistry 
instead. After graduating from Lehigh 
in 1 9 6 5 ,  he followed his adviser's sug-

often, you'll see husband-and-wife pairs 
in which the husband automatically be
comes the one who goes to all the meet
ings and gives all the talks," M�lffack 
says. "John never let that happen." 

While in Rochester, Kappler and Mar
rack began to study how T cells recog
nize antigens, the substances that im
munologically distinguish one cell from 
another. If a highly speCific receptor 
molecule on a T lymphocyte binds with 
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an antigen, the lymphocyte identifies 
the antigen-bearing cell as an alien in
truder and attacks it. Marrack and Kap
pler's work helped to establish a con
ceptual breakthrough in immunology: 
T cells can recognize only antigens dis
played by certain histocompatibility 
surface proteins. 

Marrack and Kappler continued to 
make important discoveries in Roches
ter and later in Denver, where they re
located in 1 9 79 to the National Jewish 
Center and the University of Colorado 
Health Sciences Center. Using antibod
ies ,  they described features of the anti
gen receptors on T cells that are critical 
to normal function. More recently, the 
two of them identified the class of sub
stances they named superantigens. 

Superantigens stimulate T cells far 
less selectively than ordinary antigens 
do. To turn on a T cell, an antigen must 
precisely match five different "keys" on 
the receptor molecule. Superantigens 
accomplish the same feat by matching 
just one key. In 1 990 Marrack and Kap
pler showed that many bacterial mol
ecules ,  including the toxins that cause 
staphylococcal food poisoning and tox
ic shock syndrome, are superantigens. 
Marrack went on to prove in 1 9 9 1  that 
superantigens found in mice were actu
ally viral in origin. 

The jewel in Kappler and Marrack's 
crown is their 1 988 proof that a mech
anism called clonal deletion is largely 
responsible for making the immune 
system tolerant of the self. Using anti
body probes and genetically engineered 
mice, they demonstrated that the im
mune system subj ects itself to a rigor
ous test. Within the thymus gland, im
mature T cells are presented with a 
spectrum of self-antigens from through
out the body. Any clones of T cells that 
show a predilection for attacking the 
self are quickly culled from the ranks 
before they can do any harm. "That's  
the most important discovery we ever 
made,"  Marrack nods. 

Such discoveries might not have 
been possible if Kappler and Marrack 
had not so thoroughly integrated their 
research with their lives. From his of
fice, Kappler points six blocks away to 
the tree-lined neighborhood where he 
and Marrack live. Her parents also live 
nearby: they came to the U.S. in 1 9 78 
to help care for Marrack and Kappler's  
two young children. Today their daugh
ter, Kate, is a junior in high school, and 
their son, Jim, is heading for college 
at-surprise-U.C.S.D.  

All this togetherness might be ex
pected to strain any partnership, but 
both scientists assert they have very 
natural rules that they follow to mini
mize professional conflicts.  For exam-

pIe, on research publications, the per
son who performed the principal ex
periments is always the first listed au
thor; the one who primarily wrote the 
paper is the last author. 

" Professionally, our egos and goals 
and points of view clash quite often, " 
Kappler explainS, "but as far as the op
eration of the lab and the sharing of 
credit goes, we worked out how to do 
that long ago."  Of course, as Marrack 

Science treats them 
as a single word: 
Kappler-and-Marrack. 

jokes, "You have to understand that one 
of us is a lot more secure and doesn't 
need to vent his ego. So that helps."  

Their complementary skills also lend 
strength to their collaboration. "I come 
from a chemistry background, which 
sometimes gives me an advantage," 
Kappler says. "I think Pippa does a bet
ter job on the biological sorts of experi
ments. I don't think we've ever worked 
side by side on the bench." 

The inherent risk of partnerships 
built on complementary strengths is 
that the partners may decide to go in 
dissimilar directions. To some extent, 
that is happening to Kappler and Mar
rack. They continue to participate fully 
in each other's research, and both of 
them are still interested in the same 
fundamental question: How do T cells 
recognize antigens? Nevertheless,  they 
are beginning to look at that problem 
from more distinct vantage points .  
"Now, more than ever, we have differ
ent interests," Marrack notes. 

Kappler is increasingly interested in 
how the structure of the T cell's antigen 
receptor affects its function. In recent 
years, he has studied the receptor by 
examining how mutations affect it. Yet 
he knows that a real picture of the re
ceptor will come out of another spe
cialized field, protein crystallography. 
"I don't want to pull up short of the an
swer, "  he says. "With the skills I have 
right now, I can't take that last step 
and actually see the structure."  For that 
reason, he is now trying to learn some 
basic crystallography. 

For her part, Marrack has more cellu
lar interests. Human autoimmune dis
eases, such as rheumatoid arthritis and 
some types of diabetes, fascinate her 
these days. The gulf between the cur
rent understanding of T cells and the 
pathological manifestations of disease 
is wide, she says. The unknowns of au
toimmune disease are close at hand for 
Marrack : her own brother has ankylos-
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ing spondylitis, an autoimmune disease 
affecting the j Oints .  She would have the 
condition as well, she says, except that 
for mysterious reasons, it develops less 
often in women than in men. 

As she and Kappler explain, immu
nologists once thought that autoim
mune disease followed inevitably from 
a failure of tolerance,  such as self-re
active clones of T cells slipping past 
the screening mechanisms. More recent 
research has shown that, in fact, every
one seems to have some potentially self
reactive T cells but that they are general
ly dormant. The riddle of autoimmunity 
therefore often hangs on what activates 
those cells. 

"I have become increasingly con
vinced that all the autoimmune diseases 
do not have the same mechanisms, that 
tolerance is breaking down in different 
ways," Marrack says. " That's why I think 
mouse models for human diseases may 
not necessarily be as useful as was once 
thought."  Elaborating on her point, her 
partner says, "The mice models may be 
good for each individual mechanism, 
but diabetes in mice might be a good 
model for a completely different auto
immune disease in humans. It's not nec
essarily a one-for-one match." 

An autoimmune disease about which 
Marrack and Kappler have been mak
ing intriguing discoveries is rheumatoid 
arthritis. When the couple looked at the 
fluid inside patients' arthritic j oints,  
they found an overabundance of cer
tain T cell clones,  some of which may 
have been self-reactive against cartilage 
or some other substance in the j oints. 
Much more to the researchers' surprise, 
they also observed that a large subpop
ulation of T cells was completely miss
ing from the blood. 

The meaning of these results is still 
uncertain. One possibility, Marrack 
notes,  is that these patients harbor a 
superantigen. Although superantigens 
seem to activate T cells in the short 
run, they may eventually kill or neutral
ize the cells. A superantigen might have 
turned on dormant, self-reactive T cells 
in the patients; some of the reactive 
cells might have survived the debilitat
ing effects of the superantigen and con
tinued their attack on the joints. 

The fusion of their professional and 
private lives will certainly help Marrack 
and Kappler in their attempt to un
derstand autoimmunity. " There's  an
other advantage," Marrack realizes sud
denly. "If John says he wants to spend 
the entire weekend working at the lab, 
that would be a problem for some cou
ples because the wife might say, 'You 
should be home with the family doing 
such and such. ' But I reckon he's in the 
lab working for me."  -John Rennie 
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Life is lll1predictable. 
Thankfully, theAccord is not. 

Will the stock market make a meteoric rise? Will 
bell-bottom pants make a comeback? Does the guy 
driving next to you know what he's doing? 

Maybe. 
At Honda, we concentrate on the third question. 

Which is why the Accord is a safe car to drive. 
Settle in behind the wheel of the Accord and the 

first safety feature will be right in front of you. The 
driver's side airbag Supplemental Restraint System 
(SRS). It's standard on all 1992 Accords. 

Take to the highway and there's a direct line of 
communication between you and the road, thanks to 
the 4-wheel double wishbone suspension. The result 
is extraordinary handling and control. 

And, iflife should toss you an unexpected turn in 
your Accord EX, underfoot are anti-lock brakes: one 
of the safest, most effective ways to stop a car. In 
panic situations, even under adverse conditions, they 
help prevent the wheels from locking up. 

We could go on. The Accord's safety features are 
numerous. Rest assured, all are designed to give you 
peace of mind as you travel through life. 

Which means that whatever tomorrow may bring, 
you're prepared in an Accord. A soothing fact that we 
know you'll be thankful for. mmm�E:lm 

© 1991 American Horda �1or:or Co..lnc. Accord EX model srown aoo described. 
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Dynamics of Kilauea 
Volcano 

Kilauea is one of the most thoroughly studied volcanoes in the world. 
That scrutiny is helping scientists to understand how volcanoes 

work and to predict where other destructive eruptions might occur 

by John]. Dvorak, Carl Johnson and Robert I. Tilling 

S
hortly after midnight on January 
2, 1983, we and our colleagues at 
the Hawaiian Volcano Observatory 

witnessed the beginning of one of the 
longest and most extensive volcanic 
eruptions in recorded history. A flurry 
of earthquakes and a steady swelling 
of the ground around Kilauea volcano 
signaled that the earth was slowly rip
ping apart as molten rock incremental
ly forced its way toward the surface. 
Almost exactly 24 hours after the initial 
burst of activity began, a red glow ap-

JOHN J. DVORAK, CARL JOHNSON and 
ROBERT l. TIWNG have all worked at 
the Hawaiian Volcano Observatory. Dvo
rak is now a researcher at the Cascades 
Volcano Observatory in Vancouver, Wash. 
He specializes in measuring ground mo
tions around active volcanoes. Johnson 
holds the position of professor of geolo
gy at the University of Hawaii at Hilo; 
during the summer, he teaches at the 
university's Center for the Study of Ac
tive Volcanoes, an institution that trains 
scientists from other countries on tech
niques of monitoring volcanoes. Tilling is 
a researcher at the U.S. Geological Sur
vey's branch of igneous and geothermal 
processes in Menlo Park, Calif. He over
saw the scientific response to the explo
sive eruption of Mount St. Helens in 1980 
and has assisted many international pro
grams for improving volcano monitoring 
and reducing volcanic risk. Tilling also 
directed the Hawaiian Volcano Observa
tory during the 1970s, when Mauna Loa 
reawakened after a 2S-year slumber. 

peared on the eastern horizon. At the 
same time, the earthquakes ceased and 
were replaced by a rhythmic vibration
the telltale heartbeat of lava gushing 
from the ground. 

Kilauea continues to erupt to this day. 
Since 1983, its lava flows have covered 
nearly 100 square kilometers, roughly 
the area of Manhattan, and added 120 
hectares of new land to the island of 
Hawaii. Kilauea's latest outpourings 
have destroyed more than 180 homes 
and displaced hundreds of people. 

The outbursts have also had impor
tant salutary effects. Study of Kilauea's 
behavior has helped scientists to pre
dict eruptions and thereby to amelio
rate the loss of life and property caused 
by other volcanic events, such as the 
eruption of Mount Pinatubo in the 
Philippines in 1991. Moreover, the vol
cano offers a unique window into the 
workings of the earth's interior. Geolo
gists' deepest drill holes penetrate little 
more than 10 kilometers into the earth, 

LAVA FLOWS from Kilauea's current 
eruption have transformed the local en
vironment on the island of Hawaii. From 
1983 to 1986 the volcano spouted spec
tacular episodic fountains of lava, as 
seen in the distance in this 1985 pho
tograph. Molten rock now issues more 
calmly and steadily from the ground. 
Such activity is the latest manifestation 
of an enduring geophysical pulse that 
built the entire chain of Hawaiian volca
noes over the past 70 million years. 
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only one six-hundredth the way to the 
. center. Lava that has emanated from 
Kilauea provides a direct sample of ma
terial from tens or perhaps even hun
dreds of kilometers inside the earth. 
Each eruptive episode presents an in
valuable showcase of the volcanic pro
cesses that have formed more than 80 
percent of the earth's total surface 
above and below the sea. 

Kilauea is the most vigorous of the 
five volcanoes that make up the large 
island of Hawaii. Kilauea's eruptions 
have been watched for many centuries 
by the Polynesian inhabitants of the 
chain. They gave the volcano its name, 
which means "rising smoke cloud." The 
native Hawaiians attributed volcanism 
to the actions of the goddess Pele. 
Her traditional home is Halemaumau 
("house of the everlasting fire"), the 
large pit crater at the summit of Ki
lauea. Halemaumau has been a site of 
recurring volcanic activity at least since 
the first written descriptions of Ki
lauea, which date to the 1820s. 

Hawaiian mythology suggests that 

the early Polynesian inhabitants pos
sessed a surprisingly profound under
standing of the islands on which they 
lived. According to legend, the Hawai
ian islands grow progressively older 
from southeast to northwest. Modern 
dating techniques, which require pre
cise measurement of radioactive ele
ments in rock samples, confirm that 
age progression. The big island of Ha
waii is the youngest island in the chain. 
It has formed within the past one mil
lion years and is still grOwing. The most 
ancient volcanoes of the chain, located 
some 5,000 kilometers to the north
west, near the Aleutian islands, are ap
proximately 70 million years old. 

T
he orderly, progressive ages of 
the Hawaiian islands and their 
location in the middle of the 

Pacific Ocean at first seem rather puz
zling. Most of the earth's geologic ac
tivity is thought to be associated with 
the motions of large blocks of crustal 
and upper mantle rocks, many of which 
outline the major continents. These 

blocks, or plates, lie over hotter, more 
pliable rocks deeper in the mantle. Vol
canoes and powerful earthquakes tend 
to occur near the boundaries between 
plates, where the earth's surface com
presses or pulls apart. The famous "ring 
of fire" encircling the Pacific Ocean, 
which encompasses the volcanoes in the 
Philippines, Japan and Alaska, marks 
the edge of the huge Pacific plate. But 
Kilauea sits in the middle of this plate, 
far from any such locus of activity. 

The mystery of Kilauea and other, 
analogous midplate volcanoes was ex
plained in 1963 by ]. Tuzo Wilson of 
the University of Toronto [see "Conti
nental Drift," by]. Tuzo Wilson; SCIEN
TIFIC AMERICAN, April 1963). Wilson 
theorized that the age pattern of the 
Hawaiian islands attests to the slow 
march of the seafloor over a deep-seat
ed, relatively fixed upwelling of molten 
rock in the earth's mantle, which he 
termed a "hot spot." As the Pacific plate 
drifts to the northwest, he postulated, 
the hot spot creates a linear succession 
of volcanoes. Geophysicists have now 
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hot spot has remained fairly fixed for RE:SE:NI) IN AN 1 
tens of millions of years; as the Pacific 
plate drifts northwest, old volcanoes be
come extinct and new ones appear, so 
the islands grow progressively younger 
to the southeast. The hot spot currently 
feeds magma to five volcanoes on the 
island of Hawaii, including Kilauea. 

identified at least 100 possible such 
features around the globe, but the Ha
waiian hot spot is the most vigorous 
and best understood. 

Wilson calculated that based on the 
relative ages of the Hawaiian islands, 
the Pacific plate moves nine centime
ters a year on average. Recent measure
ments of the relative positions of land
masses based on the timing of radio sig
nals from deep space have confirmed 
that the floor of the Pacific Ocean is ad
vancing northwest at almost exactly that 
rate. After roughly a million years, each 
Hawaiian volcano becomes extinct as 
the Pacific plate ferries it away from its 
magma source. The magma from the 
hot spot then surfaces at an adjacent lo
cation, initiating the formation of a new 
volcano. The entire chain of islands was 
presumably created in this manner. 

In 1971 W. Jason Morgan of Prince
ton University described more precise
ly the nature of the agent responsible 
for Hawaiian volcanism. He hypothe
sized that hot spots are surface mani
festations of narrow plumes of unusu
ally warm material that rises through 
the earth's mantle. Although the man
tle rocks are nominally solid, they exist 
under such high temperatures and in
tense pressures that they flow slowly, 
fOrming giant currents that rise and fall 
within the earth. In this scenario, hot 
spots form above an upwelling current. 
The current should produce not only a 
locus of volcanic activity but also a 
broader, upward bulge in the surface 
around the hot spot. Measurements of 
the shape of the earth show that the 

seafloor extending several hundred kilo
meters around the big island of Hawaii 
is indeed elevated as much as a few kilo-
meters above the surrounding crust. 

The mantle plume model does not 
identify where the hot -spot magma orig
inates. Analyses of the mineral composi
tion of Hawaiian lavas indicate that they 
fall into at least two chemically distinct 
categories. Presumably, one kind of lava 
derives from the same part of the up
per mantle that supplies basaltic rock 
for new seafloor at mid-ocean ridges, 
where plates pull apart and hot rock ris
es from below. (The best-known feature 
of this kind is the Mid-Atlantic Ridge, 
which runs above sea level across Ice
land.) little is known about the source 
of the other lava component. Many geo
chemists suspect that it consists of min
erals from a deep region of the mantle 
that still retains the chemical makeup 
it had when the earth formed. 

As solid material ascends from the 
deep, it undergoes a tremendous de
crease in pressure. The reduced pres
sure enables some previously solid min
erals to melt. Because of its lower densi
ty, the lighter, melted fraction of the 
rock moves upward, separating from 
the solid residue as it rises. (The molten 
rock is referred to as magma while un
derground and as lava when it reaches 
the surface.) Laboratory experiments 
indicate that the riSing magma collects 
in pockets. Those pockets of liquid rock 
force their way through the solid upper 
mantle and crust by creating and flow
ing through lens-shaped cracks. When 
the magma reaches the top of the 
crust, it provides the heat and raw ma
terial for Kilauea's eruptions. 

Obtaining a more detailed picture of 
the workings of a volcano necessitates 
intimate acquaintance with one of these 
infernal creatures. To that end, Thorn-
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as A. Jaggar, Jr., who helped to pioneer 
the study of active volcanoes, found
ed the Hawaiian Volcano Observato
ry in 1912. The observatory is located 
on Uwekahuna ("bluff of the wailing 
priests"), a 100-meter-high cliff, where 
ancient priests once stood watch over 
Halemaumau. The priests who witnessed 
the antics of the fiery goddess Pele not
ed that the floor of Halemaumau often 
dropped abruptly at the same time as 
the red glow from an eruption appeared 
along a flank. This observation suggest
ed that Pele moved along a subterrane
an route from Halemaumau to lower 
reaches' of Kilauea. From that same van
tage point at Uwekahuna, the three of 
us and our many colleagues, past and 
present, have watched Kilauea unleash 
its fury. 

T
he surface features of the vol
cano are quite complex. Its sum
mit gently rises more than one 

kilometer above sea level and more 
than six kilometers above the seafloor. 
Halemaumau forms the central part of 
a broad, shallow collapsed region, called 
a caldera, which extends as much as five 
kilometers across in places. Two long, 
elevated ridges, or rift zones, stretch 
away from the summit; they somewhat 
resemble the mid-ocean ridges in struc
ture. The rift zone extending to the 
southwest is comparatively quiescent. 
Most of the recent volcanic activity at 
Kilauea has taken place along the other 
rift, to the east. That zone runs more 
than 100 kilometers from the summit, 
far out into the Pacific Ocean. Both rifts 
are surrounded by many parallel faults, 
cracks and cones of rock expelled dur
ing past eruptions. 
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As one learns to interpret its lan
·guage, Kilauea begins to speak eloquent
ly, through its ever shifting appearance, 
about the unseen processes taking place 
below. In the 1910s Jaggar noted that 
the volcano's summit region undulates 
repeatedly, rising slowly and then sub
siding rapidly, often coincident with an 
eruption along a rift zone. He suggest
ed that those movements are caused 
by the slow accumulation of magma in 
a shallow reservoir beneath the summit, 
followed by its rapid draining when the 
volcano erupts. In Jaggar's model the 
reservoir acts like a balloon buried with
in the volcano. The surface expands and 
bows upward when the reservoir in
flates with magma. Subsequently, the 
surface subsides when magma escapes 
aboveground and the reservoir deflates. 

Theoretical models predict that a 
small balloonlike pressurized cavity 
embedded in the earth would produce 
a dome-shaped uplifted area at the 
surface. Measurements of the uplift 
pattern in the summit region of Kilau
ea and several other volcanoes fit the 
models surprisingly well. In 1958 Kiyoo 
Mogi of the Earthquake Research Insti
tute in Tokyo used a theoretical mod
el of a pressurized cavity and data on 
the surface movements of Kilauea to 
estimate that the magma reservoir lies 
only three to four kilometers under
neath the summit, well within the vol
ume of the volcano. 

During the late 1960s, Richard Fiske 
and Willie Kinoshita, who are both at 
the Hawaiian Volcano Observatory, con
firmed Mogi's depth estimate and found 
that the center of the uplift occasionally 
migrates within the summit area. Such 
behavior implies the reservoir consists 
not of a single volume but of connect
ed chambers that fill with magma at 
variable rates. 

In the past, geophysicists relied on 
standard land-surveying techniques to 
measure Kilauea's constantly changing 
topography. That approach requires re
peated measurements of hundreds of 
reference points on the volcano's sur
face. Within the past few years, an ar
ray of earth-orbiting satellites, called 
the Global Positioning System (GPS), 
has come into operation. Radio trans
missions from the satellites are picked 
up by receivers distributed across the 
volcano that read out their relative po
sitions to within a few centimeters. As 
magma flows beneath the volcano, the 
ground surface slightly rises or sags, 
changing the positions of the surveyed 
points. We have used GPS to great ef
fect in following subtle changes in the 
volcano's shape, which in turn reveal 
the depth and volume of magma. 

Researchers have recently begun 

probing the insides of Kilauea using to
mography, a powerful method of anal
ysis developed for medical imaging. In 
this approach, investigators examine 
seismic waves that have passed through 
the volcano. By studying changes in the 
speed and direction of the waves that 
take place during their journey, it is pos
sible to infer internal structure. Because 
the earth around Kilauea is in a stressed 
state, there is no shortage of seismic 
signals: an earthquake 4.0 or higher in 
magnitude, sufficient to rattle dishes, 
occurs roughly every month. Late in 
the 1980s Phyllis Ho-Liu, then at the 
California Institute of Technology, pro
duced tomographic images of the mag
ma reservoir under Kilauea's summit. 
Her maps show that the reservoir lies 
within a few kilometers of the surface. 

I
t may seem odd that after its long 
journey through the earth's mantle 
into the crust, rising magma would 

pause to accumulate in a reservoir so 
close to the surface. Michael Ryan of the 
U.S. Geological Survey in Reston, Va., at
tributes this behavior to the slight dif
ference in density between the rising 
magma and the rock that forms the up
permost part of the volcano. As mag
ma rises to the surface, dissolved gases 
come out of solution (like carbon diox
ide in an opened bottle of soda water), 
filling the rock with bubbles. Because 
of these gas-filled spaces, lava that has 
erupted is 10 to 20 percent less dense 
than it was when it lay underground; in 
a sense, the volcano floats atop the 
magma reservoir. 

Over time, lava from Kilauea is bur
ied under flows from subsequent erup-

tions. At some depth below the volca
no's surface, the weight of those over
lying flows crushes and closes the bub
bles. Lava therefore grows ever more 
compressed as depth increases, until 
its density matches that of the mag
ma. At Kilauea, that equilibrium occurs 
about three kilometers below the sur
face, thus explaining the depth of the 
magma reservoir. Magma rises above 
this level only if impelled by additional 
pressure, which may be exerted by a 
deeper magma source derived from the 
hot-spot plume. 

Several lines of evidence imply that 
all lava at Kilauea passes through the 
summit reservoir. The summit always 
subsides at the time of rift eruptions, 
demonstrating that magma is escaping 
from the reservoir. Studies at the Hawai
ian Volcano Observatory show that the 
volume of subsidence equals or ex
ceeds the volume of lava that emerges 
along the rift, except when an eruption 
lasts more than about one month. Dur
ing extended events, magma probably 
flows quickly through the entire con
duit system, rising in one continuous 
motion from the upper mantle through 
the summit reservoir, into the rift zone 
and onto the surface. 

Chemical variations in lavas from Ki
lauea also point to the central role of 
the summit reservoir. The composition 
of lava changes during some rift erup
tions of long duration, such as those 
that took place in 1955 and 1983. Lavas 
that emerge at the beginning of a rift 
eruption contain minerals that crys
tallize at relatively low temperatures. 
These comparatively cool lavas most 
likely underwent extended storage un-

LARGE ISlAND OF HAWAII consists of five volcanoes, but only Kilauea is currently 
erupting. Kohala is considered extinct. Mauna Kea and Hualalai have lain dormant 
for 4,000 years and 190 years, respectively. Mauna Loa last erupted in 1984. 
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derground at a shallow level, presum
ably in the summit reservoir or in a sec
ondary reservoir within the rift zone, 
where the temperature of the molten 
rock dropped sufficiently for many 
kinds of minerals to precipitate. 

As a rift erupts, the lava stored in the 
summit reservoir should gradually be 
flushed out by fresh, hot magma rising 
from below. Sure enough, lavas that sur
face later in a rift eruption are richer in 
olivine, the first mineral to crystallize as 
magma cools. Many of the low-tempera
ture minerals seen in the earlier lavas 
are notably absent. The lavas that erupt 
later emerge having a higher tempera
ture than do their predecessors, a sign 
that the rock has spent little time cool
ing at a shallow level. 

Additional evidence that the summit 

reservoir functions as a lava clearing
house comes from observations made 
during brief lulls in the volcanic activi
ty along Kilauea's east rift zone. At the 
beginning of such respites, swarms of 
shallow earthquakes occur along the 
east rift zone between the summit and 
the eruptive vent. These earthquakes 
probably occur along the top of a hori
zontal conduit that transports magma 
from the summit reservoir to the erup
tive vent. Temporary restrictions in the 
flow path cause pressure to build up at 
the summit end of the conduit, trigger
ing the earthquakes. Ho-Liu's tomo
graphic maps confirm the presence of 
a horizontal conduit running from the 
summit reservoir to the east rift zone; 
the conduit intersects a magma reser
voir under the present eruptive vent 
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and ends under a prehistoric, now dor
mant vent called Heiheiahulu. 

The accumulation of magma and the 
related increase of pressure within the 
volcano ultimately cause all of Kilauea's 
activity. Hence, calculating the magma 
supply rate and discovering how it var
ies are fundamental to understanding 
the dynamics of the volcano. Because 
all lava at Kilauea seems to have passed 
through the summit reservoir, it should 
be possible to infer the rate at which 
molten rock rises from the mantle by 
measuring how quickly magma flows 
into and out of the summit reservoir. 
This calculation requires knowing the 
pace at which magma escapes from the 
reservoir, along with any net change in 
the volume of magma stored there. 

The amount of lava erupted is prob
ably somewhat less than the volume 
of magma flowing into the summit res
ervoir because magma exiting the res
ervoir may become trapped in under
ground compartments. But over a dec
ade or more, the eruptive rate at Kilauea 
averages out to a constant fraction of 
the magma supply rate. 

R
esearchers began systematically 
measuring changes in the vol
ume of the summit reservoir in 

1958. Since then, the volume of magma 
stored below the summit has fluctuat
ed by only 0.5 cubic kilometer, judging 
from changes in the shape of Kilauea's 
surface. Over the same time span, some 
two cubic kilometers of lava issued from 
the volcano, showing that the change in 
the size of the reservoir has been small 
compared with the total volume of mag
ma that has passed through it. Varia
tions in the eruptive rate, if averaged 
over many years, should therefore re
flect fluctuations in the rate at which 
magma is supplied from below. 

From 1840 to the present, the erup
tive rate at Kilauea, averaged over dec
ade intervals, has varied from zero to 
0.1 cubic kilometer per year. In the 
spring of 1950, after 16 years of no vol
canic activity, the rate of earthquakes 
under the summit began to increase, 
and the area around the summit start
ed to rise, suggesting that the magma 
supply rate had begun to increase. 
Since then, the volcano's eruptive rate 
has been considerably above its long
term average. The highest magma sup
ply rate probably occurs when the vol
cano is in a continuous, or nearly con
tinuous, state of eruption. 

Donald Swanson of the U.S. Geologi
cal Survey in Seattle calculates that 
during three long eruptions, Kilauea 
produced about 0.1 cubic kilometer of 
lava per year, sufficient to fill a stadium 
the size of the Houston Astrodome in 
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Since 1983, magma from the secondary reservoir has been 
erupting along a 12-kilometer segment of the east rift, giving 
rise to lava flows that extend to the Pacific Ocean (top). 

one week. Swanson notes that the sum
mit did not noticeably swell or subside 
during these eruptions, so the vol
ume of magma in the reservoir must 
have remained nearly unchanged. Dur
ing lengthy eruptions, magma evident
ly flows into the summit reservoir as 
fast as lava flows onto the surface. A 
consideration of the nature of rift erup
tions shows why this should be so. 

The movement of magma into and 
out of the summit reservoir is driven 
by a difference in pressure between the 
material in the reservoir and other pools 
of magma lying either deep under the 
summit or along the horizontal con
duit below a rift zone. Along a rift zone 
the slope of the volcano primarily de
termines the magma's movement. The 
summit reservoir, located immediately 
below Kilauea's summit, resides under 
a much thicker layer of rock than do the 
comparatively shallow magma cham
bers under the rift zones. The great 
weight of the summit rocks tends to 
squeeze the magma into the rift zone. 

A simple set of observations made at 
the Hawaiian Volcano Observatory has 
confirmed the effect of Kilauea's topog
raphy on eruptions. The volume of lava 
released during a rift eruption (and, by 
inference, the volume of magma with
drawn from the summit reservoir) is 
proportional to the elevation of the rift 
at which the eruption occurs. The more 

voluminous rift eruptions occur at low
er elevations, where the difference in 
pressure between the summit reservoir 
and the eruptive vent is greater. 

During a rift eruption, lava gush
es rapidly aboveground, and magma 
drains from the summit reservoir sud
denly, decreasing the pressure there. 
Consequently, a significant difference 
in pressure develops between the sum
mit reservoir and the deeper magma 
sources that supply it. That difference 
in pressure causes magma to refill the 
summit reservoir rapidly, a process that 
manifests itself at the surface as a sud
den uplift of the summit. As the shal
low reservoir refills, the difference in 
pressure decreases, and the supply rate 
gradually slows. In this way, an equilibri
um develops, as long as the magma 
supply rate is sufficient to maintain the 
prodigious flow of lava from the rifts. 

Assuming the above reasoning is cor
rect, one would expect that frequent rift 
eruptions would cause a high magma 
supply rate. Historical records show just 
such a pattern: only six rift eruptions 
took place between 1840 and 1950, 
whereas 17 rift eruptions have occurred 
since 1950, when Kilauea has spewed 
lava at a much greater rate. Pressure of 
the summit reservoir seems to control 
both the frequency of eruptions and the 
rate at which magma is supplied to the 
base of the volcano. 

After an eruption ends, plugs of solid
ified rock block the path through which 
the magma traveled. Although the vol
cano may look peaceful from above, in
tense pressure builds below as mag
ma continues to ascend from the man
tle into the summit reservoir. When the 
reservoir again fills past its capacity, 
the surrounding rocks split, and new 
underground pathways form. Eventual
ly magma bursts onto the surface, and 
another eruption, in a different loca
tion, is under way. This process unfold
ed right before our eyes, beginning in 
the fall of 1982. 

A
mall eruption lasting a few hours 
on September 25 led the staff at 

the Hawaiian Volcano Observa
tory to suspect that the magma reser
voir under Kilauea was filling beyond its 
capacity. A steady increase in elevation 
of the summit and an unusual abun
dance of shallow earthquakes centered 
below the summit bolstered that suspi
cion. The shaking of the ground sig
naled that the pressure in the summit 
reservoir had become high enough to 
crack the surrounding rocks. 

During the week after the Septem
ber eruption, the shallow earthquakes 
spread from the summit region to the 
adjoining segment of the east rift zone. 
These tremors traced the migration of 
magma through a subterranean con-
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duit running from the summit reservoir 
out along that rift zone. Under the bur
geoning pressure, rock around the con
duit began to split and to shift, setting 
off the seismometers. 

By December the continued accumu
lation of magma in the summit reser
voir forced the liquid rock into the east 
rift zone toward Makaopuhi, a crater 
some 20 kilometers east of Kilauea's 
caldera. The Makaopuhi area was the 
site of several short-lived eruptions be
tween 1963 and 1969. Researchers mea
suring ground motions at Kilauea de-

duced the presence of a secondary mag
ma reservoir under Makaopuhi; some 
magma may have remained trapped 
in that reservoir. 

The earthquake record tells that the 
magma advanced from the summit res
ervoir in several short bursts, each last
ing a few hours and extending a few 
kilometers farther from the caldera than 
did its predecessor. Finally, on January 
2, 1983, a rapid succession of shallow 
earthquakes near Makaopuhi and a 
sudden uplift of the ground surface an
nounced that magma had filled the sec-

KilAUEA SUMMIT CALDERA appears as an oval depression filling the bottom haH 
of this 1989 photograph; the large circular crater is Halemaumau. The plume of 
smoke in the background identifies the ongoing eruption along the east rift zone. 

AUGUST 1981 - MARCH 1982 OCTOBER 1982 - JANUARY 1983 

UPLIFT (MILLIMETERS) SUBSIDENCE (MILLIMETERS) 

10 KILOMETERS 10 KILOMETERS 

BUll'S-EYE VIEW of Kilauea's summit shows that the surface bowed upward (or
ange colors) while magma accumulated in the underlying reservoir (left). The sum
mit subsided (blue colors) when lava started erupting onto the surface (right). 
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ondary reservoir and begun pushing 
toward the surface. 

Judging from the shape of the up
lift, magma began its upward journey 
about three kilometers under Makao
puhi, probably at the top of a sec
ondary magma reservoir. Computer 
simulations conducted in the laborato
ry reveal the nature of the magma's 
final ascent. Magma forcing its way 
into a tiny break at the top of the reser
voir rapidly expanded horizontally and 
vertically while remaining very thin, so 
that it came to resemble a sheet. Lava 
spurted from the ground along a 12-
kilometer-long fissure where the mag
ma sheet intersected the surface. The 
formation of this fissure widened the 
east rift zone by about three meters, 
thereby compressing the adjacent part 
of the southern flank of Kilauea. 

For the next three and a half years, 
Kilauea episodically spouted spectac
ular fountains of lava along its east 
rift zone. Most of the spurts lasted less 
than a day, followed by month-long 
quiescent periods. In the summer of 
1986, after several new fissures opened, 
the lava fountains ceased, and since 
then, molten material has flowed fairly 
continuously into a large lava lake. At 
present, that lake has drained through 
lava tubes onto the surrounding land
scape, and a new one has formed sev
eral kilometers closer to the summit 
caldera. 

C
learly, living near an active volca
no exposes one to some signifi
cant hazards. The molten rock 

and sulfurous fumes that accompany 
eruptions constitute the most obvious 
threat to human life. Violent steam ex
plosions occasionally shake Kilauea; one 
in 1790 caused a number of fatalities. 
During the present eruption, lava has 
flowed into the ocean, unleashing a 
noxious cloud of steam laced with hy
drochloric acid, which local residents 
call volcanic smog, or vog. 

A less familiar natural hazard around 
Kilauea and many other volcanoes is 
the possibility of a major earthquake. 
The annual rate of earthquakes under 
Kilauea's southern flank is comparable 
to the frequency of earthquakes along 
the most active segments of the San 
Andreas fault in southern California 
and Mexico. Kilauea generates an earth
quake that one can feel every two weeks 
or so. One of the most powerful earth
quakes in the U.S. this century-magni
tude 7.2 on the Richter scale-occurred 
below the volcano's southern flank on 
November 29, 1975. The Hawaiian Vol
cano Observatory has set up an island
wide network of four dozen seismome
ters to record earthquakes. An increase 
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TWO FACES OF KIlAUEA seen in these photographs illustrate 
the mutable nature of the volcano. During the first three 
years of the present eruption, huge fountains of lava (left) pe-

riodically gushed from the east rift zone. Since 1986 the vol
cano has erupted more peacefully, creating a lava lake cov
ered with a fractured crust of solidified rock (right). 

in the frequency of shallow tremors 
(those centered no more than a few ki
lometers below the surface) has proved 
to be a good signal that the volcano is 
building up to an eruption. 

Most earthquakes, such as those 
in California, result from the grinding 
movements of the earth's plates. The 
frequent earthquakes around Kilauea 
take place where rocks shift in response 
to changes in internal pressures. Earth
quakes on Kilauea's southern flank re
sult from bulk movement of magma, 
especially into a rift zone, as happened 
in january 1983. For several weeks af
ter that event, the southern flank ex
perienced an elevated rate of earth
quakes, probably in response to sudden 
compression by the three-meter-wide 
opening of the rift zone. The continued 
above-average abundance of moderately 
strong (magnitude 5.0 or greater) earth
quakes since 1983 results from rocks 
that are still reacting to the changed 
pressure. 

To sharpen the understanding of that 
process of adjustment, the Hawaiian 
Volcano Observatory staff studied in 
detail the most powerful of the post-
1983 tremors, a magnitude 6.1 earth
quake that took place on june 25, 
1989. We used the Global Positioning 
System to determine the exact locations 
of our measuring stations less than a 
year before and again two months after 
the earthquake. The latter measure
ments showed that the stations along 
the southern flank had moved seaward 
by as much as one third of a meter. 

Stations elsewhere on Kilauea also gen
erally moved seaward, although by a 
lesser amount. Those shifts released 
some of the compressive pressure that 
had built up from the january 1983 
eruption and from earlier rift events. 

T
he insights gained by studying 
Kilauea are contributing to the 
general study of active volcanoes 

and of earthquakes. Although volcanoes 
vary widely in style of eruption and geo
logic setting, all active volcanoes seem 
to share a common trait: they are driv
en by magma ascending from deep re
gions in the mantle into a shallow 
reservoir in the earth's crust or within 
the volcano itself. Locating and map
ping these reservoirs are central to the 
goal of predicting eruptions. The thor
oughly scrutinized reservoir under Ki
lauea's summit has served as a starting 
model for understanding the structure 
of other active volcanoes. 

Kilauea has also provided a valuable 
field experience for scientists who later 
have worked under the hectic and, at 
times, dangerous conditions that ac
company the eruption of any volcano. 
The rapid scientific response to the re
awakening of Mount St. Helens in 1980 
drew on earthquake and ground move
ment monitoring techniques developed 
at Kilauea. Similarly, techniques devel
oped at Kilauea-especially the study 
of earthquake patterns-were critical to 
the successful prediction of the climac
tic eruption of Mount Pinatubo in june 
1991, the second or third most power-

ful volcanic event of this century. The 
warning saved thousands of lives and 
gave sufficient time to evacuate expen
sive equipment and aircraft from near
by Clark Air Force Base. 

Given the earth's restless nature, it is 
inevitable that additional volcanic cris
es will occur. The potential for disaster 
continues to increase as populations 
expand to areas where there is a high 
risk of volcanism. Protection of these 
people will depend on the ongoing ef
forts to predict the behavior of volca
noes and to understand the geologic 
processes that endow them with their 
devastating fury. 
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Bacterial Endotoxins 
An integral part of many bacteria, these molecules 
are at once brutal and beneficial to humans. Efforts 

are under way to block the bad effects and harness the good 

by Ernst Theodor Rietschel and Helmut Brade 

Endotoxins possess an intrinsic fascina
tion that is nothing less than fabulous. 
They seem to have been endowed by 
nature with virtues and vices in the ex
act and glamorous proportions needed 
to render them irresistible to any inves
tigator who comes to know them. 

This observation, made by Ivan L. 
Bennett, Jr., of Johns Hopkins Uni
versity almost 30 years ago, is still 

true today. Endotoxins, which are poten
tially lethal molecules produced by many 
bacteria-including those responsible 
for cholera, whooping cough, plague and 
a form of meningitis-continue to capti
vate medical researchers and others. 

Of the vices that render endotoxins 
"irresistible," perhaps the most impres
sive is the power to elicit disease symp
toms ranging from chills and fever to 
irreversible shock (circulatory failure 
leading to malfunctioning of organs 
throughout the body) and death. The 
molecules also form a rigid shield on 
endotoxin-bearing bacteria, preventing 
many antibiotics from combating infec
tion by those bacteria. 

ERNST THEODOR RIETSCHEL and HEL
MUT BRADE are colleagues at the Bor
ste! Research Institute in Borstel, Germa
ny. Rietschel, who is director of the in
stitute, has studied endotoxins for more 
than 20 years. He received his Ph.D. in 
1971 from the University of Freiburg, 
while he was working with Otto Westphal 
and Otto LUderitz at the Max Planck insti
tute for Immunology in Freiburg. In 1980 
he became professor of inununochem
istry and biochemical microbiology at the 
Medical University of LUbeck and also as
sumed his current position at the Borste! 
institute. Rietschel has been president of 
the International Endotoxin Society since 
1990. Brade earned an M.D. from the Uni
versity of Dusseldorf in 1976 and was a 
research fellow under Luderitz in Frei
burg before joining Rietschel's laborato
ry in 1983. He is now associate profes
sor and head of the division of biochem
ical microbiology at the Borstel institute. 

Paradoxically, the same endotoxins 
that threaten human health can en
hance the body's overall immune resis
tance to bacterial and viral infections 
and cancer. Some investigators think ex
posure to these molecules may even be 
essential to the development and ongo
ing viability of the immune system. 

As a crucial step toward understand
ing how endotoxins might achieve such 
diverse and contrary effects, dozens of 
research teams, including our group at 
the Borstel Research Institute in Ger
many, have concentrated on elucidating 
their chemical and three-dimensional 
structure. The findings have helped iden
tify the components responsible for the 
activities of endotoxin in the body. The 
work has also begun to generate ideas 
both for limiting the ability of these sub
stances to cause disease and for har
nessing their remarkable tendency to 
heighten one's disease-fighting capacity. 

E ndotoxin's story rightly begins in 
the late 1870s, soon after Robert 
Koch, then working on his own 

in Wollstein, Germany, established that 
each infectious disease stems from a 
speCific microbe. Within a decade after 
Koch's demonstration, investigators in 
France, Germany, the U.S. and elsewhere 
had shown that bacteria often make 
people sick by producing toxins. 

The first poisons isolated were exo
toxins, substances secreted actively by 
many bacteria, such as those responsi
ble for diphtheria, tetanus and botu
lism. Today researchers know that exo
toxins are generally proteins, but at the 
time, a major identifying feature was 
susceptibility to inactivation by heat. 

Then, in 1892, two scientists separate
ly described poisons that did not fit the 
exotoxin profile. Richard Pfeiffer, one of 
Koch's students, found that the Vibrio 
cholerae bacterium, which causes chol
era, synthesized not only a heat-labile 
exotoxin but also a heat-resistant sub
stance that was not secreted by the bac
terial cell. (Bacteria are single-cell or
ganisms.) This second product seemed 
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to be released only when V. cholerae 
disintegrated. Heat-resistant toxins had 
been studied earlier, particularly by the 
Danish pathophysiologist Peter Ludwig 
Panum, but only Pfeiffer noticed they 
were not actively extruded. 

Assuming the second substance was 
sequestered within bacteria, Pfeiffer 
added the Greek word for "within" to 
"toxin" and named his discovery endo
toxin. Subsequent work has revealed the 
term to be a misnomer: endotoxins re
side on the surface of bacteria, not in the 
interior [see illustration on page 56). 

While Pfeiffer toiled in Germany, Eu
genio Centanni of the Institute of Pa
thology at the University of Bologna 
extracted a heat-stable toxin from Sal
monella typhi, the bacterium that gives 
rise to typhoid fever. Because this poi
son caused fever in rabbits, Centanni 
called it pyrotoxina. 

Centanni's pyrotoxina and Pfeiffer's 
endotoxin are now known to be basi
cally identical. It is also evident that 
such toxins are characteristic of all so
called gram-negative bacteria. (Bacteria 
are classified as gram-positive or gram
negative depending on whether or not, 
in a procedure devised by the Danish 
physician Hans Christian Joachim Gram, 
they retain a particular blue dye.) 

Such realizations awaited advances 
in chemical technology. Andre Boivin 
of the Pasteur Institute in Paris, Walter 
T. J Morgan of the Lister Institute in 
London and Walther F. Goebel of the 
Rockefeller Institute in New York City 

ENDOTOXIN MOLECULES made by Chla
mydia trachoma tis bacteria that have 
multiplied within mouse fibroblasts (red 
spheres) are highlighted by fluorescence 
(yellow-green). Endotoxins account for 
many of the disease symptoms caused 
by gram-negative bacteria, a category 
that includes organisms responsible for 
such disorders as cholera, whooping 
cough, the plague, and certain forms of 
food poisoning, pneumonia and menin
gitis. The fibroblasts in the image are 
enlarged some 1,500 diameters. 
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made the first major analytic strides in 
the 1930s and 1940s. Working with rela
tively impure extracts-the best that 
could be obtained at the time-the three 
concluded that the heat-stable toxin in 
every gram-negative bacterium they ex
amined contained polysaccharide (po
lymerized sugars), lipid (complexes con
taining fatty acids) and protein. 

In the 1940s as well, Murray]. Shear, 
then at the National Institutes of Health, 
analyzed the active component of the 
gram-negative bacterium Serratia mar
cescens, which can cause nosocomial, or 
hospital-acquired, infections. He was in
trigued by this component because Wil
liam B. Coley of Memorial Hospital in 
New York City had shown that mixtures 
of killed S. marcescens and Streptococ
cus could sometimes lead to regression 
of cancer. In 1943 Shear determined 
that the toxic and tumor-destroying ma
terial in S. marcescens consisted mainly 
of polysaccharide and lipid. Emphasiz-

PHOSPHOLIPID 

ENDOTOXINS RESIDE in the outer mem
brane of the bacterium Escherichia coli 
(micrograph), a cross section of which 
is shown schematically. The cut reveals 
the structure of the two membranes 
that envelop the bacterium. An endotox
in-rich outer membrane is an identify
ing feature of gram-negative bacteria. 

ing chemistry, he called it lipopolysac
charide, or LPS. 

By then the accumulating evidence 
was already suggesting that lipopoly
saccharide, endotoxin and pyrotoxina 
were essentially the same. But convinc
ing proof was obtained only after Otto 
Westphal and Otto LUderitz developed 
a technique for generating large quanti
ties of very pure extract from bacteria. 
They achieved this breakthrough in the 
late 1940s at the Wander Research In
stitute in Sackingen, Germany, which 
later became the Max Planck Institute 
for Immunology in Freiburg. 

After applying the method to Salmo
nella, Serratia, Vibrio and related bacte
ria, Westphal and LUderitz established 
conclusively that the toxic component 
always consists only of polysaccharide 
and lipid, along with phosphorus (which 
influences the behavior of the two other 
components). The protein found in earli
er extracts was not needed for toxicity. 

56 SCIENTIFIC AMERICAN August 1992 

Further studies revealed that, regard
less of origin, each isolated toXin led to 
the same responses in animals. This re
sult implied that the molecules were, 
indeed, virtually alike chemically. Since 
then, the term "pyrotoxina" has fallen 
by the wayside, but "endotoxin" and 
"lipopolysaccharide" are applied inter
changeably. Westphal and Liideritz also 
helped to demonstrate that all gram
negative bacteria, and only those or
ganisms, make endotoxins. 

E stablishing that all endotoxins are 
variations of a single molecule 
was a major accomplishment, but 

in order to understand how they work, 
further details of chemistry had to be 
deciphered. Because the molecules are 
so complex, investigators needed some 
25 years more to arrive at a conclusive 
picture. Not surprisingly, the effort in
volved an extraordinary number of re
searchers-too many to mention indi
vidually here. 

Most of the studies focused on the 
broad group of gastrointestinal (enter
ic) bacteria that form part of the nor
mal flora of the intestine or cause gas
trointestinal disease. Among these are 
members of the Salmonella and Esche
richia genera, of which E. coli, a ubiqui
tous tool of molecular biologists, is a 
member. Most strains of E. coli, such 
as those commonly found in the intes
tine, are benign (at least when they re
main in the gut), but others may lead 
to severe disease. 

In the course of such studies, work
ers learned that the lipid component, 
called lipid A, is embedded in the out
er membrane, or "skin," of bacterial 
cells, which in contrast to human cells 
have no nucleus. In fact, lipid A con
stitutes much of the external half of 
the membrane, which has two layers. 
The polysaccharide protrudes into the 
environment like hair on a head. Ex
tending from the lipid, it is composed 
of two distinct parts: the core oligo
saccharide (a small string of sugars), 
which is connected to the lipid, and the 
longer O-specific chain, which projects 
from the core and is the outermost 
part of the endotoxin [see box on oppo
site page]. 

The O-specific chain turns out to be 
the most variable segment and the part 
that evokes a specific immune reaction; 
that is, it stimulates production of anti
body molecules able to recognize that 
particular 0 chain but no other mole
cules. In the 1960s Westphal and Lii
deritz made the fundamental discovery 
that the chain usually differs from one 
bacterial species to the next. Hence, 
each variant of, say, Salmonella, will 
sport a distinctive 0 chain and elicit 
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production of different antibodies. Typ
. ically the chain consists of 20 to 40 re
peating units that include up to eight 
sugars. The types and sequence of sug
ars within the basic unit and the num
ber of repeating units often differ. 

The core oligosaccharide, divided into 
the inner core (the part linked to the lip
id) and the outer core (the part linked 
to the O-specific chain), is not so vari
able. Its influence on the body is also 
less profound, although it can trigger 
antibody production in response to mu
tant endotoxins that lack an 0 chain. 

The inner segment is the more in
triguing of the two because it bears 
unusual sugars. One is heptose, which 
boasts seven instead of the more typi
cal six carbon atoms. The other is Kdo 
(3-deoxy-n-manno-2-octulosonic acid), 
which is found in all endotoxins and 
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links the polysaccharide to the lipid . 
Kdo harbors eight carbon atoms and 
occurs nowhere else in nature, except 
in certain plants and algae. As will be 
seen, its ubiquity and uniqueness make 
it a potential target of therapy. 

In terms of human health, the third 
component, lipid A, is the most fasci
nating. This region, which is the least 
variable in structure, gives rise to all the 
ills endotoxins inflict, as well as to the 
benefits-namely, increased resistance 
to infection and cancer. � lOng ago as 19 54, Westphal and 

Liideritz found that lipid A con
sisted mainly of a sugar-glu

cosamine-as well as phosphate (P04) 
and long chains of fatty acids, each with 
a backbone of about 14 carbon atoms. 
Yet how these constituents fit together 

The Structure of Endotoxin 

remained for the most part unknown 
until 1969. Then Jobst Gmeiner, work
ing in Westphal and Liideritz's labora
tories, showed that lipid A in one strain 
of Salmonella minnesota included two 
linked glucosamine sugars, each of 
which was phosphorylated (had a phos
phate group attached). 

Moreover, the carbon atoms linking 
the two glucosamines were joined in an 
unexpected way. The carbon atoms in 
sugars are numbered by standard con
ventions. In this case, the first carbon 
of one glucosamine was linked to the 
sixth carbon of the other glucosamine 
through an oxygen, so that the bridging 
oxygen was elevated above the glucos
amines (in the so-called beta configu
ration). Most beta-linked glucosamine 
pairs are joined by oxygen bridges be
tween carbons one and four, or some-

C hemical structure of the endotoxin made by Salmo
nel/a typhimurium (left), like that of other endotoxins, 

consists of a polysaccharide, or long chain of sugars (each 
color represents a different sugar), and a fat called lipid A.  
The polysaccharide, which varies from one bacterial species 
to another, is made up of the Q-specific chain (built from re
peating units of three to eight sugars) and the two-part 
core. Lipid A virtually always includes two glucosamine 
sugars modified by phosphate (P04) and a variable number 
of fatty acids. Manfred Kastowsky of the University of Berlin 
and Harald Labischinski of the Robert Koch Institute in 
Berlin have modeled the three-dimensional structure of lipid 
A in Escherichia coli (below), which is identical to the lipid in 
S. typhimurium. The fatty acid chains, made mainly of car
bon (blue) and hydrogen (white), dangle from the sugars 
(tilted region at top). Red, green and pink spheres repre-
sent, respectively, oxygen, nitrogen and phosphorus. 
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How Bacteria Synthesize Lipid A 

T he synthesis of lipid A is depicted for E. coli but is similar for other gas
trointestinal bacteria. (At each step, changes in the prior structure are in

dicated in red.) The first five steps were uncovered by Christian R. H. Raetz 
and his colleagues at the University of Wisconsin; the final steps by Mary Jane 
Osborn and her co-workers at the University of Connecticut Health Center. 

N-ACETYL-
GLUCOSAMINE RIBOSE URACIL 

�/ 
ACETYL-- � \ ' 

URIDINE 
' 

GROUP PHOSPHATE 

2 

3 

4 

LIPID X 

5 

6 Kdo 

1. The bacterium begins con
structing lipid A from a precursor 
consisting of the sugar N-acetyl
glucosamine bound through two 
phosphates to uridine. 

2. Then one fatty acid is added to 
N-acetylglucosamine. 

3. Removal of the acetyl group 
converts N-acetylglucosamine into 
glucosamine, which gains a fatty 
acid in place of the acetyl group. 

4. Next, an enzyme-controlled pro
cess replaces the two phosphates 
and uridine with lipid X, a glucos
amine sugar carrying a phosphate 
group and two fatty acids. 

5. Now the original glucosamine 
gains a phosphate group ... 

6 . ... after which two Kdo sugars 
of the inner core, which link lipid 
A to the rest of the core, are add
ed to the glucosamine. 

7. Lipid A is completed with the 
addition of more fatty acids. (Then 
the balance of the core is attached 
to the Kdo bound to lipid A, and 
the a-specific chain is added.) 

Interference with construction of lipid A prevents bacteria from producing vi
able offspring. Kdo analogues, which block growth of lipid A after step 5 
and therefore halt development of the rest of the endotoxin molecule, are 
being studied as antibiotics. 
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times one and three. A one to six link
age was unheard of, however. 

Later, one of us (Rietschel) and Surni
hiro Hase, working with Westphal and 
Liideritz, demonstrated that the same 
beta 1-6 linkage of glucosamines oc
curred in many gram-negative bacteria. 
Today it is evident that this arrange
ment is characteristic of, and unique 
to, most gram-negative bacteria. 

Determining where the fatty acids 
bind to the glucosamines was rather 
more difficult. In fact, it took many re
searchers, among them Ulrich Zahrin
ger, Ulrich Seydel and Rietschel of Bor
stel, until 1983 to decipher the com
plete structure of E. coli lipid A .  

Simultaneously, Nilofer Qureshi and 
Kuni Takayama of the University of Wis
consin determined the organization of 
lipid in Salmonella typhimurium (a cause 
of diarrhea). It was identical to that of 
E. coli. In other bacteria, the length of 
the fatty acid chains and attachment 
sites can differ. At the least, though, en
do toxins of disease-causing gram-neg
ative bacteria typically include, along 
with phosphorylated glucosamines, four 
fatty acids that carry a hydroxyl (OH) 
group on the third carbon in each 
string, as well as one or two nonhydrox
ylated fatty acids. In some instances, 
glucosamine may be replaced by an un
usual form, 3-amino glucosamine. 

As the structural work was pro
ceeding, investigators were collecting 
increasing evidence that lipid A was re
sponsible for the harm done by endo
toxins and for enhancement of immu
nity. Westphal and Liideritz had sug
gested that probability as early as 1954, 
when it became apparent that the poly
saccharide was too variable to elicit a 
consistent set of effects. 

This deduction gained support in the 
late 1960s, when Yoon B. Kim and Den
nis W. Watson of the University of Min
nesota and other research teams estab
lished that endotoxins consisting only 
of lipid A and Kdo were as toxic and 
pyrogenic as molecules that included a 
full polysaccharide. That finding proved 
that the a-specific chain and large parts 
of the core were not needed for pro
ducing toxicity and fever. 

But final proof of the lipid's power 
emerged only when Tetsuo Shiba and 
Shoichi Kusumoto and their associates 
at Osaka University chemically synthe
sized the full lipid A component of 
E. coli in 1984 and put it at our dis
posal. Our group, together with that 
of Liideritz and Chris Galanos of the 
Max Planck Institute in Freiburg, then 
showed that the synthetic version be
haved just like natural lipid A. When 
it was injected into animals, it caused 
generalized activation of the immune 
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system, high fever and lethal shock . 
. Three Japanese groups independently 
obtained similar results. 

Successful synthesis of E. coli lipid A 
and demonstration of chemical and bio
logical identity with its natural counter
part finally closed the chapter of re
search devoted to specifying the en do
toxic component of lipopolysaccharide. 
Yet, because of the structural complex
ity of lipid A, the possibility remained 
that some fraction of the lipid, rather 
than the entire substance, accounted 
for its activity in the body. 

To identify the most critical part, our 
team and that of Hans-Dieter Flad at 
our institute studied the influence of 
a number of synthetic derivatives of E. 
coli lipid A on cultured cells and on 
animals. For instance, we injected into 
animals single, instead of the usual 
paired, glucosamines with their normal 
fatty acids and phosphates attached. We 
also tested glucosamine pairs that car
ried fewer or more fatty acids than nor
mal or a different arrangement of the 
usual fatty acids. 

To our surprise, although some of 
these compounds were somewhat ac
tive, none was more potent than native 
lipid A. Collectively, these data indicate 
that, despite its complexity, the entire 
lipid component of endotoxin mole
cules, not some particular fraction, is 
needed for optimal activity. Presumably, 
the individual elements-the sugars, the 
phosphates and the fatty acids-com
bine into a three-dimensional shape that 
best facilitates interaction with cells of 
the host. 

T he structural data gathered so 
far have not yet conclusively re
vealed the molecular interactions 

that govern the host's response to lipid 
A. Nevertheless, research has begun to 
uncover many details of how endotox
ins produce their effects. 

It is now known, for instance, that 
endotoxins must be released from the 
bacterial surface to be effective. They 
are set free, as Pfeiffer recognized in 
1892, when bacterial cells die, and also, 
it turns out, when the bacteria multi
ply. Some bacteria multiply within host 
cells, others without. Presumably, en
do toxins made by the first group must 
additionally be released from infected 
cells in order to have an effect. 

Once endotoxins are free to act, they 
do not, as might be expected, kill host 
cells or evoke other responses directly. 
They do not, for instance, produce fever 
by binding to cells in the temperature
regulating center of the brain. Instead, 
as the Russian-born pathologist Valy 
Menkin proposed in the late 1940s, 
when he was working at Temple Univer-
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ENDOTOXINS STIMUlATE MACROPHAGES to produce three groups of powerful 
mediators-proteins, oxygen free radicals and lipids. These mediators may act in
dependently, together or in sequence to engender various effects (golden boxes). 
In addition to its other functions, tumor necrosis factor amplifies mediator synthe· 
sis (green arrow); prostaglandin E2 inhibits such synthesis (red arrow). 

sity, they recruit particular host cells to 
do their bidding-inducing those cells 
to secrete mediator molecules. These 
mediators then act locally or float 
through the blood, or both, to elicit a 
diversity of responses. 

Studies done by Stephan E. Mergen
hagen and his colleagues at the Nation
al Institute of Dental Research and, 
subsequently, by Galanos have since 
established that macrophages are the 
recruits most affected. These defensive 
cells normally take up and destroy any 
substance that might be harmful to a 
host. When they become activated, they 
secrete many different molecules that 
work in concert, sequentially or inde
pendently, to instigate or amplify both 

speCific and nonspeCific immune re
sponses against an invader. (Nonspe
cific components of the immune sys
tem, such as macrophages, granulocytes 
and complement molecules, attack a 
broad range of invaders.) Some macro
phages circulate in the blood; others 
reside in tissues. 

Work in several laboratories has re
vealed that a small protein called tu
mor necrosis factor is one of the prime 
endotoxin mediators made by macro
phages. By itself, injected tumor necro
sis factor mimics several of the respons
es attributed to endotoxins, including 
fever and, if doses are high enough, ir
reversible shock and death. On the pos
itive side, as its name implies, tumor 
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necrosis factor can also lure various 
defensive cells to sites of infection and 
destroy tumor cells [see "Tumor Necro
sis Factor," by Uoyd ]. Old; SCIENTIFIC 
AMERICAN, May 1988]. 

More recently, endotoxin-stimulated 
macro phages have been shown to pro
duce the proteins interleukin- 1, inter
leukin-5 and interleukin-8, which exert 
many of the same effects as tumor ne
crosis factor. Activated macrophages 
also release a variety of lipids (some of 
which contribute to fever and regulate 

the activity of immune system cells), 
and they form highly reactive oxygen
ated compounds known as free radi
cals. Inside macrophages or on the sur
face, free radicals contribute to micro
bial destruction. 

Thus, it seems that when a gram-neg
ative bacterium invades tissue and re
leases moderate amounts of endotoxin 
there, this array of macrophage prod
ucts can help eradicate the immediate 
infection by generating a localized and 
controlled immune response. The typ-

Three Ways Endotoxins May Spur Macrophages 

to Produce Mediators 

1 
LIPOPOLYSACCHARIDE 
(Lr) 

�,;;. .............. :::: 
LlPOPOL YSACCHARIDE
BINDING PROTEIN 
(LBP) 

MEDIATORS-

Lipopolysaccharide (LPS) (orange), another name for endotoxin, binds to the 
lipopolysaccharide-binding protein (LBP) (green) in the blood. Then the com
plex activates a receptor known as C014, which instructs macrophages to 
produce mediators (red spheres). 

2 
.oIII!!II"'_ ::::::::::::::===::::::::!'- �--J_ 

LPS RECEPTOR 

It is possible, though, that CO 14 issues no signals but instead enables LPS to 
activate a second receptor. 

3 

�======i> 

Alternatively, LPS may activate certain receptors directly, without help from 
LBP or C014. 
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ical effects-mild fever, recruitment 
of both microbe-specific and less spe
cialized immune components-usual
ly serve recovery and help to protect 
against other microbial assaults. 

But when an infection is severe and a 
large amount of endotoxin accumu
lates in circulating blood, making con
tact with macrophages throughout the 
body, systemic release of potent me
diators can produce life-threatening 
shock; as the circulation fails, cells ev
erywhere malfunction and die. Endo
toxins can enter the circulation on their 
own through damaged tissue. General
ly, however, lethal effects occur when 
bacteria themselves gain access to the 
blood. They multiply rapidly in that 
medium and, in the process, can liber
ate huge supplies of toxin to act on 
macrophages. 

Endotoxins, then, are not intrinsical
ly poisonous; their effect depends on 
the host's response. As Lewis Thomas 
pointed out in The Lives of a Cell, it is 
the overwhelming, uncontrolled and 
self-destructive behavior of the host or
ganism that makes endotoxins poi
sonous. Endotoxins, he wrote, "are read 
by our tissues as the very worst of bad 
news. When we sense lipopolysaccha
ride, we are likely to turn on every de
fense at our disposal; we will bomb, de
foliate, blockade, seal off, and destroy 
all tissues in the area . . . .  All of this 
seems unnecessary, panic-driven." 

T o understand how endotoxins en
gender such panic, one must 
learn exactly how they prod mac

rophages into action. Growing evidence 
indicates that in the blood endotoxins 
bind to a circulating molecule known 
as lipopolysaccharide-binding protein 
(LBP). Samuel D. Wright of the Rocke
feller University .and the team of Rich
ard ]. Ulevitch and Peter S. Tobias of 
the Scripps Clinic and Research Foun
dation in La Jolla, Calif., have shown 
that the lipopolysaccharide-LBP com
plex docks with a receptor known as 
CD 14 on the surface of macrophages. 
This finding makes endotoxins one of 
the few known substances that inter
act with a receptor after first forming a 
complex with a circulating protein. 

Less clear is whether the binding of 
the complex to CD 14 alone is sufficient 
to induce macrophages to produce me
diators. It may be that binding to CD 14 
somehow enables endotoxins to interact 
with a different receptor, which alone 
or in collaboration with the CD 14 stim
ulates macrophages. There is some evi
dence for the latter suggestion. For 
example, David C. Morrison of the Uni
versity of Kansas and others have iden
tified molecules on macrophages that 

• 
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directly bind endotoxins, particularly 
. the lipid A component. These receptors 

may take up endotoxins after they at
tach to the lipopolysaccharide-binding 
protein and CD 14, although it is possi
ble that endotoxins independently acti
vate certain receptors on macrophages 
in the blood or in tissue. 

As the interactions between endotox
ins and macrophages come into focus, 
ideas for impeding those encounters 
during severe gram-negative infection 
should emerge. Already investigators are 
pursuing the discovery that fragments 
of lipid A ,  which are less toxic than in
tact forms (or are even nontoxic), can 
impede the ability of full lipid A to gen
erate mediator production. Presumably, 
fragments bind to macrophage recep
tors and thus deny access to intact en
dotoxins. The efficacy of partial struc
tures is now being evaluated in animals. 

Partial structures or chemically modi
fied versions of lipid A might also prove 
valuable for enhancing overall immunity 
in people whose native defenses against 
infections or tumors are inadequate. 
Perhaps selected structures will give rise 
to unusual mixtures of mediators, so 
that only desirable effects are achieved, 
such as enhanced nonspecific immuni
ty or destruction of tumors without the 
complication of shock. 

The discovery that host-derived me
diators account for symptoms suggests 
still other approaches to therapy. For 
instance, one might block the activi
ty or synthesis of the mediators them
selves or of the receptors through which 
they influence cells in, say, neurons and 
blood vessels. F. Ulrich Schade and Pe
ter Zabel of Borstel find that substanc
es that inhibit the production of tumor 
necrosis factor or that suppress the 
action of already synthesized tumor 
necrosis factor can prevent endotoxins 
from causing fever in human volunteers 
and from killing animals. 

C onsideration of why bacteria 
make endotoxins has led to addi
tional ideas for treating patients. 

Gram-negative bacteria may synthesize 
endotoxins solely to discomfort and 
threaten their hosts, but we doubt that 
this is the case. Endotoxin-producing 
bacteria evolved before susceptible 
higher organisms, which means the mol
ecules probably originated for some rea
son unrelated to inducing disease. Fur
thermore, bacteria do not benefit from 
disabling or killing their hosts. 

Most likely, gram-negative microor
ganisms make endotoxins simply be
cause they need them. The bacteria ap
parently require endotoxins in order to 
reproduce. No gram-negative microbe 
lacking such molecules has ever been 

found to replicate well in nature or in 
the test tube. In addition, structural 
analyses indicate that gram-negative 
bacteria rely on endotoxins for protec
tion against external assaults. 

Calculations and measurements made 
by Manfred Kastowsky of the Universi
ty of Berlin and Harald Labischinski of 
the Robert Koch Institute in Berlin sug
gest that the lipid A in E. coli loosely 
resembles a set of wind chimes. The 
musical "pipes" (the fatty acids), which 
are embedded in the outermost bacte
rial membrane, are oriented parallel to 
one another and perpendicular to the 
plane of the membrane. The "plate" 
from which they dangle (the pair of 
phosphorylated glucosarnine sugars) is 
slightly skewed, tilted at a 4S-degree an
gle relative to the membrane. In this ar
rangement the fatty acids form hexag
onal cables that are packed tightly next 
to other such cables in the membrane. 

Such a rigid, well-ordered structure 
would explain why gram-negative bac
teria are less permeable than the more 
fluid, phospholipid membranes of hu
man cells and the envelope surround
ing gram-positive bacteria. As was first 
pointed out by Hiroshi Nikaido of the 
University of California at Berkeley, the 
lack of permeability would, in turn, 
explain why many antibiotics that de
feat gram-positive bacteria fail to enter 
gram-negative species or do so only at 
high doses. Drugs that interfere with 
the architecture of endotoxins or of en
dotoxin-containing membranes would 
therefore help to kill bacteria and make 
them more vulnerable to antibiotics. 

Groups in the U.S. and Sweden are 
also pursuing ways to inhibit synthesis 
of lipid A so as to impede production of 
viable bacterial offspring. They have 
developed analogues of Kdo for the 
purpose. Kdo is normally added to a 
precursor of lipid A before the final fat
ty acids of the lipid are attached [see 
illustration on page 58]. The analogues 
inhibit the activity of an enzyme need
ed for synthesis of this critical sugar. 
When bacteria encounter these impos
tors, they fail to make mature lipid A 
and full lipopolysaccharide. Conse
quently, they stop growing. 

Because Kdo is required in all gram
negative bacteria, the analogues would 
presumably affect the full range of 
such bacteria. They would also have an
other distinction. No existing drugs 
work by disrupting synthesis of endo
toxins; hence, the analogues would rep
resent a novel class of antibiotics. 

Therapies may also emerge from 
efforts to explain why infection by one 
gram-negative bacterium can boost the 
power of the immune system to fight 
other gram-negative species. Recall that 

Kdo-bound glucosamine pairs occur in 
all such microorganisms. These con
served regions would be expected to 
stimulate production of antibodies that 
recognize the same segment of every 
bacterium in the class. Drugs com
posed of such antibodies could have a 
couple of important benefits. 

They would complement the specif
ic immune response triggered by the 
O-specific chain. Moreover, resistance 
of gram-negative bacteria to existing 
antibiotics seems to be increasing, as 
mutant strains that can evade the drugs 
gain prominence. Antibodies raised 
against an essential, conserved region, 
which cannot change without endan
gering bacterial survival, might well 
overcome the resistance problem. Lab
oratories in many nations are now at
tempting to develop such a broad-spec
trum compound. 

Any progress made so far has oc
curred only because of the combined 
efforts of investigators in many dis
ciplines, including chemistry, physics, 
microbiology, genetics, cellular and mo
lecular biology, immunology, pathology, 
pharmacology and clinical medicine. 
Similar cooperation will be needed to 
elucidate further the function of endo
toxins in bacteria, to explain how the 
toxins activate macrophages and induce 
production of mediators, and to develop 
new medicines. To promote such work, 
in 1987 researchers from around the 
world founded the International Endo
toxin Society. This formal unification of 
forces justifies hope that researchers 
will soon unlock the remaining secrets 
of bacterial endotoxins. 
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How Cosmology 
Became a Science 

The discovery of the cosmic microwave background 
in the 1960s established the big bang theory 
and made cosmology into an empirical science 

D id the universe begin, or has it 
always existed? Scientists long 
regarded this question as lying 

outside their concern, in the metaphys
ical realm of philosophers and theolo
gians. Not until the middle of this cen
tury did physicists and astronomers 
begin to equip themselves with theo
ries powerful enough and experimental 
techniques sensitive enough to address 
the issue. 

Two competing cosmologies then 
emerged. One, popularly called the big 
bang, assumes that the universe evolved 
from initial conditions so hot and dense 
that only radiation and elementary par
ticles could exist; the universe then ex
panded and cooled, precipitating the 
stars and galaxies. The opposing model 
offers a universe that has always exist
ed; the dispersal of matter resulting 
from the observed expansion of the 
universe is compensated by the contin
uous creation of matter. 

The big bang theory has prevailed, 
largely because of the prediction, ob
servation and interpretation of a phe
nomenon known as the cosmic back
ground radiation. This radiation, wide
ly regarded as the afterglow of the big 
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bang, suffuses the sky in all directions 
at microwave frequencies. Arno A. Pen
zias and Robert W. Wilson of Bell Lab
oratories discovered the cosmic back
ground in 1964-65 while trying to rid 
their radio antenna of microwave noise. 
The steady state model of the universe 
predicted no such radiation and could 
not plausibly account for it. Thus, for 
the first time, hypotheses about the ori
gin of the cosmos had faced an empiri
cal test that left a winner and a loser. 

Rarely do theories stand or fall on 
the outcome of a single test. This time, 
however, opinion shifted almost over
night. Within a few years, most cosmol
ogists had either adopted the big bang 
theory or ceased publishing in the field. 
Penzias and Wilson won the Nobel Prize 
in Physics in 1978 for their achieve
ment. Just this past April, measure
ments of minuscule variations in the 
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background radiation vindicated anoth
er prediction of the big bang theory. 

Yet no one could have appreciated 
the significance of the cosmic micro
wave background without the legacy of 
knowledge that many other scientists 
had been building throughout the cen
tury. The history of the discovery yields 
another kind of insight. By following 
the story past 1965 to see how the dis
covery affected the standing of rival 
cosmological theories, we can test com
peting ideas about the nature of scien
tific progress. 

Big bang cosmology began to come 
into focus in the 1930s, after Edwin P. 
Hubble, the eminent American astron
omer, showed that galaxies appear to 
recede from one another and that the 
most distant ones recede at the great
est rate. Hubble's finding implies that 
the universe is expanding. It was also 
interpreted to imply that the cosmos 
had once been concentrated in a very 
small space at a definite time. Alexan
der A. Friedman, a Russian physicist, 
and Georges Lemaitre, a Belgian priest, 
each used Albert Einstein's general the
ory of relativity to describe how such 
an expanding universe might evolve. 

Nuclear physics played a role by pro
viding the tools with which to model 
the synthesis of the elements from fun
damental particles. Those tools served 
not only George Gamow, champion of 
the big bang, and his colleagues Ralph 
A. Alpher and Robert Herman but also 
Fred Hoyle-then at the University of 
Cambridge-who favored the rival 
steady state theory. 

Vital to the theoretical work was the 

COSMIC AUDITORS Arno A. Penzias 
(left) and Robert W. Wilson (right) of Bell 
Laboratories pose on the microwave 
horn antenna (shown on this page) that 
first cupped an ear to the big bang. 
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contribution that Einstein and Max 
. Planck made around the turn of the 

century while formulating the physics 
of blackbody radiation. The blackbody 
gets its name from its idealized prop
erty of absorbing all incoming radia
tion and then reradiating it. This rera
diated energy is distributed across the 
spectrum in a highly characteristic pat
tern, predicted by Planck. Because the 
primordial fireball, in its early phases, 
would have put energy and matter into 
perfect thermal equilibrium, the first 
radiation liberated from the cooling ex
plosion would have to have displayed 
the blackbody pattern. 

Still to be supplied was a precise cal
culation of how energetic that spectral 
pattern would appear today, many bil-

lions of years after the fireball began to 
expand and cool. What was the temper
ature of the radiation in space? An an
swer to that question could come only 
after scientists developed a quantita
tive theory of the evolution of the fire
ball after the big bang. 

The development of this quantitative 
theory began with Gamow, a Russian
born physicist who had made his repu
tation by explaining radioactive decay. 
In the 1930s he came to the U.S., teach
ing first at George Washington Universi
ty and then at the University of Col
orado. At George Washington, he con
centrated on the astrophysical and cos
mological aspects of nuclear reactions
above all, the mechanisms by which the 
first elements had been synthesized. 

Gamow looked for his answer at 
both ends of the cosmic scale. In the 
early 1930s astronomers showed that 
most stars were composed predomi
nantly of hydrogen and helium. It was 
reasonable to assume that hydrogen 
was the first element to form because 
its nucleus contains but a single proton 
and that helium-the next heaviest ele
ment, whose nucleus contains two pro
tons and two neutrons-was the first 
"higher" element formed by the fusion 
of hydrogen. But protons will fuse only 
if some force overcomes the immense 
electrostatic repulsion between them. 
This process seemed to require so much 
heat and pressure that only a primordial 
event or the interior of a star could have 
provided the right conditions. 
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STUFF AND NONSENSE: In a montage he made to amuse 
friends, George Gamow emerges, genielike, from a bottle of 
the primeval matter created in the big bang. He is conjured 

up by Robert Herman (at left) and Ralph A. Alpher (at right), 
who showed how such matter-which they called "ylem"
could have combined to form the light elements. 

The reigning theory of the nuclear 
physics of stars, which remains for the 
most part valid today, had been devel
oped in 1938 by the German-born phys
icist Hans Bethe of Cornell University. 
Bethe wanted to explain how the sun 
shines. He did so by assuming that nu
clear fusion in stellar interiors converts 
mass into energy. Specifically, Bethe 
proposed that two fusion reactions 
could take place in stars like the sun: 
one fuses protons into helium nuclei, 
and another adds protons to carbon 
nuclei to form heavier elements. 

But where did the carbon originate? 
That question was not answered until 
the 1950s, when Hoyle proposed a re
action that could produce carbon from 
three helium nuclei under the special 
conditions found at the core of a star. 
That reaction and others needed to cre
ate heavier elements were confirmed ex-

perimentally, in a high-energy particle 
accelerator, by William A. Fowler and 
his group at the California Institute of 
Technology. Hoyle and E. E. Salpeter 
provided important theoretical help. By 
1957 a scheme explaining how stars 
might have synthesized most of the el
ements from hydrogen and helium had 
been worked out by Fowler, Hoyle and 
Margaret Burbidge of Caltech, togeth
er with Geoffrey Burbidge, then at the 
Mount Wilson and Palomar observato
ries. The work was done independently 
by A.G.W. Cameron, then at Atomic En
ergy of Canada. Yet the cosmic abun
dance of helium remained a mystery. 

Gamow had already formulated a dar
ing hypothesis that ultimately led to the 
solution of the helium puzzle. In his 
version of the big bang, Gamow sug
gested that the elements might have 
formed even before the stars came into 
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being, in a stupendously hot and dense 
gas of neutrons. Some of the neutrons 
would then have decayed into protons 
and electrons-the building blocks of 
hydrogen. In 1948 Gamow, known for 
his impatience with detail as well as for 
his brilliance, assigned the task of de
veloping the theory to Ralph Alpher, a 
graduate student at George Washing
ton. Alpher later joined forces with Rob
ert Herman of the Johns Hopkins Uni
versity Applied Physics Laboratory. 
Alpher gave Gamow's initial substance 
the name "ylem" from a Greek word 
meaning "primordial matter." �cording to Gamow's theory as 

worked out by Alpher and Her
man, larger nuclei formed in the 

primeval inferno when smaller ones, 
beginning with hydrogen, grew through 
the successive capture of neutrons. The 
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process continued until the supply of 
. free neutrons ran out, the temperature 

fell and the particles dispersed. 
Hoyle attempted to belittle this new 

rival to his own steady state scenar
io by calling it the big bang theory. The 
attempt at ridicule backfired: the phrase 
was so vivid that the theory's advo
cates adopted it as their own. 

Alpher and Herman soon realized 
that the radiation pervading their mod
el universe would maintain the spec
trum of a blackbody source as it cooled. 
Moreover, they could calculate how the 
expansion of the universe would have 
attenuated this radiation and reduced 
its temperature. The two sdentists used 
estimates of the present density of mat
ter in the universe to predict the tem
perature of the cosmic background radi
ation today and derived a value of about 
five kelvins (degrees Celsius above ab
solute zero). 

Astronomers did not rush to confirm 
the prediction, perhaps because they 
did not know how to pick out the cos
mic background from other radiative 
sources or perhaps because they did not 
take seriously the cosmology on which 
the prediction was based. The original 
version of the big bang theory had two 
major drawbacks. First, it failed to ex
plain the formation of the elements be
yond helium, which has a mass num
ber of four. Because there are no sta
ble isotopes having mass numbers of 
five and eight, one cannot make heav
ier elements out of helium by adding 
neutrons one at a time. This problem 
could be solved only by invoking the 
stellar nucleosynthesis of Hoyle, Fowler 
and their collaborators, a concept as
sociated with the steady state theory. 
Indeed, the modem version of the big 
bang theory assumes that elements be
yond helium arose only after the for
mation of the first generation of stars. 

A second objection to a big bang uni
verse involved the question of age. As
tronomical measurements of the dis
tances and recessional speeds of gal
axies, in conjunction with Hubble's law 
of expanSion, implied that the universe 
was two billion years old. Yet the rocks 
of the earth's surface prove that the 
planet is significantly older than that. 

The steady state theory was conceived 
to resolve this apparent contradiction. 
One night in 1946, three young sci
entists in Cambridge, England-Hoyle, 
Hermann Bondi and Thomas Gold
went to see a ghost story film, Dead of 
Night. As Hoyle later recalled the movie, 
it "had four separate parts linked in
geniously together in such a way that 
the film became circular, its end the 
same as its beginning." Gold asked his 
friends whether the universe might be 

similarly constructed. In the ensuing 
discussion the workers sketched out a 
dynamic but noncyclic model of the uni
verse that would always look the same 
even though it is always changing. 

According to Hoyle, Bondi and Gold, 
the universe had no beginning. They ar
gued that the galaxies' rushing away 
from us does not imply a continuous 
attenuation of matter: our own galaxy 
will never be left all alone, they said, 
because matter is being created contin
uously, at a rate just sufficient to com
pensate for the matter that is disap
pearing from the visible universe. This 
new matter will eventually form stars 
and galaxies, so that the universe will al
ways look about the same to any ob
server at any time. 

One might object that the creation of 
matter out of nothing violates the law 
of conservation of mass and energy. 
The riposte is obvious: the big bang 
also violates this law and does so by 
creating matter all at once, at the begin
ning of time, when the act is beyond the 
reach of sdentific study. (In a later ver
sion of the steady state theory, Hoyle 
proposed that gravitational energy cre
ates matter, a refinement that restores 
the overall conservation of mass-ener
gy but introduces other problems.) 

P roponents of the steady state as
serted that their theory was more 
scientific than the big bang be

cause it postulated a process-continu
ous creation-that might in principle 
be observed. Moreover, they argued, 
their theory made definite predictions 
of a kind that astronomers could test 
in the near future. 

In staking their model on the outcome 
of a small number of observations, Bon
di, Gold and other proponents of the 
steady state model expliCitly invoked 
the doctrine of Karl Popper, an Austri
an-born philosopher now living in En
gland. Popper defines science as a dis
Cipline founded on the creation of hy-

potheses that predict phenomena
preferably new ones-that can be test
ed. If a prediction fails, the scientist 
abandons the hypothesis; if the hypoth
esis survives, the sdentist does not 
claim to have proved it but merely to 
have established the hypothesis as a 
basis for further research. 

Popper's prindple holds that testa
bility rather than truth should be the 
criterion for judging scientific theories. 
For instance, Popper dismisses Marx
ism and psychoanalysis as "pseudo
science" because he believes those the
ories are so flexible that they can ex
plain any fact and thus elude any test. 

Bondi proposed to challenge the 
steady state theory by comparing the 
universe as it is with the universe as it 
once was. Because the steady state the
ory says the universe always looks the 
same, it predicts that galaxies formed 
recently will resemble those formed 
long ago. If you look out into space
and thus back in time, because the 
speed of light is finite-and see that 
distant galaxies are different from near
by ones, Bondi concluded, "then the 
steady-state theory is stone dead." Like 
others writing before 1965, however, 
Bondi failed to mention another test of 
the steady state model: it does not pre
dict a cosmic microwave background. 

The theory failed the test Bondi had 
set it. In the 1950s and early 1960s a 
variety of astronomical observations 
showed that the universe had changed 
significantly over time. Martin Ryle of 
Cambridge counted both distant and 
nearby radio sources, knowing that the 
more distant signals had taken longer 
to arrive and thus reflected an earlier 
stage in cosmic history. Ryle concluded 
that there had been fewer sources in 
the past. Although some astronomers 
argued that he had not proved his case, 
additional supporting evidence emerged 
when astronomers discovered what 
seemed to be the oldest radiative 
sources-quasistellar objects, or qua-

. .., 

Two Cosmological Theories and Their Predictions 

BKi 
BANG 

STEADY 
STATE 

TEMPERATURE 
OF SPACE 

Initially very 
high; now a 
few degrees 
above absolute 
zero 

Zero 
(no radiation) 

ACiEOF CREATION FORMATION 
UNIVERSE OF MATTER OF ELEMENTS 

Two billion All at once Occurred 
years (1 950 just after 
version); 1 0 big bang 
to 20 billion 
years (current 
estimate) 

Infinite All the time Occurs in 
stars all 
the time 
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. . . have dreamed about. Hereto- �iiiii"" way down to the bumper More sophisticated stili IS 
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• If you find yourself dreaming about the kind of car that's as renowned for its practicality as it is for its performance, consider the new $38,975 * BMW 525i Touring. 

suspension and latest genera- Protection that's complemen- the back seat or both seats. 
tion antilock brakes work in ted by such practical features And like all cars that bear 
tandem to offer you as a split fold-down the BMW nameplate, the 
something virtually rear seat , hidden 525i Touring is covered by 
unheard of in this compartments under our 4-year/50,OOO-mile 
class of car: a com- the cargo floor and a bumper-to-bumper warranty,** 
munication with the driver-friendly hatch as well as a comprehensive 
road. And thus, the that opens down to Roadside Assistance programt 
sense that you have the bumper for large that's available 24 hours a day, 
control over it. items and whose 365 days a year, anywhere in 

Which not only rear window opens the United States. 
makes driving consid- separately for small- So call 800-334-4BMW 
erably more fun, but er ones. for the location of the autho-
considerably more • A twin·panelled sunroof- But the cars most rized BMW dealer nearest you 

the Industry's only one-pro· . . . 
safe. If however. you vides views of the sun, moon Innovative feature and arrange a test drive. 

, , and stars from the front seat, . . . 
Aft 

. . 
should need them, the back seat or both seats Just may be Its twln- er all, the 5251 TOUring 
its energy-absorbing bumpers, panelled sunroof - the indus- turns buying a sensible car 
ultra-rigid, strategically rein- try's only one. Which presents into an act of self-indulgence. 
forced, steel safety cage and views of the sun, moon and And if that isn' t a &' 
dr

.

iver's-side airbag provide the stars from the front seat, dream car, what is? .
-
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FRED HOYLE, champion of the steady state universe, conceived of the theory with 
Hermann Bondi and Thomas Gold in 1946, after the three had seen a ghost story 
film whose plot ended in a return to the opening scene. 

sars. These objects had no contempo· 
rary parallel whatsoever. 

Meanwhile the awkward issue of the 
disparity between the age of the uni· 
verse and the age of the earth was reo 
solved in a way that favored the big 
bang. In 1952, following the lead of Wal· 
ter Baade of the Mount Wilson Obser
vatory, astronomers revised their scale 
of galactic distances upward by a fac· 
tor of two. The estimated age of the 
universe therefore doubled. Later work 
raised it to a minimum of 10 billion 
years, whereas the age of the earth re
mained fixed at 4.5 billion years. 

Yet many scientists, particularly in 
Britain, liked the simplidty of the steady 
state theory and so continued to cling to 
the concept. They pointed out that one 
did not have to make arbitrary assump
tions about a big bang or worry about 
what happened before the big bang. Ad
vocates of the steady state model also 
took heart from the failure of earlier at
tempted refutations, a record that made 
them suspicious of any new attacks. 

As the steady staters spent ever more 
time explaining away the evidence accu
mulating against their theory, their ad
herence to Popper's methodology stead
ily became less credible. Instead they 
seemed to be illustrating Planck's more 
cynical view of science. Writing in his 
Scientific Autobiography and Other Pa-

pers (1949), the great physicist argued, 
"A new scientific truth does not tri
umph by convincing its opponents and 
making them see the light, but rather 
because its opponents eventually die, 
and a new generation grows up that is 
familiar with it." 

P lanck's principle, as historians of 
science now call it, contradicts 
Popper's principle by emphasiz

ing the human element in science to 
the detriment of abstract logic. Just as 
astronomers can weigh the big bang 
against the steady state as a deSCription 
of the universe, so may historians of 
science try to decide between Planck's 
and Popper's descriptions of science. 
Let us see which seems more accurate 
in this particular case, without under
taking to judge whether science always 
works in this way. 

In 1959 a survey showed that a ma
jority of astronomers rejected continu
ous creation, although only a third of 
those voting actually favored the big 
bang. Even Hoyle abandoned his origi
nal model and replaced it with a more 
complicated hypothesis. In 1964 he con
cluded that the high abundance of heli
um in the universe implied it had been 
"cooked" at temperatures exceeding 
lOlD kelvins. Yet Hoyle refused to aban
don the idea of the continuous creation 
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of matter. A new shock was needed. 
The discovery of the cosrtJ.i.c micro

wave background provided that shock. 
Penzias and Wilson made the discov
ery by measuring the temperature of 
space or, as a physicist would say, by 
detecting the Planck blackbody spec
tral distribution that corresponds to a 
particular temperature. Electromagnet
ic radiation pervades the regions be
tween the planets and the stars, and it 
can be detected by instruments on the 
earth. Much of this radiation comes in 
specifiC frequencies determined by the 
physical and chemical properties of as
tronomical sources. It thus cannot be ac
curately characterized by a single tem
perature. Instead investigators look for 
radiation that is in thermal equilibrium 
at a particular temperature. That is to 
say, the radiation is continuously dis
tributed over different frequencies ac
cording to the law discovered by Planck 
in 1900. 

The Planckian distribution has a char
acteristic shape for every temperature 
[see illustration on opposite page]. For 
the universe in which we live, the back
ground radiation corresponds to a tem
perature slightly less than three kelvins. 
The distribution peaks at a wavelength 
of about 0.18 centimeter, which is in 
the microwave region of the spectrum. 

One can infer a temperature of space 
indirectly. As Arthur Stanley Eddington 
pointed out in 1926, the amount of 
light coming from all the stars-that 
is, the total energy density-would be 
equivalent to 3.2 kelvins if converted to 
thermal equilibrium. But Eddington did 
not propose a specific procedure for 
testing his prediction. 

At that time, even a scientist of Ed
dington's caliber would have found the 
task daunting. Obviously, ordinary ther
mometers would be swamped by en
ergy coming from the sun, other celes
tial objects and the earth's atmosphere. 
Only exceedingly sensitive instruments, 
tuned to wavelengths between a mil
limeter and a centimeter and insulated 
from local sources, can hope to detect 
the cosmic microwaves. 

About 15 years after Eddington made 
his presdent prediction, Andrew McKel
lar of the Dominion Astrophysical Ob
servatory in Canada suggested a practi
cal way to measure what he called the 
effective temperature of space. McKel
lar, one of the first astronomers to pro
pose that molecules as well as atoms 
could exist in interstellar space, sug
gested that the cyanogen (CN) molecule 
be employed as a thermometer. He not
ed that cyanogen emits spectral lines 
whose relative intensity corresponds to 
the number of electrons in higher-ener
gy states-itself a function of the tem-

© 1992 SCIENTIFIC AMERICAN, INC



perature of space; McKellar estimated 
. that temperature to be 2.3 kelvins. 

These indirect approaches could not 
rule out interference from local sourc
es. To do that, one must detect the ra
diation itself and map it across the sky. 
Radar equipment developed at the Mas
sachusetts Institute of Technology dur
ing World War II was just barely capa
ble of sensing the cosmic background 
directly-for anyone who wanted to 
look for it. 

In 1946 a group at M.LT., led by 
Robert H. Dicke, reported atmospher
ic radiation measurements taken by a 
microwave radiometer. The team noted 
that the "radiation from cosmic mat
ter at the radiometer wavelengths" was 
quite sparse-less than the equivalent 
of 20 kelvins-but did not follow up this 
observation. Dicke, who subsequently 
moved to Princeton University, later re
called that "at the time of this mea
surement we were not thinking of the 
'big bang' radiation but only of a possi
ble glow emitted by the most distant 
galaxies in the universe." 

Steven Weinberg, in his book The 
First Three Minutes, suggests two rea
sons why no one made a systematic 
search for the background radiation 
before 1965. First, the big bang had 
lost some credibility when it failed to 
explain the formation of elements heav
ier than helium, so that it did not seem 
important to test the theory's other pre
dictions. In contrast, nucleosynthesis in 
stars-a theory linked to steady state 
cosmology-seemed to explain how 
heavy elements could have been made 
from hydrogen and helium, even 
though it did not explain how the heli
um had formed in the first place. 

Second, Weinberg points to a break
down of communication between the
orists and experimentalists. The theo
rists did not realize one could observe 
the radiation with existing equipment, 
and the experimentalists did not realize 
the significance of their observations. 
From this perspective it is noteworthy 
that Dicke, who is both a theorist and 
an experimentalist, played a major 
role: together with P. James E. Peebles, 
he helped to relate a peculiar micro
wave noise to cosmological theory. 

The most remarkable missed op
portunity resulted from a misunder
standing between Gamow and Hoyle. 
Although each criticized the other's 
theory, they could still have friendly 
discussions. In the summer of 1956 
Gamow told Hoyle that the universe 
must be filled with microwave radiation 
at a temperature of about 50 kelvins. 
(He arrived at this estimate on his own, 
after Alpher and Herman had published 
their prediction.) 

As it happened, Hoyle was familiar 
with McKellar's proposal that the tem
perature of space is about three kel
vins. So Hoyle argued that the tempera
ture could not be as high as Gamow 
claimed. But neither of them realized 
that if a direct measurement could con
firm the three-kelvin value and also es
tablish the Planckian spectrum, it would 
refute the steady state theory, which
as Hoyle recognized-predicts a zero 
temperature for space. 

A different kind of communication 
problem-satellite relays-did lead to 
the discovery of the cosmic microwave 
background. Bell Labs wanted its sat
ellites to convey as much information 
as possible at microwave frequencies, a 
task that required its workers to find 
and eliminate noise from all sources. 
The relay hardware, deriving from the 
firm's war-related work on radar, con
sisted of a hom-shaped receiver that 
Bell Labs engineers Harald T. Friis and 
A. C. Beck had built in 1942. Another 
Bell Labs engineer, Arthur B. Crawford, 
carried the idea much further. In 1960 
he built a 20-foot hom receiver at the 
Crawford Hill facility near Holmdel, 
N.]. That reflector, originally used to re
ceive signals bounced from a plastic 
balloon high in the atmosphere, be
came available for other purposes just 
in time for Penzias and Wilson. 

T he two investigators wanted to 
start a research program in radio 
astronomy. To prepare the high

ly sensitive instrument for their work, 
Penzias and Wilson first had to rid it of 
microwave noise. They failed in their 
first few attempts. Finally, in January 
1965, Penzias heard that Peebles had a 
theory that might explain the origin of 
the stubbornly persistent signal. 

Peebles was working with Dicke at 
Princeton, about 25 miles from the 
Holmdel laboratory. Dicke rejected the 
assumption that the universe necessar
ily began with the big bang. He thought 
it more likely that the universe went 
through phases of expansion and con
traction. At the end of each contraction, 
he conjectured, all matter would pass 
through temperatures and densities in
tense enough to break down the heavier 
nuclei into protons and neutrons. 

Thus, although Dicke's universe did 
not start with a big bang, each of its 
cycles must begin in a similar cata
clysm. Moreover, Dicke's cosmology im
plied an initial fireball of high-tempera
ture radiation that retains its Planckian 
blackbody character as it cools down, 
and he estimated that the present tem
perature of the radiation would be 45 
kelvins. He evidently had forgotten his 
own 1946 measurement that suggested 
the existence of background radiation 
at a temperature less than 20 kelvins. 
Peebles made further calculations from 
Dicke's theory and obtained an esti
mate of about 10 kelvins. 

Dicke and Peebles, together with two 
graduate students, P. G. Roll and D. T. 
Wilkinson, then started to construct an 
antenna at Princeton to measure the 
cosmic background radiation. Before 
they had a chance to get any results, 
Dicke received a call from Penzias, sug
gesting they get together to discuss the 
noise in the Crawford antenna, corre
sponding to a temperature of about 3.5 
kelvins. It was soon apparent that Pen
zias and Wilson had already detected 
the radiation predicted by Dicke and 
Peebles and earlier by Alpher and Her
man. But until the two astronomers 
talked to Dicke and Peebles, they did 
not know what they had found. The 
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BlACKBODY SPEClRUM predicted by the big bang theory implies that the earliest 
radiation in the universe will now appear to be emanating from a source a few de
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point; others have since confirmed it for a wide range of frequencies. 
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Selection from George 
Gamow's Mr Tompkins 

in Paperback 

"Your years of toil," 
Said Ryle to Hoyle, 

"Are wasted years, believe me. 
The steady state 
Is out of date 

Unless my eyes deceive me, 

My telescope 
Has dashed your hope; 

Your tenets are refuted. 
Let me be terse: 
Our universe 

Crows daily more diluted!" 

Said Hoyle, "You quote 
LemaTtre, I note, 

And Gamow. Well, forget them! 
That errant gang 
And their Big Bang-

Why aid them and abet them? 

You see, my friend, 
It has no end 

And there was no beginning, 
As Bondi, Gold, 
And I will hold 

Until our hair is thinning!" 

"Not so!" cried Ryle 
With rising bile 

And straining at the tether; 
"Far galaxies, 
Are, as one sees, 

More tightly packed togetherl" 

"You make me boil!" 
Exploded Hoyle, 

His statement rearranging; 
"New matter's born 
Each night and morn 

The picture is unchanging!" 

"Come off it, Hoyle!" 
I aim to foil 

You yet" (The fun commences) 
"And in a while," 
Continued Ryle, 

"I'll bring you to your senses!" 

Verses by Barbara Camow 

theoretical interpretation was essential 
to turn mere detection into true discov
ery. That discovery came more than a 
decade late because the scientific world 
had Simply overlooked the earlier work 
by Gamow, Alpher and Herman. 

The reports of the groups from Bell 
Labs and Princeton were sent to the As-
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trophysical Journal in May 1965 and 
appeared together in the July 1 issue. 
Publication unleashed a flood of arti
cles in both the mass media and the 
scientific journals. Even Hoyle admitted 
that the steady state theory, at least 
in its original form, "will now have to 
be discarded," although he later tried 
to hang on to a modified version that 
could explain the microwave radiation. 
But Bondi's emphasis on the testability 
of the steady state theory had come 
back to haunt its proponents. Any at
tempt to twist the theory to explain the 
new discoveries risked being labeled as 
pseudoscience. 

Although the press was quick to con
clude that Penzias and Wilson had con
firmed the big bang definitively, scien
tists realized that their results were lim
ited to only a few wavelengths clustered 
at one end of the Planck curve. Oth
er explanations of the background ra
diation, such as a combination of ra
dio sources, could explain those data 
points. It was not until the mid-1970s 
that enough measurements at different 
frequencies had been made to convince 
the skeptics that the background radia
tion actually follows Planck's law. The 
spectrum of the CN molecule played an 
important part here, as astronomers 
resurrected and built on the earlier 
work of McKellar. 

By the late 1970s nearly all the origi
nal supporters of the steady state mod
el had expliCitly abandoned it or simply 
stopped publishing on the subject. A 
survey of American astronomers con
ducted at that time by Carol M. Copp of 
California State University at Fullerton 
found that a large majority supported 
the big bang over the steady state. 

The rapid demise of the steady state 
theory after 1965 shows that Popper's 
prinCiple, rather than Planck's, applies 
in this case. The discovery of the cosmic 
microwave background, combined with 
arguments about helium abundance 
and observations of distant radio sourc
es and quasars, convinced most steady 
staters that their theory was no longer 
worth pursuing. It had been tried and 
found wanting. 

Yet in 1990, when the steady state 
theory was all but forgotten, Hoyle and 
a few of his colleagues tried to revive it 
as a "mini-big bang" theory, arguing 
that the evidence does not support the 
hypothesis that a single explosion cre
ated everything. Geoffrey Burbidge re
cently summarized this view in an es
say in these pages [see "Why Only One 
Big Bang? "; February]. 

Although proponents of the big bang 
could dismiss most such criticisms, 
some puzzles still remained unsolved. 
For example, the microwave background 

seemed too smooth. It lacked the slight 
variations in temperature and, by im
plication, in density that seemed neces
sary to seed later gravitational clump
ing. Without such seeding, there would 
not have been sufficient time to produce 
the galaxies and supergalactic struc
tures now observed. 

T hen, in April of this year, George 
P. Smoot and his colleagues at 
the University of California at 

Berkeley and at the Lawrence Berkeley 
Laboratory released evidence that may 
fill this gap in the big bang theory. 
They announced an analysis of mea
surements of the cosmic background 
radiation gathered by an orbiting ob
servatory called the Cosmic Background 
Explorer (COBE). The data showed slight 
temperature variations in the cosmic 
background, just as had been expected 
by big bang theorists. The researchers 
interpret these "ripples" as fluctuations 
in the density of matter and energy in 
a very early phase of cosmic history. 
Such ripples may help explain how 
matter clumped under the force of its 
own gravity in time to form the stars, 
galaxies and larger structures of the 
contemporary universe. 

Did the universe really begin at the 
big bang, or was there a previous con
traction phase-a "big crunch"-that 
led to the high temperature and den
sity? Will the universe continue to ex
pand forever, or will it eventually col
lapse into a black hole? Does the cre
ation of the universe involve quantum 
theory in a fundamental way? These 
ideas now dominate physical thought 
[see "Quantum Cosmology and the Cre
ation of the Universe," by Jonathan J. 
Halliwell; SCIENTIFIC AMERICAN, Decem
ber 199 1]. That scientists consider such 
questions worthy of serious investiga
tion is itself largely a consequence of 
the discovery of the cosmic microwave 
background, which transformed cos
mology into an empirical science. 
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Freedom is in the air. 
We are living through a revolution 

our ancestors could not have imag
ined.1t is a revolution of information 
that couldn' t have come any sooner. 

In a century that has been a race 
with fate - war and peace, famine 
and plenty, health and disease -we 
have within our reach, at last, the 
means to gain a global consensus on 
the vital issues facing us. 

The agenda is clear: to survive, 
we must communicate. We now 
have the technology in place to begin 
a true dialogue with each other 
on all levels. Heads of states, heads of 
offices, heads of tribes. 

We can tum history on in our 
homes as it happens. We are riveted 
by world events. All at the same 
moment. All over the world. 

We are free for the very first 
time in history. We are transfixed 
by a fire that bums bright in a tube. 
We are literally enlightened. We 
have remembered something we 
had forgotten. We are all linked to 
each other. And it is in that very 
understanding that we will at last 
understand who we are and what 
we might be, given the freedom. 

As a leader in the information rev
olution, Hughes Communications 

has committed itself to one mission: 
to provide the world with unparal
leled technology and service. To that 
end we have built the world's largest 
private fleet of satellites. It's the 
best way we know of to ensure that 
freedom has a future. 

We're on a Mission. 

HUGHES 
COMMUNICATIONS 

A unit of GM Hughes Electronics 
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ONLY ONE WORLD 

Our Own to Make and to Keep 

ONLY ONE 

WORLD 

Why is there such a disparity between industrialized 
and pre-industrialized nations? What does this mean 
to a world of limited ecological resources? Can devel
oped countries benefit by sharing their technology 
with developing countries? Gerard Piel-the guiding 
force behind Scientific American for over four 
decades- shares his blueprint for the planet's future 
as he tackles the tough questions facing the world 
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Nations. $21.95 cloth (ISBN 2316) 
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New ... 
ECOLOGY AND THE POLITICS 

OF SCARCITY REVISITED 

The Unraveling of the 
American Dream 

Th'e decline of nuclear power. 
Global warming. Destruction of rain 
forests. Demographic changes. Acid 
rain. Up-dating the 1977 classic, 
William Ophuls and A. Stephen 
Boyan, Jr. take an uncompromising 
look at the political and cultural 
order, how it inevitably leads to eco
logical disaster, and what we can do 
about it. 
$1 5.95 paper (ISBN 2313) 

New ... 
CODES, PUZZLES, 
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Dr. Ecco 

Dr. Ecco is back with another mathe
matical thriller by Dennis Shasha. This 
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matics challenges you to solve detective 
stories with clues from original puzzles, 
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a passion for puzzles. $11.95 paper 
(ISBN 2314) $17.95 cloth (ISBN 2275) 
Your price $14.36 
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The Real Odds for Casino 
Gambling, Sports Betting, and 
Lotteries 
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odds really mean. Why you'll 
probably lose.  Includes the 
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festations of self-similarity." 
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Schroeder traces the self-simi-
1arity concept in mathematics 
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$32.95 cloth (ISBN 2136) 
Your price $26.59 
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Facing the Tough Questions 
About Our Overcrowded 
Country 

"Casts a new light on some of the 
central problems of human survival." 
--Garrett Hardin, author of Population, 
Evolution, and Birth Control. 

A serious, multifaceted examination of 
the population crisis and how it relates 
to food and energy supplies, urban 
issues, national defense, labor, and 

more. Explores political dilemmas as 
well as personal guidelines. $1 3.95 
paper (ISBN 2268) $22.95 cloth 
(ISBN 2267) Your price $18.36 
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Revised Edition 

Benjamin Disraeli said "there are 
lies, damn lies, and then there are sta
tistics." John L. Phillips, Jr. shows 
you how to understand, interpret, and 
apply statistics. Filled with compelling 
examples, it covers everything from 
polls, surveys, and economic indica
tors, to advertising claims and research 
findings. $14.95 paper (ISBN 2287) 
$24.95 cloth (ISBN 2288) 
Your price $18.36 
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An Animated Discussion with 
Edward Lorenz and 
Benoit B. Mandelbrot 

This video turns the Mandelbrot 
set and the Lorenz attractor into 
visible objects as their discover
ers discuss the details of their 
work. Includes computer-gener
ated illustrations of chaos and 
self-similarity. $59.95 
(ISBN 2213) Your price $47.99 
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The Artificial Passion 

"A clearheaded explanation of who 
smokes and why . . .  intelligent,  
witty, and compassionate." 
-The At lantic 

How can millions of people contin-' 
ue to smoke despite the obvious 
dangers? Drawing on the vast litera
ture, David Kr6gh explores what we 
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tobacco-how it affects the body, its 
genetic influences, and what it can 
tell us about addiction in general. 
$17.95 cloth (ISBN 2246) 
Your price $14.36 
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On Development, 
Depression & Death 

"A welcome refreshment. .. Readers 
are in for a treat." 
-Psychol ogy Today 

Is helplessness innate or learned? 
Martin Seligman incorporates experi
mental fmdings with actual case histo
ries to show how helplessness is mani
fested in pessimism, resignation, child
hood failures, fear of decision making, 
and loss of self. 
$15.95 paper (ISBN 2328) 

VISIONS OF SYMMETRY 

Notebooks, Periodic Drawings, 
and Related Work of M.C. 
Escher 

The ultimate interplay between art 
and science. Doris Schattschneider 
shares full color reproductions 
of Escher' s symmetry drawings 
-including 80 previously 
unpublished ones-and the con
tents of two notebooks, in which 
the artist outlines his theory of 
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Naked Mole Rats 
Most of these colonial rodents are nonreproductive 
workers who attend a fertile queen. In this regard, 

their social structure closely resembles that of some insects 

by Paul W. Sherman, Jennifer u. M. Jarvis and Stanton H. Braude 

I n the rock-hard soil of eastern Af
rica, networks of subterranean pas
sageways can weave for many ki

lometers, riwling D�dalus' labyrinth 
in complexity. The excavators of these 
corridors have been described as saber
toothed sausages, as baby walruses and, 
in more charitable moments, simply as 
unattractive. We know them as naked 
mole rats. These hairless, pinkish, buck
toothed rodents are unusual in more 
than physiognomy. Their social struc
ture resembles that of some insects 
rather than that of most other mam
mals. Naked mole rats exhibit eusocial
ity, or "true SOCiality." 

Since the time of Aristotle, people 
have been fascinated by the altruism, 
cohesiveness and complexity of the eu
social insect societies-in particular, 
those of termites and ants as well as 
certain wasps and bees. Recently euso-

ciality has also been discovered in Jap
anese aphids and an Australian beetle. 
Eusocial insect colOnies, which may con
tain several dozen to more than a mil
lion members, share three characteris
tics: at least two generations live togeth
er, reproduction is restricted to a few 
individuals and nonbreeders cooperate 
to care for the offspring of breeders. 

Although cooperative brood care has 
been observed among many birds and a 
few mammals, such as wild dogs, euso
ciality was thought to exist only among 
the so-called social insects. In the 1980s, 
however, the discovery that this social 
system had evolved independently in 
naked mole rats triggered efforts to un
derstand eusociality in vertebrates and 
to compare it with eusociality among 
insects. Studies of naked mole rats of
fer insights into the ecological and ge
netic forces that have shaped eusocial-
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ity, a fascinating evolutionary puzzle. 
For Charles Darwin, eusocial insects 

such as honeybees were potentially the 
Achilles' heel of his theory of evolution 
by natural selection. How, he wondered, 
could nonreproductive castes evolve by 
gradual steps if they leave no progeny? 
And how could specialized morpholo
gies and behaviors have been perfected 
among nonbreeding workers? Darwin 
proposed a simple and insightful solu-

NAKED MOLE RATS live in subterranean 
passageways in Kenya, Somalia and Ethi
opia. The rodents cooperate to dig their 
vast network of tunnels as they search 
for food-the tubers of geophyte plants. 
One animal gnaws at soil, while others, 
in turn, transport it to a surface opening 
to be ejected by a larger colony mate. 
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tion. He suggested that in this case nat
ural selection acts on entire families as 
well as on individuals. 

In the mid-1960s William Hamilton, 
a biologist now at the University of 
Oxford, quantified Darwin's idea by de
veloping a genetic model that became 
known as kin selection. Hamilton sug
gested that by helping their parents raise 
siblings, some of which can breed, non
reproductive workers increase the rep
resentation of their own genetic charac
teristics-in this case, specialized mor
phologies and helping tendencies. 

Because of common ancestry, the sib
lings that can reproduce carry and pass 
on alleles for the same traits as their 
nonreproducing brothers and sisters. 
By specializing on particular communal 
tasks, such as caring for young or pro
tecting the colony, nonbreeders increase 
their parents' reproductive output over 
what the nonbreeders could produce on 
their own. Thus, traits beneficial to the 
survival of the parents and the colony, 
including worker sterility and special
izations for helping, co-evolve even if 
workers never directly reproduce. 

Hamilton's hypothesis helps to clar
ify a wide array of apparently altruis
tic behaviors in nature, including euso
ciality. It also seems to explain the dis
tribution of eusociality in insects. Ants, 
bees and wasps (order Hymenoptera) 
have a sex-determining system called 
haplodiploidy. Males develop from un
fertilized eggs and possess only one set 
of chromosomes: they are haploid. 

Females, however, develop from fertil
ized eggs. Because they receive two sets 
of chromosomes, one from the egg and 
one from the sperm, they are diplOid. 
This mechanism of sex determination 
means that, on average, sisters are three 
fourths alike: they share all of their fa
ther's genes plus half of their moth
er's. Mothers and daughters are one half 
alike, whereas brothers and sisters are 
only one fourth alike. Because a mother 
has more genes in common with a sis
ter than with her own offspring, female 
Hymenoptera have a greater stake in 
rearing sisters. 

T extbooks often cite haplodiploidy 
as the primary explanation for eu
sociality. But evidence indicates 

that it is not the whole story. In the 
first place, the relatedness asymme
tries associated with haplodiploidy can 
occur only when each colony contains a 
single queen who mates once. But in re
ality, promiscuous mating and multiple 
queens exist in many eusocial colonies. 
These factors cancel the genetic advan
tages of helping behavior because fe
males are then more closely related to 
their offspring than to their sisters. 

Second, although all species of Hy
menoptera are haplodiploid, only a frac
tion of them are eusocial. To compli
cate matters further, all termites are eu
social-and diploid. As Malte Andersson 
of the University of Gbteborg in Swe
den and Richard D. Alexander and his 
colleagues at the University of Michigan 

PAUL W. SHERMAN, JENNIFER U. M.  
JARVIS and STANTON H. BRAUDE share 
an interest in the creatures that have 
been dubbed saber-toothed sausages. 
Sherman, who received his Ph.D. from 
the University of Michigan, is a professor 
of animal behavior at Cornell University. 
His research focuses on the social behav
ior of various mammals and birds. Jarvis 
received her doctorate from the Univer
sity of Nairobi and is a professor of zo
ology at the University of Cape Town. 
She studies the demography and physiol
ogy of African mole rats. Braude, whose 
Ph.D. is from Michigan, is an adjunct as
sistant professor at the University of Mis
souri at St. Louis. He continues longitu
dinal studies of naked mole rats. 

argue, although kin selection is crucial, 
haplodiploidy is neither necessary nor 
sufficient to account for eusociality. 

Until recently, eusociality was consid
ered unique to insects. This view changed 
in 1981, when one of us (Jarvis) report
ed that naked mole rats live in colonies 
containing a single reproductive female. 
The naked mole rat is a diploid rodent 
with a chromosome number of 60. The 
mammal was first described in 1842 by 
a German biologist named Eduard Riip
pell as a small, virtually hairless crea
ture from eastern Africa. A glance at the 
animal and its ample teeth and bull
doglike head proves the aptness of its 
scientific name: Heterocepha/us g/aber, 
meaning "different-headed smooth." 
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The naked mole rat belongs to the 
family Bathyergidae. This group of Af
rican rodents comprises five genera
three of which are solitary and two so
cial-and about 12 spedes. The animal's 
common name is a misnomer. The crea
ture is not entirely hairless, and it is 
neither a mole (order Insectivora) nor 
a rat (rodent family Muridae). The evo
lutionary history of the Bathyergidae is 
not completely resolved, but it seems 
the animals are most closely allied to 
rodents in the suborder Hystricomor
pha, which includes guinea pigs, chin
chillas and porcupines. 

All bathyergids are completely sub
terranean. They have a variety of spe
cializations for life underground: cylin
drical bodies, short appendages, loose 
skin, minute eyes and tiny ear flaps, as 
well as huge, protruding incisors for 
digging. Theodore Grand of the Nation
al Zoological Park has discovered that 
25 percent of a naked mole rat's mus
cle mass is concentrated in the jaw 
region, which allows the rodent to cut 
through hard terrain, including, in some 
laboratories, thick plastic and concrete. 
In contrast, a human jaw contains less 
than 1 percent of the body's muscle 
mass; one leg, about 25 percent. 

The naked mole rat is the one bathy-

ergid lacking full body fur. According
ly, the animals are poorly insulated. 
Individuals, however, do have fringes 
of hair not only on their lips but also 
between the toes of their hind feet 
and on their tail, as well as scattered 
vibrissae-hairs that serve as sensory 
organs-on their muzzle. Hairlessness 
probably co-evolved with group life as a 
way to minimize cover for ectoparasites, 
such as mites, which plague all furry so
cial mammals, and as a way to absorb 
heat efficiently from colony mates. 

Unlike any other mammal, a naked 
mole rat's body temperature fluc
tuates with ambient temperature. 

Rochelle Buffenstein and Shlomo Yahav 
of the University of Witwatersrand in 
South Africa found that as a result of 
high heat exchange, small body size and 
low rates of metabolic heat production, 
naked mole rats are poikilothermiC, or 
cold-blooded. In nature, the animals live 
in a relatively thermostable environ
ment: temperatures in the deep tunnels, 
which are about 50 centimeters under
ground, remain close to 30 degrees Cel
sius year-round. Naked mole rats regu
late their body temperature behaviorally 
by basking in warm soil near the surface 
or by huddling during cold snaps. 
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The naked mole rat is a prodigious 
digger. Robert A. Brett, now at·the Ken
ya Wildlife Service, studied a colony of 
87 naked mole rats in Kenya's Tsavo 
West National Park. He recorded that in 
an average month the colony excavat
ed more than 200 meters of burrows 
that were four to seven centimeters in 
diameter. In the process, the animals 
ejected more than 350 kilograms of 
soil through some 40 surface openings. 
All this digging results in intricate sys
tems of connected tunnels and multi
ple nest chambers that are as big as foot
balls. The animals move among nests, 
using the one closest to their current 
food source. 

A burrow system can be astonish
ingly large. Brett put small radio trans
mitters on a number of individuals in 
his study colony and tracked them un
derground. He discovered that the net
work was more than 3.0 kilometers long 
and occupied an area greater than 100,-
000 square meters, about the size of 20 
football fields. Colonies carve out these 
extensive burrow systems in the red
dish, iron- and aluminum-rich soils of 
the semideserts of Kenya, Ethiopia and 
Somalia. Although they are not rare, 
naked mole rats are seldom seen. Small 
volcano-shaped mounds of earth offer 
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the only clues about their presence. In 
the cooler parts of the day, these minia
ture volcanoes "erupt," as the animals 
kick out soil from recent excavations. 

Digging is generally a cooperative en
deavor. The animals line up head-to-tail 
behind an individual who is gnawing 
on the earth at the end of a developing 
tunnel. Once a pile of soil has accumu
lated behind the digger, the next mole 
rat in line begins transporting it through 
the tunnel system, often by sweeping 
it backward with its hind feet. Colony 
mates stand on tiptoe and allow the 
earthmover to pass underneath them; 
then, in tum, they each take their place 
at the head of the line. When the earth
mover finally arrives at a surface open
ing, it sweeps its load to a large colony 
mate that has stationed itself there. 
This "volcanoer" ejects the dirt in a fine 
spray with powerful kicks of its hind 
feet, while the smaller worker rejoins 
the living conveyer belt. 

Much of the mole rats' tunneling is 
done to find food. They eat the suc
culent tubers of many different geo
phytes-perennial plants that store wa
ter, sugar and starch in swollen roots 
to enable them to survive the biannu
al African dry seasons. Most geophytes 
have irregular or patchy distributions. 

DISTANCE IN METERS 

50 100 

Mole rats forage for them by tunneling 
blindly, apparently unable to detect the 
plants through the baked soil. Brett ob
served that mole rats sometimes eat 
only the central parts of large tubers 
and leave the outer layers alone. They 
then pack the hollowed-out part with 
soil. In time, the tuber regenerates, and 
the colony forages from it again. 

Where food is abundant, colonies are 
large and located near one another, 
about 10 to 20 meters apart, and the 
mole rats are relatively heavy-averag
ing 30 to 40 grams apiece. In less pro
ductive sites, colony sizes are smaller, 
the distances between colonies are of
ten more than one kilometer and adult 
individuals average only 17 to 28 grams. 

like termites, naked mole rats digest 
cellulose with the help of specialized 
microorganisms that inhabit their in
testine. Also similar to termites, naked 
mole rats produce two kinds of fecal 
pellets: one is deposited in a commun
al toilet chamber; the other is reingest
ed. The latter form is sought and con
sumed by the breeding female and the 
young pups. Soft fecal pellets are high
ly nutritious and laden with microor
ganisms crucial to digestion. 

N aked mole rats are highly coloni
al. In nature, groups usually con
tain 75 to 80 animals, but colon

ies of more than 250 animals have been 
unearthed. No other bathyergid, indeed 
no other mammal, consistently lives 
in such large, integrated social groups 
within a single burrow system or oth
er domicile. Colonies generally contain 
more males than females: among 26 
colOnies, there were 1.4 times more 
males than females. The reason for this 
skewed sex ratio is unclear. 

Whereas burrow systems and food 
sources can be studied by excavating 
them, it is not possible to record the 
details of naked mole rat social behav
ior in the field. To facilitate such stud
ies, researchers trap colonies and bring 
them to laboratories. The animals are 
housed in artificial tunnel systems main
tained in quiet, warm, humid rooms. 
Each colony member is uniquely tat
tooed to aid observations of individuals. 
The mole rats habituate well to captiv-

TUNNEL NElWORK extends for many 
kilometers, linking the tubers on which 
naked mole rats feed (right inset). The 
animals make new nests near their cur

rent food source. When mole rats have 
eaten a large tuber interior, they pack it 
with soil. Over time, it regenerates. If a 
snake enters the entrance to a tunnel 
and attacks a mole rat, workers seal all 
routes to that area in minutes (left inset). 

ity, and colonies reproduce regularly; 
some individuals are still living after 18 
years in captivity. 

Hundreds of hours of patient obser
vations have revealed that chores are 
performed by both males and females, 
but not by all individuals equally. The 
primary role of breeders is to produce 
young, to nourish the pups and to keep 
them clean. Nonbreeders help to clean 
and carry pups and also to maintain 
and defend the colony's tunnel sys
tem. Labor is divided according to size. 
Small nonbreeders of both sexes per
form maintenance tasks: moving soil, 
building the colony's nest from bark 
and rootlets, foraging and transporting 
food to the nest, and keeping tunnels 
clear of roots, pebbles and other debris. 

At first, it appeared that large non
breeders did very little. When they were 
not excavating new tunnels or eject
ing dirt, they spent their time resting in 
the nest. Then one of us (Sherman) and 
Eileen A. Lacey, now at the University of 
California at Davis, discovered that they, 
too, have a specialized role. If a snake, 
the mole rat's major predator, enters a 
volcano, the largest nonbreeders attack 
and try to kill it or shower it with earth 
and entomb it. Big nonbreeders also de
fend their colony against intrusions by 
members of other colonies. 

In some social insects, such as honey
bees, behavioral roles change with age, 
a phenomenon known as polyethism. 
In naked mole rats, polyethism is based 
on size. juveniles that are two to three 
months old join the colony's work force 
as maintenance specialists. Later on, the 
same individuals may become colony 
defenders and, sometimes, breeders. A 
mole rat that is an especially rapid and 
effective forager when it is small and 
able to squeeze through even the tight
est spots becomes a powerful colony 
defender and volcanoer when larger. 

M. justin O'Riain of the University of 
Cape Town in South Africa has discov
ered that some colony members re
main small much longer than others. 
Early social influences and the colony's 
reproductive history apparently affect 
a worker's growth rate, its precise role 
in a colony's work force and its eventu
al reproductive trajectory. 

Communication is obviously neces
sary for colony integration and coordi
nation, and naked mole rats use sever
al forms of signaling: chemical, tactile 
and acoustic. john W. Pepper and his 
colleagues at the University of Michigan 
and at Cornell University have recorded 
17 distinct categories of vocalizations. 
There are special alarm, recruitment and 
defense sounds, various contact and ag
gressive noises as well as calls given 
only by the breeders-during mating or 
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NAKED MOlE RAT QUEEN maintains dominance and diligence by pushing or threat
ening individuals as she patrols the tunnels (top). In this instance, the worker held a 
submissive pose (bottom) for several minutes after the royal visit. 
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urination-or by the pups when they 
are hungry or distressed. The mole rat's 
vocal repertoire is the most extensive 
known among rodents and rivals that 
of some primates in its richness. s o far we have discussed only the 

cooperative side of naked mole 
rat society. Competition, however, 

lurks just behind the cooperative, com
municative facade. Most competitive in
teractions are subtle, such as mild jos
tling over preferred sleeping sites, al
though noisy contests over access to 
food or digging sites sometimes occur. 
Michelle Rymond of Michigan and John 
Schieffelin of Cornell quantified antag
onistic interactions and found strong 
dominance hierarchies within colonies. 
The queen and the breeding males dom
inate the nonbreeders, and larger work
ers dominate smaller ones, regardless 
of sex. 

Sometimes serious conflicts do occur, 
and the queen is usually the instigator. 
She is the most active and aggressive 
individual in the colony, and she fre
quently patrols her domain, prodding 
and shoving colony mates. One of us 
(Sherman) and Hudson K. Reeve, now at 
Harvard University, discovered that the 
queen shoves lazy individuals, the large, 
less related colony members and her 
mates much more often than she push
es small individuals or close kin. The 
queen's roughness increases when new 
resources such as food or nesting ma
terial become available, suggesting that 
her aggression incites colony mates to 
work. Indeed, shoved individuals do be
come active and increase their partici
pation in maintenance tasks. 

Aggression by the breeding female 
also maintains her reproductive status. 
When a queen becomes ill or dies, one 
or more females suddenly begin gaining 
weight. Shoving matches occur among 
the would-be breeders, sometimes esca
lating into bloody battles, and the fe
males often attack one another when 
they meet. Calm does not return until 
one is able to kill, cripple or suffiCiently 
intimidate her rivals. 

Conflicts also occur between colonies. 
When a laboratory colony breaks into 
another colony's tunnel system, large 
nonbreeders aggressively defend their 
home burrows. The defenders confront 
one another with mouths agape and 
sometimes clamber onto one another's 
backs and block the passageway with 
two tiers of hiSSing, biting fury. Even
tually, the animals attempt to reseal 
the opening between the burrows with 
earth. What happens when colonies 
meet in nature is unknown. 

By far the most intriguing aspect 
of naked mole rat behavior is the re-
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striction of breeding. Of 53 captive col
. onies studied in South Africa, the U.S. 
and England, 89 percent contained only 
one breeding female; 93 percent of 26 

. wild colonies also contained one queen. 
Clearly, a single queen is the rule, but 
why two females can sometimes breed 
at the same time is unknown. 

Nonbreeding female mole rats are re
productively suppressed but not per
manently sterile. Although most fe
males have underdeveloped reproduc
tive tracts and ovaries, they retain the 
capacity to breed if the opportuni
ty arises. This ability also characteriz
es some eusocial insects-particularly 
those wasps and bees that live in small 
colonies in which workers have a rea
sonable numerical probability of repro
ducing if the queen dies. Physiological 
sterility characterizes only female ants 
and termites that live in huge colonies 
in which the chances of becoming a 
breeder are minuscule. 

In the laboratory, mole rats as young 
as seven and a half months and as old 
as eight years have become queens. 
And in the field, new queens have been 
recruited from the ranks of both small 
and large colony members. The switch 
from worker to queen involves more 
than just a change in behavior. The 
queen is usually identifiable as the larg
est animal in a colony and the only fe
male whose 10 to 14 teats are always 
prominent. The queen's body is also 
distinctively elongated. Buffenstein dis
covered that this shape is caused by 
the lengthening of individual vertebrae 
after a female becomes a breeder-a 
phenomenon unique among mammals. 
The queen's long body allows her to 
carry big litters of pups without be
cOming so wide that she cannot pass 
through the tunnels. 

In contrast to the females, most of 
the males in a naked mole rat colony 
have active gonads, although only a 
few of them mate. When a breeder dies, 
males between the ages of one and eight 
years may replace him. Curiously, males 
seldom fight over the queen when she 
is in estrus, partly because she shoves 
fighting males apart and thereby sup
presses mating competition. Moreover, 
a male's chances of breeding in a colo
ny are greater than a female's because 
the queen will mate with up to three 
males per estrus period. 

Males also begin to deteriorate phYSi
cally once they start to breed. We do 
not understand why or how this senes
cence occurs. But because of the rela
tively high turnover of breeding males, 
a male is probably better off waiting 
for another reproductive opportunity 
than risking serious injury in a fight 
over a single mating. 

The suppression of breeding is 
brought about by the queen's behavior
just as it is in several species of bees 
and wasps. Experiments by Christopher 
G. Faulkes and his colleagues at the Zo
ological Society of London have shown 
that workers will breed if they are iso
lated from their queen, even if her prox
imity is suggested by the presence of 
her soiled bedding and feces. The queen 
apparently senses subtle changes in the 
estrogen levels of her workers' urine, a 
prelude to breeding. Then she selective
ly shoves would-be breeders, resulting 
in physiologically detectable stress and 
anestrus among those subordinates. 

Just before the queen gives birth, 
when she is bulky and unable to move 
much, she loses some of her control. 

and female colony members often swell . 
The significance of this event is unclear 
because nonbreeders never nurse pups. 
The swelling may indicate the colony's 
nutritional status or its physiological 
preparedness for the coming births. 

N aked mole rat litters are very 
large. They average about 14 
pups per litter in the field and 

12 pups per litter in captivity. One cap
tive queen had 27 pups in a single litter 
and 108 pups, in five different litters, 
in a year. The queen can bear so many 
young because all her needs are met by 
colony mates. 

Once the pups are born, the colony 
huddles with them in the nest chamber. 
The pups look like miniature adults and 

NAKED MOLE RAT PUPS are nursed by their mother until they are about a month 
old. Other colony members typically huddle with the queen and young. 

As one of us (Jarvis) has shown, the 
queen is unable to shove females who 
show hormonal signs of reproductive 
readiness when she is near parturition. 
Once the pups are born, the queen rap
idly regains control. If she dies during 
labor, however, her successor will be 
capable of mating within a few weeks. 

After a female becomes a breeder, she 
bears litters year-round. The queen is 
sexually receptive four to five times a 
year. She comes into estrus during lac
tation, between eight and 11 days after 
parturition. She then initiates all copu
lations and mates repeatedly with the 
breeding male or males. 

Gestation lasts about 11 weeks and 
lactation about four weeks. Just before 
parturition, the nipples of both male 

can crawl the day they are born. They are 
also good climbers, and O'Riain reports 
they are positively geotactic-meaning 
they climb upward-enabling them to 
stay atop the pile of adults. From there 
they actively seek their mother when 
she enters the nest. At first, the pups 
spend most of their time sucking and 
sleeping. When they are about two 
weeks old, they begin begging for fe
cal pellets. The pups first eat geophytes 
when they are two to three weeks old. 
By one month of age they are wander
ing about the burrow system. 

Breeding restriction leads to extreme 
genetic similarity within a colony. Rod
ney L. Honeycutt and his colleagues at 
Texas A&M University determined that 
within small geographic regions there 
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MOLE RAT INCISORS allow the creature to gnaw through rock-hard soil. The ani
mal's head region contains 25 percent of its muscle mass. Scattered hairs on its 
muzzle serve as sensory organs; the rodent has virtually no earfiaps. 

is little genetic variation within colo
nies and only slightly more variation 
between colonies. 

Using DNA fingerprinting, Faulkes, 
Reeve and their colleagues also investi
gated the genetic structure of colonies. 
They discovered that colony mates are 
much more alike than nonkin in other 
wild vertebrates. For example, related
ness among colony mates averages 0.81, 
meaning they are considerably closer 
than full siblings in outbred species, 
which have an average relatedness of 
0.50. Such high relatedness is attribut
ed to descent from the same parents 
and to juveniles' remaining in their na
tal colony to breed rather than dispers
ing. Indeed, an estimated 85 percent of 
matings in naked mole rats are be
tween parents and offspring or siblings. 

Between colonies that are located far
ther apart, however, there is consider
ably more genetic divergence. For exam
ple, colonies from northern and south
ern Kenya, separated by about 300 
kilometers, differ as much as subspedes 
of some other rodents. Similar genetic 
divergence has been reported in sever
al subterranean mammals and appar
ently results from a combination of a 
sedentary way of life and extinctions as 
well as recolonializations from nearby 
groups. Because of their relative lack of 
genetic variability, naked mole rat col
onies may be particularly susceptible to 
being wiped out by new diseases. 

Since 1986 one of us (Braude) has 
captuted, marked and released about 
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4,000 individuals from 30 colonies in 
Kenya's Meru National Park. The ani
mals were captuted with the aid of a 
tunnel-shaped, electronically triggered 
trap. By recaptuting colonies yearly, 
Braude found that individuals vanish at 
a surprisingly rapid rate. Indeed, few 
are recaptuted after more than a year. 
In six colonies studied for up to four 
years, 21 to 80 percent of the initial res
idents were present one year later, but 
only 2 to 15 percent were present after 
two years, and just 1 to 2 percent re
mained after three years. 

Interestingly, the likelihood that a 
queen would remain from one year to 
the next was double that of a worker: 
93 percent as opposed to 43 percent. 
Direct sightings of snake attacks, the 
discovery of mole rats in the stom
achs of snakes and observations of bite 
marks and missing limbs on some cap
tuted animals indicate that predation is 
an important cause of mortality. 

Successful dispersal may be rare. De
spite extensive searches, only a few of 
hundreds of marked animals that dis
appeared from colonies were relocat
ed in any other colony. It is unclear 
precisely how new colonies are formed. 
On the one hand, Brett suggests that 
large colonies fission to form new ones, 
based on the relatively large size of 
even the smallest colony (25 individ
uals) he unearthed. Colony fissioning 
has been observed in Sherman's labo
ratory, and in 199 1 one of us (Braude) 
actually witnessed the fissioning of a 

colony in natute. On the other hand, 
discovery of one solitary parr of mole 
rats far from any possible source col
ony suggests that the animals may dis
perse overland. 

E volutionary explanations for in
sect eusociality have focused on 
genetic factors such as haplodi

ploidy. In contrast, explanations for co
operative breeding in mammals and 
birds have focused on ecological fac
tors. The latter theories emphasize the 
role of a limited breeding habitat that 
forces the young to remain at home 
rather than dispersing and breeding 
independently. And yet, clearly, naked 
mole rat society· closely parallels that 
of many social insects. 

Our studies help to bridge the theo
retical gap between explanations for 
vertebrate and invertebrate eusociality. 
We hypothesize that naked mole rats 
live in groups because of several eco
logical factors. The harsh environment, 
patchy food distribution and the diffi
culty of burrowing when the soil is dry 
and hard, as well as intense predation, 
make dispersal and independent breed
ing almost impOSSible. 

By cooperating to build, maintain and 
defend a food-rich subterranean for
tress, each mole rat enhances its own 
survival. Once a young naked mole rat 
stays at home, its personal reproduc
tion is restricted by its powerful moth
er. Thus, an individual's only repro
ductive option is rearing siblings. Since 
the queen spedalizes in reproduction, 
many more young are born to a colony 
than could be born to an individual on 
its own. Because of inbreeding, siblings 
are extremely closely related, and thus, 
as noted by Hamilton for eusodal Hy
menoptera, a worker mole rat reaps ge
netic returns by helping them. 

The existence of such extreme altru
ism and cooperation has led some con
temporary biologists to consider euso
ciality a pinnacle of social evolution. As 
the eusociality of naked mole rats dem
onstrates, ugliness is only skin deep. 
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SCIENCE IN PICTIJRES 

Evolution Comes to Life 
Reconstructing extinct humans as they were in life poses many 

unfamiliar and awkward problems for paleontologists accustomed 
to interpreting evolution {rom bones and teeth alone 

by Ian Tattersall 

�cient bones are the objective evidence of biological 
history. From my standpoint as a paleontologist, they 

are vastly more informative about extinct creatures 
than reconstructions or models, in whose creation art plays 
at least as great a role as science. Yet I am also a museum 
curator, and from that perspective I am keenly aware that 
nothing brings the past alive in the public's eye like a well
crafted reconstruction. For the average person, fossil bones 
are static things: beautiful or majestic, perhaps, but hard to 
imbue with the attributes of a living, breathing form. 

When I was given the responsibility of curating the Ameri
can Museum of Natural History's new Hall of Human Biology 
and Evolution, it was therefore evident to me and to Willard 
Whitson, the designer of the hall, that we needed to include 
some reconstructions of early humans in the exhibition. Fur
thermore, we wanted to portray these figures dynamically in 
the context of situations that our ancestors might have 
faced long ago. Only thus, we thought, could we truly bring 
these long-departed relatives back to some semblance of 
life. We hoped that clever sculpting and modern casting ma
terials could provide us with a level of realism rivaling that 
of the spectacular dioramas of modern animals in the adja
cent galleries. 

What I had failed to consider, however, was the extraordi
nary number of awkward decisions that would become nec
essary as work progressed. We scientists customarily deal 
with objective matters, and we are happiest when reaching 
judgments based on testable reality. Untestable speculation 
makes most of us acutely uncomfortable. As our experience 

NEANDERTHAL SKUllS and bones offer the only direct phys
ical evidence for the appearance of that extinct people. Work
ing from replicas of fragmented fossils, anthropologist Gary 
Sawyer sculpts a complete skull and makes a mold of it. A 
new skull cast from this mold serves as the foundation for 
further reconstruction work. 

IAN TATTERSALL is a paleontologist and primatologist who 
has worked extensively on the living and subfossil lemurs of 
Madagascar as well as on a range of problems in early primate 
and human evolution. Curator and chairman in the department 
of anthropology of the American Museum of Natural History, 
Tattersall is especially interested in the integration of evolution
ary theory with the fossil record. He has also served as curator 
for several major exhibitions at the American Museum, the most 
recent of these being the Hall of Human Biology and Evolution, 
scheduled to open in early 1993. 
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with preparing the exhibits for the hall illustrates, such spec
ulations are inescapable in any attempt to depict extinct hu
man species. 

We had decided to re-create three distinct species of hu
man ancestor, reaching back several million years in evolu
tion. The most recent of these is Homo neanderthalensis, 
shown at a site in France where Neanderthals lived about 
50,000 years ago. (Although I and many other paleontologists 
are confident that Neanderthals were a species apart from 
modern Homo sapiens, some workers still dispute the point.) 
Despite their geologic youth and general similarity to us, the 
Neanderthals presented a typical set of difficult decisions. 

The first choice to be made-what the three individuals in 
the scene should be doing-was the easiest because archaeol
ogists have learned a fair amount about how Neanderthals 
lived. For example, the characteristic wear on their stone tools 
tells us that Neanderthals used flints to cut wood and scrape 
hides. We settled on showing a male sharpening a wooden 
spear while a young female scraped a hide and an older fe
male offered advice. Because Neanderthal front teeth are usu
ally very heavily worn, we felt safe showing the young wom
an with one end of the hide held in her teeth. 

For realism in the bodies of our Neanderthals, we chose to 
cast the bodies of living human models. Neanderthals were 
more robust than modern humans, but their body propor
tions were generally similar to ours, and sculptural modifi
cations could accommodate any slight differences between 
them and us-their longer thumbs and the shape of their 
shoulder blades, for instance-that might have been detect
able in the flesh. 

Paleontologists have found a reasonably large number of 
fairly complete Neanderthal skulls that well convey the gen
eral dimensions of the head. Neanderthals had a braincase 
as big as ours, but it was long, low and lacked the modern 
high forehead. Their face protruded along its vertical mid
line: the nasal orifice was large, and the cheekbones receded. 
Heavy bony ridges overhung the eye sockets. 

To determine the appearance of the features overlying 
the skull, my museum colleagues Gary Sawyer and Steve 
Brois and I faced some unfamiliar problems. Modeling an 
extinct human depends on skills much like those of the 
forensic artists who reconstruct the faces of unidentified 
murder victims. The key is that muscles leave telltale im
pressions on the bones to which they attach. From the size 
and depth of these impressions, one can deduce the dimen
sions of the muscles. On a cast of the dry skull, an artist or 
paleontologist can then reconstitute the overlying soft tis
sues layer by layer, starting with the deep tissues and pro
ceeding outward. 

Forensic artists, however, have a great advantage: they can 
study the soft anatomy of living people. Paleontologists have 
no living Neanderthal standards for comparison. As a result, 
the shapes of the nose, lips, ears and other features that are 
so vital for establishing the character of a Neanderthal face 

MUSCLES, fat, eyes, ears and other features are carefully add
ed to the replica of the Neanderthal skull, building up from 
the bone. Although no fossils of these tissues have survived, 
their proportions can often be inferred from marks on the 
skull. A plastic coating is eventually applied to create a skin
like surface over the head. Plaster life casts of modern peo
ple help to model the body. (The casting process for a hand 
is shown.) The reconstructed head and the body casts do not 
become parts of the finished figure. Instead preparator Cathy 
Leone and other artists use them as the basis for an anatomi
cally accurate mold of a complete Neanderthal. The plastic 
figure for the exhibit is cast from this mold. 
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boil down to educated guesswork. In our models, we tried to 
avoid unreasonably exaggerating these soft tissue features. 

Our arbitrary decisions were still only beginning. Once I 
would have laughed if anyone had predicted that I would 
spend weeks agonizing over Neanderthal eyebrows. Did they 
even have eyebrows? (Our closest living nonhuman relatives, 
the chimpanzees, do not.) If Neanderthals did have eyebrows, 
where were they on those bulbous browridges? Similarly, how 
long would untended Neanderthal beards have grown? How 
much body hair did the men and women have? What was its 
color and texture? What was the skin color? All these details 
offered endless scope for quibbling. 

We based our final decisions on the best information avail-
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able. The high-latitude habitat of these people suggested 
that Cathy Leone and our other preparators should give 
them a light skin color like that of modern Europeans. Be
cause the European climate was cold long before the peak of 
the last Ice Age, about 18,000 years ago, we also felt she 
should give them body hair well toward the heavy end of the 
modern range. 

Neanderthal humans knew how to prepare hides, and it 
seems virtually certain that they wore hide clothing, but of 
what kind? These people became extinct almost 10,000 
years before the earliest known bone needles were in use, so 
neatly tailored clothing was clearly out of the question for 
them. That exclusion still left many possibilities. Basic is-
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sues, such as whether fur was worn on the inside or the out
. side of the clothing or whether it was scraped off altogether, 

were unanswerable. 
In the absence of scientific solutions, aesthetics was al

lowed to take over. During the months of work, all of us in
volved in the project grew accustomed to the evolving ap
pearance of each reconstructed figure. The first major shock 
always came with the addition of hair to a formerly glabrous 
head-an old friend was suddenly transformed into a strang
er. Draping the naked figures with animal hides that obscured 
the results of hundreds of hours of laborious body detailing 
was equally jarring for us. Predictably, perhaps, our Neander
thals ended up with rather minimalist clothing. 

Clothing was not an issue in the second diorama, which is 
set in the Turkana basin of northern Kenya about 1.7 million 
years ago. That tableau features a close relative of Homo 
erectus that should probably be called Homo ergaster, "work
ing man." It was given this name because it used tools, al
though it was not the first human to do so. DeCiding what 
activities to depict in this scene was more problematic than 
for the Neanderthals because so much less is known about 
the behavior of earlier humans. 

We had room in the diorama for only two figures, and we 
chose to use one male and one female. We did not want to 
suggest that they represented ,a nuclear family, however, be
cause there is no evidence that these early people lived in 
such groupings. Compounding our difficulties was archaeol
ogists' uncertainty about whether H. erectus and its relatives 
hunted anything bigger than the smallest game. We wanted 
to show a carcass being butchered with crude stone imple
ments-we know these people did that much-but we did 
not want to imply that our protagonists had necessarily 
made the kill. 

An exhibit label might list as many caveats as we liked, 
but a concrete representation of any behavior would in
evitably seem to make a rather definitive statement. In the 
end, we chose to show the female warding off a jackal with 
a piece of bone while the male, attacking an impala carcass 
with a stone flake, is startled by a vulture overhead. 

The figures themselves were a little less problematic: from 
the neck down these early people were quite similar to us. 
We gave them a dark skin for protection against the tropic 
sun and sparse body hair, which would have facilitated cool
ing through the evaporation of sweat. Reconstructing the 
faces of these small-brained people was trickier than doing 
so for the Neanderthals because their evolutionary separa
tion from modem humans is so much greater. Nevertheless, 
the challenges were similar. 

The third diorama takes museum visitors even further 
back in time. It depicts the making of the famous footprint 
trails at the Tanzanian site of Laetoli about 3.5 million years 
ago. A nearby volcano had puffed out a cloud of ash that 
settled on the landscape and was dampened by rain. Across 
this muddy surface walked two early humans and possibly a 
third (although that idea is disputed). The variety of homi
noid that made the prints is also disputed, but the only 
known candidate is Australopithecus afarensis, the earliest 
member of the human lineage yet described. 

The prints themselves, hardened in the mud and miracu
lously preserved, show an astonishingly modem upright bi
pedal gait. The two parallel tracks are those of a large and a 
small individual walking in step and so close to one anoth
er that they must have been in physical contact. Were they 
an adult and an adolescent, or perhaps a male and a female? 
Fossils show that A. afarensis males were much larger than 
the females. 

From the tracks alone, we cannot know. For visual interest 
we opted once more for an adult male and female, the male 
with one arm draped over the female's shoulder. Perhaps 
that pose is too anthropomorphic for some tastes, but the 
gifted English sculptor John Holmes produced such a viva
cious result for us in his finished Laetoli figures that we 
frankly didn't care. 

No complete fossil skull of A. afarensis has been found. 

TO FINISH THE FIGURE, artists insert eyes and painstaking
ly airbrush lifelike shading on the molded surface. Hairs are 
placed one by one on the head and body. The nails of the 
hands and feet are roughened by the artists for an appropri
ately ragged look. 
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Composite reconstructions based on skull fragments reveal 
that it had a rather chimpanzeelike head with a small brain
case and a large face. The soft tissue features, of course, 
posed the usual problems in even more acute form: we had 
to decide, for example, whether to give the figures a chim
panzeelike nose or something more human. 

Moreover, uncertainty about the body structure of these 
early humans was also a factor. From the known fossils we 
could infer that they had shorter legs and longer feet than 
our own. That fact could imply that their gait differed from 
that of modern people. Yet such an idea conflicts with the 
evidence of the Laetoli tracks. Caught between the fossils 
and the humanlike prints, we opted to favor the latter-but 
that is not the kind of decision that most scientists are com
fortable making. 

The skin color and body hair of the figures were also high
ly conjectural. A. afarensis lived in the tropics of East Africa 
well after the ancient forest began to give way to open grass
land. This bipedal hominoid probably exploited the relative
ly rich zone where the forest and savanna intersected. Its skin 
might have been deeply pigmented for protection against the 
intense solar radiation of the open country, but if A. afaren
sis spent much of its life in the shade of trees such an adap
tation might have been less necessary. It might have had the 
dense coat of hair typical of forest primates. Alternatively, 
like our own savanna-adapted species, it might have swapped 
its coat for a mechanism that shed body heat through evap
oration of sweat. 

COMPLETED NEANDERlHAL WOMAN, dressed in fur, is one 
of several extinct human figures that have been reconstruct
ed. Others in the exhibit (above) include a younger female 
and a male Neanderthal (light-skinned figures) and a pair rep
resentative of Homo erectus (dark-skinned figures). Curator 
Willard Whitson uncrates the Australopithecus afarensis fig
ures made in England. 

There is simply no way to be certain. The A. afarensis fig
ures we created have a darkish skin and a fairly sparse cov
ering of hair, but I am sure that many of my colleagues will 
find good reasons to disagree with our choices. 

We had a similarly hard time deciding how closely our 
male and female A. afarensis should resemble each other. 
Chimpanzees do not show major sex differences in their fa
cial hair, and neither do our figures-partly because we felt 
that the moustache with which the male was initially en
dowed made him look a little too much like a Lothario from 
a 1920s movie. Once again, the decision is a hard one to jus
tify on strictly scientific grounds. 

You might conclude that the cumulative result of these 
unscientific decisions would be purely fantastic figures. Not 
so. Although I would not stake my life on many of the de
tails I have mentioned, through careful sculpture and re
spect for the measured skull and body proportions, we have 
produced evocations of these vanished humans that bring 
them to life without sacrifiCing reasonable scientific accura
cy. Moreover, while visitors to the American Museum of Nat
ural History are looking at the dioramas, they will also have 
before them replicas of the actual fossils on which these re
creations are based-the best of both worlds! 
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Paradoxes of Musical Pitch· 
Certain series of tones appear to ascend or descend infinitely 

in pitch. Other patterns change when shifted in key and 
indicate an inf/uence of speech on the perception of music 

T
he endless staircase stands as 
a classic visual paradox, contin
uously tricking the eye into a 

geometrically impossible journey. First 
devised in the 1950s by L. S. Penrose 
and Roger Penrose of the University of 
London and later made famous by the 
Dutch artist M. C. Escher, this paradox 
has a rich set of acoustic counterparts. 
In the early 1960s Roger N. Shepard of 
Bell Telephone Laboratories produced a 
rather remarkable example. He repeat
edly played the same sequence of com
puter-generated tones that moved up 
in an octave. Instead of hearing the pat
tern stop and then start again, listeners 
heard the pattern ascend endlessly in 
pitch. When Shepard reversed the di
rection, the subjects heard the pattern 
descend endlessly. 

Such inquiries amount to far more 
than an acoustic form of aesthetic di
version. Research into the way indi
viduals hear particular sequences of 
tones reveals how the brain uses differ
ent cues to make sense of ambiguous 
sounds. Indeed, the latest studies sug
gest that perception of certain musical 
paradoxes is related to the processing 
of speech. It appears that during child
hood individuals gradually acquire a 
representation of pitch that is pecu
liar to a particular language or dialect. 
Hence, a native of California will per
ceive a certain pattern of tones differ
ently from a native of the south of En
gland. Such studies have revealed that 

DIANA DEUTSCH is professor of psy
chology at the University of California, 
San Diego, where she received her Ph.D. 
She obtained a first-class honors B.A. de
gree from the University of Oxford. Her 
work has centered on the perception 
of sound and music, including ways in 
which sound patterns are analyzed and 
represented in memory, as well as the 
neurological underpinnings of these 
processes. This is her second article for 
Scientific American. 
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by Diana Deutsch 

a common influence on the perception 
of both speech and musical pitch exists 
in individuals. 

Furthermore, the research has over
turned some long-standing assump
tions, particularly one concerning per
ceptual equivalence for musical pat
terns. This assumption states that a 
musical passage remains identifiable 
even if it is presented in a key different 
from that in which it was originally 
heard. But on the contrary, certain pitch 
paradoxes show that this principle is 
not universal. Rather the brain may 
completely reinterpret the relations be
tween tones transposed to another key. 
This notion is as paradoxical as the 
idea that a visual shape might undergo 
a metamorphosis if shifted to a differ
ent location in space. 

R
esearch that supports these and 
other conclusions has deep his
torical roots in studies of the 

physics of music and sound. Indeed, 
the physical basis of musical pitch has 
fascinated scientists since antiquity. 
Pythagoras established that the pitch 
of a vibrating string varies inversely 
with its length: the shorter the string, 
the higher the pitch. He also demon
strated that certain musical intervals
the pitch relation between two tones
correspond to ratios formed by differ
ent lengths of string. In the 17th centu
ry Gallieo and the French mathemati
cian and theologian Marin Mersenne 
showed that the basis of these associa
tions lay in the relation between string 
length and frequency of vibration. 

Mersenne also demonstrated the ex
istence of overtones, or harmonics, in 
vibrating bodies. That is, a vibration oc
curs both at the frequency correspond
ing to the perceived pitch (the funda
mental frequency) and at frequencies 
that are whole number multiples of 
the fundamental (harmonics). In other 
words, a tone whose fundamental fre
quency is 100 hertz contains compo
nents at 200 hertz, 300 hertz, 400 hertz 
and so on. In the 1930s Jan Schou-

ten of Philips Laboratory in Eindhoven 
showed that the auditory system ex
ploits this phenomenon. When present
ed with a harmonic series, we can per
ceive a pitch that corresponds to the 
fundamental frequency, even if the 
fundamental itself is missing. 

The relations between pitches enable 
us to hear musical patterns. When two 
tones are presented simultaneously or 
in succession, we perceive a musical 
interval. Intervals are heard to be the 
same in size when the fundamental 
frequencies of their component tones 
stand in the same ratio. (Technically, 
the tones within each pair are separated 
by the same distance in log frequency.) 

This principle forms one of the bases 
of the traditional musical scale. The 
smallest unit of this scale is the semi
tone, which is the pitch relation formed 
by two adjacent notes on a keyboard. 
The semitone corresponds to a frequen
cy ratio of approximately 18: 17. Inter
vals composed of the same number of 
semitones are given the same name. 
For example, the interval correspond
ing to a ratio of 2 : 1  (12 semitones) is 
termed an octave, the interval corre
sponding to a ratio of 3:2 (seven semi
tones) is termed a fifth and the ratio 
4:3 (five semitones) is called a fourth. 

Tones related by octaves are in a 
sense perceptually equivalent. Each of 
the 12 semitones in an octave is as
signed a name (C, C#, D and so on). The 
entire scale (called the chromatic scale) 
consists of the repetitive occurrence of 
this series of note names across oc
taves. The note names are identified by 
subscripts. For example, middle C can 
be written as C4• The C one octave low
er is C3, and the one above is Cs. 

The pitch of a tone can thus be re
garded as varying along two dimen
sions. The first, known as pitch height, 

ASCENDING AND DESCENDING, a litho
graph by M. C. Escher, visually parallels 
the musical illusion of tones that appear 
to rise or fall endlessly in pitch. 
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extends from low to high, which we 
.. can experience by sweeping a hand all 

the way up a keyboard. The second is 
the circular dimension of pitch class, 
which defines a tone's position within 
the octave. Researchers refer to this di
mension as the pitch class circle. The 
circle leads to an immediate assump-

tion: it is nonsensical to ask whether 
one tone, say, C, is higher than another, 
such as F#. To clarify the question, one 
would need to give the octaves in which 
the two tones occur. 

In the absence of such information 
the human brain still tries to organize 
tones so that it can judge relative pitch. 

Shepard demonstrated this phenome
non in 1964. Using a music synthesis 
program developed by his colleague 
Max Mathews, he generated a series 
of tones that were clearly defined in 
terms of pitch class but in which the 
octave containing the tones was un
clear. Each tone consisted of a set of si-
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MUSICAL PARADOXES occur when sequences of tones appear to rise or fall even 
though the tones lack the physical cues normally used to judge pitch height. Such 
paradoxes can be understood in terms of the pitch class circle, which represents 
the tones in an octave. The tones played are opposite one another along the circle. 
In an example of the phenomenon, called the tritone paradox, D is played at time 1 
(TI), followed by G# at time 2 (Tz)' Some listeners heard the sequence ascend; oth
ers heard it descend. In a variation called the semitone paradox, D# and G# are 
presented simultaneously, followed by D and A. Another version, the melodic 
paradox, uses three pairs of tones. In these cases, some subjects heard the ascend
ing sequence as higher than the descending one, and others heard it as lower. The 
results show that the subjects must have preferred orientations of the pitch class 
circle with respect to pitch height. 

nusoidal components (smoothly oscil
lating waves) separated by octaves, so 
that the tones were composed only of 
harmonics in the same pitch class. 

Shepard found that when two such 
tones were played, one after the other, 
subjects heard either an ascending pat
tern or a descending one. The perceived 
direction depended on the distance sep
arating the two tones along the pitch 
class circle: listeners followed the short-

er distance between the tones. For ex
ample, subjects heard the pair C#-D as 
ascending, because the shorter distance 
here is clockwise. Analogously, the pair 
A-G# was always heard as descending. 

This finding enabled Shepard to pro
duce the striking demonstration de
scribed at the beginning of this article. 
A series of tones that repeatedly tra
verses the pitch class circle in clock
wise steps appears to ascend endlessly 
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in pitch. If the series of tones traverses 
the circle in counterclockwise 'steps, it 
appears to descend infinitely. 

Jean-Claude Risset, now at the Lab
oratory for Mechanics and Acoustics 
at the CNRS in Marseilles, produced an 
intriguing variant. He created a single 
tone that glided around the pitch class 
circle in a clockwise direction. The tone 
appeared to ascend endlessly. Counter
clockwise movement produced a de
scending tone. Risset used such a glid
ing tone when he composed incidental 
music to Pierre Halet's Little Boy, a play 
that depicts the nightmare of a pilot 
involved in the destruction of Hiroshi
ma. A tone of continuously descending 
pitch symbolized the falling of the 
atomic bomb. Risset has also produced 
a gliding tone that appears to ascend 
and to descend endlessly at the same 
time. He has incorporated such tones in 
orchestral works, with powerful effect. 

In my laboratory I recently created 
pitch circularity effects using a set of 
tones, each of which constituted a full 
harmonic series but in which the rela
tive amplitudes (loudnesses) of the har
monics were such as to generate ambi
guities of perceived pitch height. Lis
teners obtained an impression of a 
series that ascended infinitely in pitch. 

T
hese demonstrations of pitch cir
cularity illustrate that the human 
mind tends to form linkages be

tween elements that are close togeth
er rather than those that are far apart. 
Analogous phenomena can be found in 
vision. For example, we tend to group 
together dots that are next to one an
other and to perceive movement be
tween neighboring lights turned on 
and off in succession. 

What happens, then, when two tones 
are related by exactly half an oc
tave, such as C followed by F# or 
G# by D? The tone pairs are separated 
by ,the same distance in either direction 
along the pitch class circle. Over such 
an interval, termed a tritone, a listen
er cannot invoke proximity in making 
judgments about tone pairs. Will per
ceptions of relative height, then, be am
biguous, or will some other principle 
be used to avoid ambiguity? 

When I considered this question, it 
occurred to me that another cue was 
available to the perceptual system. A 
listener could establish absolute posi
tions for the tones along the pitch class 
circle. For instance, we can envision the 
pitch classes to be the numbers on a 
clock face. Subjects might orient this 
clock face so that C is in the 12 o'clock 
position, C# in the one o'clock position 
and so on. They would hear C-F# (and 
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B-F and C#-G) as descending and F#-C 
(and F-B and G-C#) as ascending. 

To examine this hypothesis, I pre
sented subjects with just such tone 
pairs, which were generated by a com
puter program developed by F. Richard 
Moore of the University of California 
at San Diego. Each tone consisted of six 
sinusoidal components, all in the same 
pitch class. Subjects judged whether the 
tones ascended or descended. Their im
pressions were plotted as a function 
of pitch class of the first tone of the 
pair; hence, the pair C-F# would fall un
der pitch class C The results striking
ly confirmed the hypothesis. The judg
ments of most subjects showed orderly 
relations to the pitch class of the first 
tone: tones in one region of the circle 
were heard as higher than those in the 
opposite region. 

A wholly unexpected finding emerged 
as well. The orientation of the pitch 
class circle with respect to pitch height 

varied radically from one subject to an
other. Some subjects heard, for exam
ple, the tone pair D-G# as descending, 
indicating that they oriented D in the 
upper half of the pitch circle (between 
the nine and three o'clock positions) 
and G# in the lower half. Others, how
ever, heard the pattern ascend; they 
oriented D in the lower half of the cir
cle and G# in the upper half. Subjects 
heard the illusion reverse itself when 
the pattern was transposed along the 
semi tone scale. 

These findings demonstrate that the 
pitch class circle is not flat with respect 
to pitch height. Rather, when listeners 
decide whether pairs of tones related 
by half an octave form ascending or de
scending patterns, their judgments are 
systematically related to the positions 
of the tones along the pitch class circle. 
There is, however, striking disagree
ment as to which region of the circle 
is tagged as the higher half and which 
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PERCEPTIONS of the tritone paradox by two subjects differed considerably. The 
first subject (top) clearly heard C#-G, D-G#, D#-A and E-A# as ascending but F#-C, 
G-C#, G#-D, A-D#, A#-E and B-F as descending. The second one (bottom) heard vir
tually the opposite: pairs heard by the first subject as ascending were perceived to 
descend, and vice versa. Both found some pairs ambiguous; that is, the tone pairs 
were heard to ascend and descend about equally often. 
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the lower one. These findings, taken to
gether, constitute the tritone paradox. 

With William L. Kuyper of U.CS.D. 
and Yuval Fisher of Cornell University, 
I performed a large-scale study of the 
tritone paradox. We selected a group of 
subjects who were U.CS.D. undergrad
uates, had normal hearing and could 
reliably judge whether pairs of tones 
formed ascending or descending pat
terns. We found that the positions of 
the tones along the pitch class cir
cle strongly influenced individual judg
ments. The direction of this tendency 
varied considerably from one subject 
to another, as expected. Furthermore, 
computer simulations showed that such 
perceptions exist to a highly Significant 
extent in the general population. 

I conducted other studies to see 
whether the phenomenon occurred 
when more complex patterns of tones 
were used. Specifically, I created the 
semitone paradox. The pattern consist
ed of two pairs of tones presented si
multaneously; one pair ascended by 
a semitone, whereas the other pair de
scended by that interval. The tone pairs 
were diametrically opposed along the 
pitch class circle, so that again proximi
ty could not be invoked in making judg
ments of relative height. Listeners gen
erally perceived this pattern as two 
stepwise sequences that moved in op
posite directions. Some listeners, how
ever, heard the higher line of tones as 
ascending and the lower line as de
scending. Others perceived the reverse 
pattern. 

Just as with the tritone paradox, 
judgments of the semitone paradox re
flected an orderly relation between the 
perceived heights of the tones and 
their positions along the pitch class cir
cle. In addition, the form of this rela
tion varied substantially across subjects. 
For example, one subject heard the 
tones F, F#, G, G#, A and A# as higher 
than C, C#, D and D#. Yet for a second 
subject, the tones C#, D and D #  were 
higher than the tones F, F#, G, G #, A, 
A #  and B. 

With my colleagues Moore and Mark 
B. Dolson, I also generated a more com
plex type of paradox by presenting 
three simultaneous pairs of tones to our 
subjects. For example, we played the 
tones D and B, followed by E and A and 
then F and G. Listeners generally per
ceived this pattern as two simultaneous 
melodies, one higher and one lower, 
that moved in opposite directions. Some 
listeners heard the higher melody as 
descending and the lower melody as 
ascending; others heard the opposite. 
When we transposed the pattern by half 
an octave, the subjects reported that 
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BRITISH AND CALIFORNIAN POPULATIONS perceive the tri
tone paradox in virtually opposite ways_ Each graph shows 

the proportion of subjects that perceived a tone to reside at 
the peak region of the pitch class circle (that is, at the 12 

the higher and lower melodies appeared 
to exchange positions. This melodic 
paradox shows that the subjects were 
perceptually preserving the relative 
heights of the different pitch classes. 

I later presented the melodic para
dox in six different keys: C, D, E, F#, G# 
and A#. These keys correspond to six 
equal steps along the pitch class circle. 
The subjects' perceptions of ascending 
and descending melodies depended on 
the key in which the tones were played. 
In another demonstration, I played the 
pattern as the keys shifted up in whole 
tone steps, so that the pattern was first 
in the key of C, then D and so on. Most 
people first heard the pattern one way; 
as the keys shifted, the pattern turned 
upside down and finally righted itself. 
In other words, the pattern appeared to 
rotate, in a fashion analogous to the ro
tation of shapes in vision. 

These paradoxes lead to some fasci
nating conclusions about the auditory 
perceptual system. Clearly, the princi
ple of equivalence Under transposition, 
which investigators had thought to be 
universal, can be violated. Shifts in key 
most definitely affect the perception of 
certain patterns of tones. Another sur
prising conclusion concerns the phe
nomenon of absolute pitch, which is the 
ability to name a note just from hear
ing it. Musicians prize this presumed
to-be-rare faculty. Yet the experiments 
show that the ability is in greater sup
ply than has been thought (at least in a 
partial form): individuals can perceive 
notes as higher or lower simply on the 
basis of pitch class. 

The findings support research con
ducted in the early 1980s by Ernst 
Terhardt and Manfred Seewann of the 
Technical University of Munich and W. 
Dixon Ward of the University of Min
nesota. These investigators found that 

musicians could generally determine 
whether well-known passages were 
played in the correct key, even though 
most of them did not have absolute 
pitch as conventionally defined. In fact, 
many succeeded even when the differ
ence was as small as a semitone. 

Finally, the paradoxes might have 
some implications for everyday lis
tening to music. I found that different 
types of tone complexes-similar to 
groups of tones produced by natural 
instruments playing in octave rela
tion-create the same paradoxes as do 
the more simple tones considered here. 
Furthermore, the effects endured when 
the tones were subjected to such time
varying manipulations as rapid fluctua
tions in pitch (vibratos), quick changes 
in loudness or fast decays. 

Given the variety of sounds that pro
duce these paradoxes, it is likely they 
also occur in music played by natural 
instruments. They could lead to subtle 
perceptual differences that could be 
of aesthetic importance in some pieces, 
especially orchestral works in which the 
composer has created an impression of 
ambiguity. Such ambiguities appear in 
Debussy's Nocturnes. 

W
hat can be the basis of this 
unexpected relation between 
pitch class and perceived 

height and of the individual differences 
in the manifestation of these paradox
es? The experiments conducted on the 
general population, where no correla
tion with musical training was found, 
indicate that the paradoxes are not mu
sical in origin. In other studies, I ruled 
out simple characteristics of the hear
ing mechanism. For instance, I con
ducted experiments in which the odd
numbered components of each tone 
were played to one ear and the even-
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numbered ones to the other. The tri
tone paradox persisted, indicating that 
the brain produces the paradox by inte
grating information from both ears. 

Based on these conclusions, and sev
eral informal observations, I conjec
tured that speech patterns might be re
sponsible for the results. I had noticed 
that people from other countries often 
heard the paradox differently than did 
Californians. For example, indiViduals 
from the south of England tended to 
hear the tritone paradox in an opposite 
manner to that typical of subjects born 
in California: it appeared that what one 
group heard as ascending, the other 
heard as descending. 

What might account for this observa
tion? I hypothesized that people might 
have a long-term representation of the 
pitch range of their speaking voices. In
cluded in this representation might be 
a preference for the octave band that 
contains the largest proportion of pitch 
values in their speech. I further hypoth
esized that the listener fixes the pitch 
classes defining this octave band at the 
highest positions along the pitch class 
circle (that is, near the 12 o'clock po
sition). This definition determines the 
way the listener hears the paradoxes. 

To examine this hypothesis, I under
took a study together with my col
leagues Tom North and Lee Ray. We se
lected subjects whose judgments of 
the tritone paradox showed clear rela
tions between pitch class and perceived 
height. We then recorded 15 minutes 
of spontaneous speech from each sub
ject. From this recording, we deter
mined the octave band containing the 
the largest number of pitch values in 
his or her speech. 

Comparing the results from each 
subject, we found a significant corre
spondence between the pitch classes 

A 

© 1992 SCIENTIFIC AMERICAN, INC



30 

25 CIl I-U W --, 20 CO ::l CIl 
u.. 0 15 w C!l « I-Z 10 w u a: w c.. 5 

o A# B C C# D D# E F 
PEAK PITCH CLASS 

CALIFORNIA 

F# G G# A 

o'clock position). In general, when one group heard a pattern 
descend, the other heard it ascend. It remains to be seen 

whether such differences have implications for the apprecia
tion or performance of music. 

defining this octave band for speech 
and those defining the highest position 
along the pitch class circle, as deter· 
mined by each individual's judgments 
of the tritone paradox. The findings 
from this experiment substantiate the 
hypothesis that perception of the trio 
tone paradox is based on the listener's 
representation of the pitch class cir· 
cle-that is, on a kind of perceptual 
template. The orientation of this tem
plate is related to the pitch range of 
one's speaking voice. 

How do these preferences arise? 
One interpretation would suggest that 
the listener's vocal range is completely 
innate. Indeed, some auditory illusions 
appear to result from differences at 
a basic neurological level. Research has 
shown, for instance, that the percep
tion of some illusions correlates with 
the handedness of the listener [see 
"Musical illusions," by Diana Deutsch; 
SCIENTIFIC AMERICAN, October 1975). 
Another possibility is that a speech 
template could be acquired develop
mentally, through exposure to speech 
produced by others. Individuals would 
use this template to constrain their 
own speech output and to evaluate per
ceived speech. 

The characteristics of such a tem
plate would therefore be expected to 
vary for those who speak in different 
languages or dialects, in a fashion simi
lar to such other speech features as 
vowel quality. Following this line of 
reasoning, the orientation of the pitch 
class circle with respect to height 
should be similar for individuals who 
speak in the same language or dialect 
but should vary for those who speak in 
different languages or dialects. 

The study of California undergradu
ates conducted by Kuyper, Fisher and 
me provided the initial evidence for the 

developmental acquisition of a speech 
template. Although no information was 
obtained concerning the linguistic back
grounds of these subjects, the majori
ty had probably grown up in California 
and were from the same linguistic sub
culture. An orderly distribution of peak 
pitch class emerged among these sub
jects: C# and D occurred most fre
quently as peak pitch classes, followed 
byC andD#. 

G
iven this preliminary finding, 
I carried out a more detailed 
study. I chose two groups for 

this purpose. The first consisted of 2 4  
individuals who had grown up in Cali
fornia and spoke with the regional ac
cent. The second was made up of 12 
people from the south of England. In 
the experiment, I found that in the En
glish group, F#, G and G# occurred 
most often as peak pitch classes. But in 
the California group, B, C, C#, D and 

D# occurred most frequently. Musical 
training appeared to have no effect, 
and neither did age or gender. This ex
periment provides strong support for 
the view that, through a learning pro
cess, the individual acquires a repre
sentation of the pitch class circle that 
has a particular orientation with re
spect to height. 

It seems safe to assume that we 
employ such a template in our own 
speech and in the interpretation of the 
speech of others. Thus, a template 
based on pitch class rather than pitch 
height can be invoked by male and fe
male speakers, even though they speak 
in different pitch ranges. 

Some evolutionary value for such a 
template must exist. It could serve to 
provide a framework, common to a par
ticular dialect, within which the pitch of 
a speaker's voice may be evaluated for 

emotion. A listener may also invoke the 
template in the communication of syn
tactic elements of speech. 

It is likely that other disagreements 
in pitch perception await discovery. Un
fortunately, we do not describe our 
musical experiences in terms that are 
precise or accurate enough for such dif
ferences to become apparent from in
formal observation. Only in the labora
tory can researchers develop a clear 
idea of what a listener actually per
ceives and further define relations be
tween speech and music. In many ways 
the studies confirm what some philoso
phers and musicians have argued for 
centuries: that one can achieve expres
siveness in music by incorporating char
acteristics of the speaking voice, such 
as tempo and pitch range and variabili
ty. As the composer Mussorgsky wrote 
in his autobiography, "the function of 
art [is) the reproduction in musical 
sounds not merely of feelings, but first 
and foremost of human speech." 
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Achieving Electronic Privacy 
A cryptographic invention known as a blind signature permits numbers 
to serve as electronic cash or to replace conventional identification. The 

author hopes it may return control of personal information to the individual 

E very time you make a telephone 
call, purchase goods using a cred
it card, subscribe to a magazine 

or pay your taxes, that information goes 
into a data base somewhere. Further
more, all these records can be linked 
so that they constitute in effect a sin
gle dossier on your life-not only your 
medical and financial history but also 
what you buy, where you travel and 
whom you communicate with. It is al
most impossible to learn the full extent 
of the files that various organizations 
keep on you, much less to assure their 
accuracy or to control who may gain ac
cess to them. 

Organizations link records from dif
ferent sources for their own protec
tion. Certainly it is in the interest of 
a bank looking at a loan application 
to know that John Doe has defaulted 
on four similar loans in the past two 
years. The bank's possession of that 
information also helps its other cus
tomers, to whom the bank passes on 
the cost of bad loans. In addition, these 
records permit Jane Roe, whose pay
ment history is impeccable, to establish 
a charge account at a shop that has 
never seen her before. 

That same information in the wrong 
hands, however, provides neither pro
tection for businesses nor better service 
for consumers. Thieves routinely use a 
stolen credit card number to trade on 
their victims' good payment records; 
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murderers have tracked down their tar
gets by consulting government-main
tained address records. On another lev
el, the U.S. Internal Revenue Service has 
attempted to single out taxpayers for 
audits based on estimates of house
hold income compiled by mailing-list 
companies. 

The growing amounts of information 
that different organizations collect 
about a person can be linked because 
all of them use the same key-in the 
U.S. the sodal security number-to iden
tify the individual in question. This iden
tifier-based approach perforce trades 
off security against individual liberties. 
The more information that organiza
tions have (whether the intent is to pro
tect them from fraud or simply to tar
get marketing efforts), the less privacy 
and control people retain. 

Over the past eight years, my col
leagues and I at CWI (the Dutch na
tionally funded Center for Mathemat
ics and Computer Science in Amster
dam) have developed a new approach, 
based on fundamental theoretical and 
practical advances in cryptography, 
that makes this trade-off unnecessary. 
Transactions employing these tech
niques avoid the possibility of fraud 
while maintaining the privacy of those 
who use them. 

In our system, people would in ef
fect give a different (but definitively 
verifiable) pseudonym to every organi
zation they do business with and so 
make dossiers impossible. They could 
pay for goods in untraceable electronic 
cash or present digital credentials that 
serve the function of a banking pass
book, driver's license or voter registra
tion card without revealing their iden
tity. At the same time, organizations 
would benefit from increased security 
and lower record-keeping costs. 

Recent innovations in microelectron
ics make this vision practical by pro
viding personal "representatives" that 
store and manage their owners' pseud
onyms, credentials and cash. Micropro-
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cessors capable of carrying out the nec
essary algorithms have already been 
embedded in pocket computers the size 
and thickness of a credit card. Such sys
tems have been tested on a small scale 
and could be in widespread use by the 
middle of this decade. 

T he starting point for this ap
proach is the digital Signature, 
first proposed in 1976 by Whit

field Diffie, then at Stanford University. 
A digital signature transforms the mes
sage that is signed so that anyone who 
reads it can be sure of who sent 
it [see "The Mathematics of Public-Key 
Cryptography," by Martin E. Hellman; 
SCIENTIFIC AMERICAN, August 1979l. 
These signatures employ a secret key 
used to sign messages and a public one 
used to verify them. Only a message 
signed with the private key can be ver
ified by means of the public one. Thus, 
if Alice wants to send a signed message 
to Bob (these two are the cryptographic 
community's favorite hypothetical char
acters), she transforms it using her pri
vate key, and he applies her public key 
to make sure that it was she who sent 
it. The best methods known for produc
ing forged signatures would require 
many years, even using computers bil
lions of times faster than those now 
available. 

To see how digital signatures can 
provide all manner of unforgeable cre
dentials and other services, consider 
how they might be used to provide an 
electronic replacement for cash. The 
First Digital Bank would offer electron
ic bank notes: messages signed using 
a particular private key. All messages 
bearing one key might be worth a dol
lar, all those bearing a different key five 
dollars, and so on for whatever denom
inations were needed. These electronic 
bank notes could be authenticated using 
the corresponding public key, which the 
bank has made a matter of record. First 
Digital would also make public a key 
to authenticate electronic documents 
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sent from the bank to its customers. 
. To withdraw a dollar from the bank, 
Alice generates a note number (each 
note bears a different number, akin to 
the serial number on a bill); she choos
es a lOO-digit number at random so 
that the chance anyone else would gen
erate the same one is negligible. She 
signs the number with the private key 
corresponding to her "digital pseud
onym" (the public key that she has pre
viously established for use with her ac
count). The bank verifies Alice's signa
ture and removes it from the note 
number, signs the note number with its 
worth-one-dollar signature and debits 
her account. It then returns the signed 
note along with a digitally signed with
drawal receipt for Alice's records. In 
practice, the creation, signing and trans
fer of note numbers would be carried 
out by Alice's card computer. The pow
er of the cryptographic protocols, how
ever, lies in the fact that they are se
cure regardless of physical medium: 
the same transactions could be carried 
out using only pencil and paper. 

When Alice wants to pay for a pur
chase at Bob's shop, she connects her 
"smart" card with his card reader and 
transfers one of the signed note num
bers the bank has given her. After veri
fying the bank's digital signature, Bob 
transmits the note to the bank, much as 
a merchant verifies a credit card trans
action today. The bank reverifies its 
signature, checks the note against a list 
of those already spent and credits Bob's 
account. It then transmits a "deposit 
slip," once again unforgeably signed 
with the appropriate key. Bob hands 
the merchandise to Alice along with his 
own digitally signed receipt, complet
ing the transaction. 

This system provides security for all 
three parties. The signatures at each 
stage prevent any one from cheating 
either of the others: the shop cannot 
deny that it received payment, the bank 
cannot deny that it issued the notes or 
that it accepted them from the shop 
for deposit, and the customer can nei
ther deny withdrawing the notes from 
her account nor spend them twice. 

This system is secure, but it has no 
privacy. If the bank keeps track of note 
numbers, it can link each shop's de
posit to the corresponding withdrawal 
and so determine precisely where and 
when Alice (or any other account hold
er) spends her money. The resulting 
dossier is far more intrusive than those 
now being compiled. Furthermore, rec
ords based on digital signatures are 
more vulnerable to abuse than conven
tional files. Not only are they self-au
thenticating (even if they are copied, 
the information they contain can be 
verified by anyone), but they also per
mit a person who has a particular kind 
of information to prove its existence 
without either giving the information 
away or revealing its source. For exam
ple, someone might be able to prove in
controvertibly that Bob had telephoned 
Alice on 12 separate occasions without 
having to reveal the time and place of 
any of the calls. 

I have developed an extension of digi
tal signatures, called blind signatures, 
that can restore privacy. Before send-

CREDIT MERCH ANT'S 
ACCOUNT $1; 
BALANCE $100.001 
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DIGITAL CASH flows tracelessly from bank through con
sumer and merchant before returning to the bank. Using a 
small computer "representative," a person creates a random 
number to serve as a bank note. The bank debits the appro
priate account and signs the note with an unforgeable digital 

signature indicating its value. The bank credits the merchant's 
account when the note is presented for payment. A technique 
known as a blind signature prevents the bank from seeing the 
note number so the bank will be unable to correlate withdraw
als from one account with deposits to another. 
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How to Create Secure Digital Pseudonyms 
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Each personal repre
sentative contains an 
embedded observer 

The representative and the 
observer generate numbers 
that the observer uses to 
produce a set of blinded 
digital pseudonyms. 

REPRESENTATIVE in addition to its own 
microprocessor. 

ing a note number to the bank for sign
ing, Alice in essence multiplies it by a 
random factor. Consequently, the bank 
knows nothing about what it is signing 
except that it carries Alice's digital sig
nature. After receiving the blinded note 
signed by the bank, Alice divides out 
the blinding factor and uses the note 
as before. 

The blinded note numbers are "un
conditionally untraceable"-that is, even 
if the shop and the bank collude, they 
cannot determine who spent which 
notes. Because the bank has no idea of 
the blinding factor, it has no way of 
linking the note numbers that Bob de
posits with Alice's withdrawals. Where
as the security of digital signatures is 
dependent on the difficulty of partic
ular computations, the anonymity of 
blinded notes is limited only by the un
predictability of Alice's random num
bers. If she wishes, however, Alice can 
reveal these numbers and permit the 
notes to be stopped or traced. 

Blinded electronic bank notes protect 
an individual's privacy, but because 
each note is simply a number, it can be 
copied easily. To prevent double spend
ing, each note must be checked on-line 
against a central list when it is spent. 
Such a verification procedure might be 
acceptable when large amounts of mon
ey are at stake, but it is far too expen
sive to use when someone is just buying 
a newspaper. To solve this problem, my 
colleagues Amos Fiat and Moni Naor and 
I have proposed a method for generat
ing blinded notes that requires the pay
er to answer a random numeric query 
about each note when making a pay
ment. Spending such a note once does 
not compromise unconditional untrace-

ability, but spending it twice reveals 
enough information to make the pay
er's account easily traceable. In fact, it 
can yield a digitally signed confession 
that cannot be forged even by the bank. 

Cards capable of such anonymous 
payments already exist. Indeed, Digi
Cash, a company with which I am as
sociated, has installed equipment in 
two office buildings in Amsterdam that 
permits copiers, fax machines, cafete
ria cash registers and even coffee vend
ing machines to accept digital "bank 
notes." We have also demonstrated a 
system for automatic toll collection in 
which automobiles carry a card that re
sponds to radioed requests for pay
ment even as they are traveling at high
way speeds. 

M y colleagues and I call a com
puter that handles such cryp
tographic transactions a "rep

resentative." A person might use dif
ferent computers as representatives 
depending on which was convenient: 
Bob might purchase software (trans-

. mitted to him over a network) by using 
his home computer to produce the req
uisite digital signatures, go shopping 
with a "palm-top" personal computer 
and carry a smart credit card to the 
beach to pay for a drink or crab cakes. 
Any of these machines could represent 
Bob in a transaction as long as the digi
tal signatures each generates are under 
his control. 

Indeed, such computers can act as 
representatives for their owners in vir
tually any kind of transaction. Bob 
can trust his representative and Alice 
hers because they have each chosen 
their own machine and can reprogram it 
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The observer signs 
the pseudonyms 
with a special 
built-in key. 

The representative checks 
the pseudonyms to make 
sure they do not disclose 
any illicit information and 
passes them to a validating 
authority. 

at will (or, in prinCiple, build it from 
scratch). Organizations are protected by 
the cryptographic protocol and so do 
not have to trust the representatives. 

The prototypical representative is a 
smart credit-card-size computer con
taining memory and a microprocessor. 
It also incorporates its own keypad and 
display so that its owner can control the 
data that are stored and exchanged. If 
a shop provided the keypad and dis
play, it could intercept passwords on 
their way to the card or show one price 
to the customer and another to the 
card. Ideally, the card would communi
cate with terminals in banks and shops 
by a short-range communications link 
such as an infrared transceiver and so 
need never leave its owner's hands. 

When asked to make a payment, the 
representative 'would present a sum
mary of the particulars and await ap
proval before releasing funds. It would 
also insist on electronic receipts from 
organizations at each stage of all trans
actions to substantiate its owner's po
sition in case of dispute. By requiring 
a password akin to the PIN (personal 
identifying number) now used for bank 
cards, the representative could safe
guard itself from abuse by thieves. In
deed, most people would probably keep 
backup copies of their keys, electronic 
bank notes and other data; they could 
recover their funds if a representative 
were lost or stolen. 

Personal representatives offer excel
lent protection for individual privacy, 
but organizations might prefer a mecha
nism to protect their interests as strong
ly as possible. For example, a bank 
might want to prevent double spending 
of bank notes altogether rather than 
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VALIDATING 
AUTHORITY 

The validating authority 
checks the observer's 
special key, removes it 
and attaches its own 
unforgeable signature. 

simply detecting it after the fact. Some 
organizations might also want to en
sure that certain digital signatures are 
not copied and widely disseminated 
(even though the copying could be de
tected afterward). 

Organizations have already begun 
issuing tamperproof cards (in effect, 
their own representatives) programmed 
to prevent undesirable behavior. But 
these cards can act as "Little Brothers" 
in everyone's pocket. 

We have developed a system that 
satisfies both sides. An observer-a 
tamper-resistant computer chip, issued 
by some entity that organizations can 
trust -acts like a notary and certifies 
the behavior of a representative in 
which it is embedded. Philips Indus
tries has recently introduced a tamper
resistant chip that has enough comput
ing power to generate and verify digital 
signatures. Since then, Siemens, Thom
son CSF and Motorola have announced 
plans for similar circuits, any of which 
could easily serve as an observer. 

The central idea behind the protocol 
for observers is that the observer does 
not trust the representative in which 
it resides, nor does the representative 
trust the observer. Indeed, the repre
sentative must be able to control all 
data passing to or from the observer; 
otherwise the tamperproof chip might 
be able to leak information to the world 
at large. 

When Alice first acquires an observ
er, she places it in her smart-card rep
resentative and takes it to a validat
ing authority. The observer generates a 
batch of public and private key pairs 
from a combination of its own random 
numbers and numbers supplied by the 

The representative re
moves the blinding from 
the validated pseudonyms 
and stores them for future 
use by the observer. 

card. The observer does not reveal its 
numbers but reveals enough informa
tion about them so that the card can 
later check whether its numbers were 
in fact used to produce the resulting 
keys. The card also produces random 
data that the observer will use to blind 
each key. 

Then the observer blinds the public 
keys, signs them with a special built-in 
key and gives them to the card. The 
card verifies the blinding and the signa
ture and checks the keys to make sure 
they were correctly generated. It pass
es the blinded, signed keys to the vali
dating authority, which recognizes the 
observer's built-in signature, removes 
it and signs the blinded keys with its 
own key. The authority passes the keys 
back to the card, which unblinds them. 
These keys, bearing the signature of 
the validating authority, serve as digital 
pseudonyms for future transactions; 
Alice can draw on them as needed. A: observer could easily prevent 

(rather than merely detect) dou
ble spending of electronic bank 

notes. When Alice withdraws money 
from her bank, the observer witnesses 
the process and so knows what notes 
she received. At Bob's shop, when Alice 
hands over a note from the bank, she 
also hands over a digital pseudonym 
(which she need use only once) signed 
by the validating authority. Then the ob
server, using the secret key correspond
ing to the validated pseudonym, signs 
a statement certifying that the note will 
be spent only once, at Bob's shop and 
at this particular time and date. Alice's 
card verifies the signed statement to 
make sure that the observer does not 

leak any information and passes it to 
Bob. The observer is programmed to 
sign only one such statement for any 
given note. 

Many transactions do not simply re
quire a transfer of money. Instead they 
involve credentials-information about 
an individual's relationship to some or
ganization. In today's identifier-based 
world, all of a person's credentials are 
easily linked. If Alice is deciding wheth
er to sell Bob insurance, for example, 
she can use his name and date of birth 
to gain access to his credit status, medi
cal records, motor vehicle file and crim
inal record, if any. 

Using a representative, however, Bob 
would establish relationships with dif
ferent organizations under different dig
ital pseudonyms. Each of them can rec
ognize him unambiguously, but none of 
their records can be linked. 

In order to be of use, a digital cre
dential must serve the same function 
as a paper-based credential such as a 
driver's license or a credit report. It 
must convince someone that the per
son attached to it stands in a particular 
relation to some issuing authority. The 
name, photograph, address, physical de
scription and code number on a driv
er's license, for example, serve merely 
to link it to a particular person and to 
the corresponding record in a data base. 
Just as a bank can issue unforgeable, 
untraceable electronic cash, so too could 
a university issue signed digital diplo
mas or a credit-reporting bureau issue 
signatures indicating a person's ability 
to repay a loan. 

When the young Bob graduates with 
honors in medieval literature, for ex
ample, the university registrar gives his 
representative a digitally signed mes
sage asserting his academic credentials. 
When Bob applies to graduate school, 
however, he does not show the admis
sions committee that message. Instead 
his representative asks its observer to 
sign a statement that he has a B. A. cum 

laude and that he qualifies for finan
cial aid based on at least one of the 
university's criteria (but without reveal
ing which ones). The observer, which 
has verified and stored each of Bob's 
credentials as they come in, simply 
checks its memory and signs the state
ment if it is true. 

In addition to answering just the 
right question and being more reli
able than paper ones, digital credentials 
would be both easier for individuals 
to obtain and to show and cheaper for 
organizations to issue and to authen
ticate. People would no longer need to 
fill out long and revealing forms. In-
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stead their representatives would con
vince organizations that they meet par
ticular requirements without disclosing 
any more than the simple fact of qual
ification. Because such credentials re
veal no unnecessary information, peo
ple would be willing to use them even 
in contexts where they would not will
ingly show identification, thus enhanc
ing security and giving the organiza
tion more useful data than it would 
otherwise acquire. 

Positive credentials, however, are not 
the only kind that people acquire. They 
may also acquire negative credentials, 
which they would prefer to conceal: 
felony convictions, license suspensions 
or statements of pending bankruptcy. 
In many cases, individuals will give or
ganizations the right to inflict negative 
credentials on them in return for some 
service. For instance, when Alice bor
rows books from a library, her observ
er would be instructed to register an 
overdue notice unless it had received a 
receipt for the books' return within 
some fixed time. 

Once the observer has registered a 
negative credential, an organization can 
find out about it simply by asking the 
observer (through the representative) to 
sign a message attesting to its presence 
or absence. Although a representative 
could muzzle the observer, it could not 
forge an assertion about the state of its 
credentials. In other cases, organizations 

might simply take the lack of a posi
tive credential as a negative one. If Bob 
signs up for skydiving lessons, his in
structors may assume that he is medi
cally unfit unless they see a credential 
to the contrary. 

For most credentials, the digital sig
nature of an observer is sufficient to 
convince anyone of its authenticity. Un
der some circumstances, however, an 
organization might insist that an ob
server demonstrate its physical pres
ence. Otherwise, for example, any num
ber of people might be able to gain 
access to nontransferable credentials 
(perhaps a health club membership) by 
using representatives connected by 
concealed communications links to an
other representative containing the de
sired credential. 

Moreover, the observer must carry 
out this persuasion while its input and 
output are under the control of the 
representative that contains it. When 
Alice arrives at her gym, the card read
er at the door sends her observer a se
ries of single-bit challenges. The ob
server immediately responds to each 
challenge with a random bit that is en
coded by the card on its way back to 
the organization. The speed of the ob
server's response establishes that it is 
inside the card (since processing a sin
gle bit introduces almost no delay com
pared with the time that signals take to 
traverse a wire). After a few dozen iter-
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ations the card reveals to the observer 
how it encoded the responses; the ob
server signs a statement including the 
challenges and encoded responses only 
if it has been a party to that challenge
response sequence. This process con
vinces the organization of the observ
er's presence without allowing the ob
server to leak information. 

Organizations can also issue cre
dentials using methods that depend 
on cryptography alone rather than on 
observers. Although currently practical 
approaches can handle only relatively 
simple queries, Gilles Brassard of the 
University of Montreal, Claude Crepeau 
of the Ecole Normale Superieure and I 
have shown how to answer arbitrary 
combinations of questions about even 
the most complex credentials while 
maintaining unconditional unlinkabil
ity. The concealment of purely crypto
graphic negative credentials could be 
detected by the same kinds of tech
niques that detect double spending of 
electronic bank notes. And a combina
tion of these cryptographic methods 
with observers would offer accountabil
ity after the f<lct even if the observer 
chip were somehow compromised. 

T he improved security and priva
cy of digital pseudonyms exact a 
price: responsibility. At present, 

for example, people can disavow cred
it card pUrchases made over the tele-

UNIVERSITY 
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DIGITAL CREDENTIALS put personal information under the 
control of an individual's representative and its observ
er. When Alice (one of the author's two hypothetical charac
ters) finishes her undergraduate work, the university gives 
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her a digitally signed degree. Later, her observer can use its 
knowledge of the degree to answer questions about her qual
ifications without revealing any more information about her 
than absolutely necessary. 
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phone or cash withdrawals from an au
�omatic teller machine (ATM). The bur
den of proof is on the bank to show that 
no one else could have made the pur
chase or withdrawal. If computerized 

. representatives become widespread, 
owners will establish all their own pass
words and so control access to their 
representatives. They will be unable to 
disavow a representative's actions. 

Current tamper-resistant systems 
such as ATMs and their associated 
cards typically rely on weak, inflexible 
security procedures because they must 
be used by people who are neither 
highly competent nor overly concerned 
about security. If people supply their 
own representatives, they can program 
them for varying levels of security as 
they see fit. (Those who wish to trust 
their assets to a single four-digit code 
are free to do so, of course.) Bob might 
use a short PIN (or none at all) to au
thorize minor transactions and a long
er password for major ones. To protect 
himself from a robber who might force 
him to give up his passwords at gun
point, he could use a "duress code" 
that would cause the card to appear to 
operate normally while hiding its more 
important assets or credentials or per
haps alerting the authorities that it had 
been stolen. 

A personal representative could also 
recognize its owner by methods that 
most people would consider unreason
ably intrusive in an identifier-based 
system; a notebook computer, for ex
ample, might verify its owner's voice or 
even fingerprints. A supermarket check
out scanner capable of recognizing a 
person's thumbprint and debiting the 
cost of groceries from their savings 
account is Orwellian at best. In con
trast, a smart credit card that knows its 
owner's touch and doles out electron
ic bank notes is both anonymous and 
safer than cash. In addition, incorporat
ing some essential part of such iden
tification technology into the tamper
proof observer would make such a 
card suitable even for very high securi
ty applications. 

C omputerized transactions of all 
kinds are becoming ever more 
pervasive. More than half a doz

en countries have developed or are test
ing chip cards that would replace cash. 
In Denmark, a consortium of banking, 
utility and transport companies has 
announced a card that would replace 
coins and small bills; in France, the tele
communications authorities have pro
posed general use of the smart cards 
now used at pay telephones. The gov
ernment of Singapore has requested 

COMPUTERIZED CREDIT CARD developed by Toshiba and Visa International con
tains a microprocessor, memory, keypad and display. Although this card identifies 
its user during transactions, the same hardware could be reprogrammed as a per
sonal representative for spending digital cash. 

bids for a system that would commu
nicate with cars and charge their smart 
cards as they pass various points on 
a road (as opposed to the simple ve
hicle identification systems already in 
use in the U.S. and elsewhere). And ca
ble and satellite broadcasters are ex
perimenting with smart cards for deliv
ering pay-per-view television. All these 
systems, however, are based on cards 
that identify themselves during every 
transaction. 

If the trend toward identifier-based 
smart cards continues, personal priva
cy will be increasingly eroded. But in 
this conflict between organizational se
curity and individual liberty, neither 
side emerges as a clear winner. Each 
round of improved identification tech
niques, sophisticated data analysis or 
extended linking can be frustrated by 
widespread noncompliance or even leg
islated limits, which in turn may engen
der attempts at further control. 

Meanwhile, in a system based on rep
resentatives and observers, organiza
tions stand to gain competitive and po
litical advantages from increased pub
lic confidence (in addition to the lower 
costs of pseudonymous record-keep-, 
ing). And individuals, by maintaining 
their own cryptographically guaranteed 
records and making only necessary dis
closures, will be able to protect their 
privacy without infringing on the legiti-

mate needs of those with whom they 
do business. 

The choice between keeping informa
tion in the hands of individuals or of or
ganizations is being made each time any 
government or business decides to au
tomate another set of transactions. In 
one direction lies unprecedented scruti
ny and control of people's lives, in the 
other, secure parity between individu
als and organizations. The shape of so
ciety in the next century may depend 
on which approach predominates. 
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The nearly 100-year-old dream of building a vehicle 
able to fly atop a magnetic cushion has captured 

the imagination of a u.s. senator and a few graying 
engineers who predate the pocket calculator. 

H
enry H. Kolm hates trains. He bristles when someone 
has the indelicacy to talk about his magnetic flying 
machine in the same breath as a train. It does have a 

passenger cabin and travels on-or rather over-a track of 
sorts. Just don't call it a train. Trains, in Kolm's humble view, 
were the fundamental breakthrough that moved transporta
tion a step beyond the stagecoach. "Tremendous technology 
for the year 1837," says the former Massachusetts Institute 
of Technology research scientist whose signature article of 
clothing is a bolo tie. 

With an accent that lingers from a boyhood in Austria, the 
67-year-old Kolm carefully explains that his invention, mag
neplane, is a creature of this century or perhaps the next. It 
is the idea of someone, like himself, who has piloted air
planes commercially and who has discarded Victorian rail
road ties and ballast for concepts such as "coordinated bank
ing" that only an aviator would know. 

Magneplane is more than a run-of-the-mill aircraft, too. It 
uses magnetism. not aerodynamics, to lift a 50-ton vehicle to a 
maximum altitude of six inches off the ground. Once aloft, pas
sengers can then race at the speed of a fast turboprop aircraft 
down a troughlike guideway that looks more like a bobsled 
run than a train track An intercity network of such vehicles 
capable of traveling at speeds in excess of 250 miles an hour 
could compete with air travel. For Kolm, high-speed rail, such 
as France's Train a Grande Vitesse, would pale by comparison. 

More from the likes of Buck Rogers than from Casey Jones, 
Kolm's notion of a magnetically levitated vehicle, or more 
simply maglev, was the most radical of a number of U.S. de
signs that date from the 1960s-and that have been gather
ing dust in university and corporate archives until the tech
nology staged a recent revival. 

The vision of Kolm and others has enraptured a pugnacious 
u.s. senator who is partial to bow ties and tweed Irish walking 
hats. Last year, Senator Daniel Patrick Moynihan of New York 
ramrodded a $ 72 5-million provision for maglev development 
into the mammoth, six-year, $151-billion highway bill. 

The maglev portion of the bill is a nose-thumbing tweak to 
the administration of George Bush, which has yet to shake a 
deep-seated aversion to any form of government meddling 
that encourages development of one commercial technology 
over another. The language for maglev in the highway bill 
begins with the blunt assertion: "It is the policy of the United 
States to establish in the shortest time practicable a United 
States designed and constructed magnetic levitation trans
portation technology." 

RUSHING PAST RUSH HOUR, magnetically levitated trains could move 
passengers at speeds five times that of the highways below them if the 
trains can be tamed into something more than a (lying roller coaster. 
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HENRY H. KOLM, one of the original u.s. maglev developers, leans on his Piper Navajo 
Chief tan, which he flies to technical conferences instead of taking the train. 

Ever the New York City street kid cum 
Harvard intellectual, Moynihan framed 
the maglev program as an underdog 
competition with Germany and Japan. 
Although the U.s. did pioneering work 
in maglev, the domestic effort ground 
to an abrupt halt in 1975, when the 
White House Office of Management and 
Budget (OMB) decided that money for the 
technology was better spent elsewhere. 
"That was the accounting office mak
ing the decision," Kolm still rasps after 
nearly 20 years. Meanwhile the U.S.'s 
two main economic rivals have each 
sunk about $ 1  billion into maglev re
search since 1969. A German consor
tium is even ready to build a maglev 
line from the Orlando, Fla., airport al
most to the door of Walt Disney World. 

Sizable maglev funding in the high
way bill, which is intended to draw an 
additional $200 million in investment 
from private industry, would put the U.S. 
back in the maglev game. Presumably, 
the quirky inventive ideas of a Hemy 
Kolm could mix with the dormant de
sign and manufacturing expertise of the 
finanCially strapped u.s. aerospace and 
civil engineering companies that thrived 
when building jet fighters and erect
ing nuclear power plants were national 
priorities. The term "maglev," coined 25 
years ago at the height of the Vietnam 
War, was immediately adapted to the 
spirit of those times. "Mag Lev Not War," 
declared one engineer. 

While President Bush signed the high
way bill last December, his administra
tion had by no means issued its final 
pronouncement on the matter of spend-

ing this much on a new transportation 
technology. The administration, includ
ing Kolm's bane, the OMB, has requested 
no appropriation for maglev develop
ment for the 1993 budget year, which be
gins in October. At the very least, studies 
of prospective ridership, financing and 
technical feasibility now being carried 
out by several federal agencies should 
be completed before the program ad
vances toward building a prototype. 
Maglev funding appropriations also face 
opposition from some in Congress who 
view the technology as too outlandish. 

On the sidelines a number of sober
minded transportation professionals 
who are watching the effort to advance 
maglev are experiencing a distinct sense 
of deja vu. The past quarter century is 
littered with failed plans that promised 
to revive the nation's anemic passenger 
rail service. As pursestrings are pulled 
ever tighter, some transportation spe
cialists ask whether this type of swash
buckling foray into accelerated tech
nology development could turn into 
a high-tech boondoggle. Maglev is a 
funny kind of plane. But it is one that 
the Germans and the Japanese have in
vested in for more than 20 years, and 
their work has not yielded a fare-paying 
passenger. Ridership is uncertain. And 
a maglev program could divert money 
away from the more practical prospects 
of upgrading intercity rail service. 

To Moynihan, maglev makes perfect 
sense. As chairman of a Senate sub
committee with jurisdiction over feder
al highways, he has advocated maglev 
to help move the U.S. beyond decades 
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of frenzied, sometimes uncontrolled, 
road building. In 1960 he wrGte that 
the National System of Interstate and 
Defense Highways, better known as the 
interstates, was "throwing up a Chinese 
wall across Wilmington, driving edu
cational institutions out of downtown 
Louisville, plowing through the center 
of Reno. When the interstate runs into 
a place like Newburgh, New York, the 
wreckage is something to see." 

The highway bill, which no longer 
bears the word highway in its name 
(also Moynihan's doing), provides $7 bil
lion for the completion of the 43,000-
mile crisscrossed interstate network, pri
marily for stretches of road in Boston 
and Los Angeles. Moynihan noted that 
the interstates had exacerbated the traf
fic congestion they were designed to re
lieve-and the problem will only grow 
worse. "By 2020, it will take 44 lanes 
to carry the traffic on 1-95 from Miami 
to Fort Lauderdale," Moynihan wrote 
to voters. "Pretty soon there won't be 
anything left of Florida! " 

Something was needed, he reasoned, 
to move beyond this national obses
sion. "We have poured enough con
crete," he proclaimed. One answer was 
to make use of the epic legacy of the 
Eisenhower administration: put narrow 
elevated tracks alongside the pavement 
of an interstate to move as many peo
ple as can drive on eight to 10 lanes. 
Traffic on these guideways need not re
spect the speed limit below. The more
than-300-mile-per-hour top speed at
tained by a maglev might make New 
York's Metropolitan Opera into an eve
ning sojourn for the well-to-do who live 
by the Potomac. 

Moynihan began his dogged pursuit 
of a domestic maglev program about 
five years ago, when he wrote a maglev 
bill that went nowhere. He then impan
eled a study group of enthUSiasts, many 
of whom had experienced the frustra
tions of the earlier program. Kolm, of 
course, was a member. The panel's not 
surprising conclusion: "Maglev is a rev
olutionary concept that will one day
sooner than we think-be a reality." 

In 1989 the panel-the Maglev Tech
nology Advisory Committee-predict
ed that maglev would reduce highway 
and airport congestion, consume half 
the energy per passenger mile burned 
by the automobile and a quarter of that 
used by the airplane. The technology 
would lessen dependence on imported 
oil (maglev can use electricity generat
ed from coal, nuclear or hydroelectric 
sources) and diminish emissions of hy
drocarbons and other pollutants. 

Moynihan used the report as a prod 
to a somnolent federal bureaucracy. 
He sought $ 1  million for the U.S. Army 
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Corps of Engineers to prepare a plan 
for a domestic maglev program. The 
Department of Transportation (DOT), 
whose response to Moynihan's previous 
inquiries had been lukewarm at best, 
suddenly climbed on board. The DOT 
undertook a feasibility study, called the 
National Maglev Initiative ( NMI), a joint 
project that combined its own exper
tise with that of the Corps of Engineers 
and the Department of Energy. 

Moynihan did not wait for the ex
pected equivocal response to this multi
agency endeavor, due out early next 
year. Instead he inserted the $725 mil
lion into the once-in-six-year cornucopia 
of the highway bill. In fact, the National 
Magnetic Levitation Prototype Develop
ment Program received more money in 
the erstwhile highway bill than did an 
advanced technology research program 
for highways. "This kind of money has 
never been seen before for maglev in 
the United States," marvels John T. 
Harding, an official in the DOT'S Federal 
Railroad Administration and the chief 
scientist for the NML 

Magnetic Magic 

The idea of riding atop a surflike 
magnetic wave is almost as old as this 
century. A scheme for magnetically lev
itated transportation was proposed in 
November 1909 in the pages of this 
magazine. Robert Goddard, the rocket 
pioneer, suggested that a tunnel could 
be built from Boston to New York in 
which cars would ride in a partial vacu
um while suspended and propelled by 
the "magic power of magnetism." 

It was only a few years later, in 19 12, 
that Emile Bachelet, an expatriate French 
engineer, patented the first design that 
somewhat resembled current maglev 
prototypes. Bachelet's 33-pound mod
el, which once crashed through the wall 
of his laboratory in Mount Vernon, N.Y., 
levitated above a continuous row of 
electromagnets supplied with alternat
ing current. But it consumed too much 
power to ever become a practical meth
od for lifting a 40-ton vehicle. 

Then, almost 50 years later, James R. 
Powell, an engineer from Brookhaven 
National Laboratory who designs nucle
ar reactors, came up with a workable so
lution. Powell was on a weekend jaunt 
to visit his girlfriend in Boston when he 
ran into a monstrous traffic jam on the 
approach to the Throgs Neck Bridge. " It 
took four hours to get over the bridge, 
a total distance of three miles," Powell 
says. "I kept thinking there must be a 
better way to travel long distances. It 
was then that I thought of maglev." 

Powell, who was unacquainted with 
Bachelet's work, also borrowed the 

grade school principle that magnets of 
like polarity repel. Refining his idea 
with Brookhaven physicist Gordon T. 
Danby, he proposed using a magnet on 
the vehicle to generate current in met
al coils set into the guideway. Because 
this current produces a magnetic field 
with the same polarity of the vehicle's 
magnet, the two fields repel each other. 
Powell and Danby's main insight was 
that sufficient lifting force could be ob
tained only by using superconducting 
magnets, the kind Brookhaven employs 
to focus the beams of particle accel
erators. The scheme called for coils of 
superconducting wire on the side or 
bottom of the vehicle that were cooled 
to four kelvins with liquid helium. The 
magnetic fields were strong enough to 
lift 40 to 50 tons. The interaction be
tween the magnets and the coils also 
serves to stabilize the vehicle. 

Once suspended, this air train still 
has to move forward and backward. It 
does so with a linear synchronous mo
tor. The guideway coils are equivalent 
to the ringlike stationary electrodes, or 
stators, in a conventional rotary elec
tric motor. The same magnets used for 
levitation are pulled, then pushed by 
fields of alternating polarity generated 
by current supplied to magnetic coils 
in the guideway. Speed and accelera
tion are controlled by varying the fre
quency and the intensity of the current. 
The two researchers presented their 

work in 1966 in a paper entitled " High
Speed Transport by Magnetically Sus
pended Trains." 

In the mid- 1960s, just as now, some 
elements within the political establish
ment came to view advanced technolo
gy as a panacea for reviving moribund 
interdty passenger rail service, and Con
gress passed the High-Speed Ground 
Transportation Act of 1965. The pro
gram first focused on a terrestrial ver
sion of a hovercraft that moved along 
tracks. 

As the work of Powell, Danby and 
other researchers became known, in
terest shifted to maglev. The Stanford 
Research Institute built a half-ton test 
sled that levitated with superconduct
ing magnets. Devised with Richard D. 
Thornton of M. LT., Kolm's magneplane 
was perhaps the most novel propos
al. With help from Raytheon Company, 
80 graduate students and a $650,000 
grant from the National Sdenr:e Founda
tion, Kolm and Thornton built aI/25th 
scale model that raced down the trough 
guideway beginning in 1973. Those ef
forts and others arguably gave the U.S. 
the lead in maglev research. Then the 
OMB pulled the plug, and Japan and 
Germany forged ahead. 

In 1970 Japanese National Railways 
appropriated a design almost identical 
to that conceived by Powell and Danby. 
Over the years the Japanese program 
has produced a series of vehicles that 

SENATOR DANIEL PATRICK MOYNIHAN of New York has imagined maglevs rac
ing above the interstates, which he views as a checkered legacy of decades of fren
zied road building that tore apart urban neighborhoods. 

SCIENTIFIC AMERlCAN August 1992 105 
© 1992 SCIENTIFIC AMERICAN, INC



RICHARD D. rnORNTON (left photograph) collaborated with 
Henry H. Kolm during the mid-1970s. Thornton is now pursu
ing ideas for a U.S. maglev design on his own. Gordon T. Danby 

and James R. Powell, researchers at Brookhaven National Labo
ratory (left to right in right photograph), published the first pa
per on a maglev using superconducting magnets in 1966. 

have been tested on a 4.4-mile experi
mental track in Miyazaki Prefecture in 
the southwest of Japan. The Railway 
Technical Research Institute, which is 
funded by the now privatized railroad, 
has been planning a nearly 27-mile 
test line in Yamanashi Prefecture at a 
cost of about $2 billion, which could be 
extended within 20 years' time into a 
route connecting Tokyo to Osaka. 

The Japanese vehicles may need at 
least five more years before they are 
ready to carry commercial passengers. 
The maglev that Japanese engineers en
vision would run at 310 miles per hour 
and could carry 10,000 people per hour 
in trains up to 14 cars long. The Tokyo 
to Osaka run, already the nation's most 
heavily traveled train route, would re
quire only an hour, a third of the time 
taken by the bullet trains that began 
service in 1964. But if development lags, 
a new bullet train line could replace the 
maglev route. 

The still experimental nature of the 
Japanese program was underscored last 
October, when the MLU002, the most 
advanced prototype vehicle, was con
sumed in a fire. Institute officials say 
the fire that ignited in a magnesium-al
loy wheel component does not under
mine their basic approach to magnetic 
levitation and propulsion. If anything, 
it proved the durability of the super
conducting magnets. An hour after the 
blaze, a firefighter approached the ve
hicle, wielding a fire ax. The metal im
plement suddenly flew from his hand 
toward a still active magnet. 

The only maglev that can exceed 200 
miles per hour and is close to installing 

a fare box is of German pedigree. But 
Germany's Transrapid 07, the seventh 
prototype in a program that began in 
1969, also faces obstacles. After testing 
several approaches, Germany's trans
port ministry decided in 1977 on a ve
hicle based on a design first devised 
during the 1920s by German scientist 
Hermann Kemper. Instead of levitating 
above a track, the bottom of the train 
wraps around the top of aT-shaped 
guideway. A conventional electromagnet 
is placed on the inside section of the ve
hicle that curls underneath the guide
way. The underslung magnet is attract
ed upward to within less than an inch 
of a steel rail in the guideway. As with 
the Japanese maglev, the vehicle is pro
pelled by a linear synchronous motor. 

The billion dollars or so of govern
ment money sunk into the project thus 
far has been supplemented by private 
investments from Transrapid Interna
tional, a consortium of three German 
companies. Although the German gov
ernment has granted Transrapid par
tial technical and safety certification, 
other tests remain. No one has done 
anything more than simulations of the 
possible destabilizing aerodynamic ef
fects of two vehicles passing each oth
er in opposite directions at 250 miles 
per hour, separated by only a few feet. 

Nor has the German public put out a 
financial welcome mat for the Transrap
id. The state of North Rhine-Westphalia 
rejected using even a "pfennig" of gov
ernment funds for a route that would 
have connected the Cologne/Bonn and 
Dusseldorf airports and the city of Es
sen, effectively blocking the project. 
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Environmentalists also objected to the 
prospect of guideways towering over the 
landscape and noise from the vehicles. 

What has kept Transrapid alive at 
home is reunification of the two Germa
nys. Like Moynihan, Giinther Krause, 
the transportation minister who hails 
from the former East Germany, sees 
maglev as a gleaming emblem of re
newal, a physical linkage that symbol
izes future parity between the former 
East and West. It is Krause's dream to 
spend $ 5 billion to make maglev into 
a 21st-century version of the "Flying 
Hamburger" that connected Hamburg 
and Berlin in the 1930s. Der Fliegender 
Hamburger reached speeds of a little 
more than 100 miles per hour, faster 
than the trains that make the trip to
day. Private financing must still be pro
cured to supplement the government's 
contribution. 

While Germany seeks backing for this 
public-private venture, the first commer
cial line is likely to be built in the U.S., 
which is seen as perhaps the primary 
market for the Transrapid. The nearly 
14-mile route between the Orlando air
port and a station near theme parks 
such as Walt Disney World is scheduled 
to open by 1996. Senator Bob Graham 
of Florida wrote nearly $98 million into 
the highway bill for this $600-million 
project, a collaboration between Japa
nese, German and U.S. companies. Am
trak would operate the line. 

The Florida maglev will be a close
ly watched train, an early indicator of 
whether the technology will prove finan
cially viable anywhere. "People visiting 
Florida will be on vacation, interested in 
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a novelty ride and willing to pay slight
�y more," says Edith B. Page, a former 
senior associate with the congressional 
Office of Technology Assessment (OTA) 
who supervised an agency report on 
maglev. "If maglev doesn't make it in 
Orlando with existing technology, it's 
going to be very difficult to find the 
right niche for it." 

The U.S. is counting on the inter
agency National Maglev Initiative to 
weigh the feasibility of designing and 
producing a domestic maglev or, alter
natively, licensing the technology from 
abroad. Reports from the U.S. Army 
Corps of Engineers, the Department of 
Transportation and the Department of 
Energy as well as a number of private 
contractors are due to be published 
by the spring of 1993. Analyses range 
from revenue and ridership prospects 
to the impact of noise and electromag
netic fields. Four NMI teams are trying 
to sketch out ideas of what a uniquely 
American maglev would look like and 
how U.S. technology could surpass the 
prototypes already assembled by the 
Japanese and Germans. 

One team is headed by Grumman 
Corporation from Moynihan's home 
state of New York. Grumman worked 
on a 1960s-vintage hovercraft and has 
gathered six other engineering organi
zations onto the team. Even before the 
results of the NMI are released, Grum
man has joined a group of companies 
that is attempting to put together a 
plan for a possible maglev line from 
Washington, D.C., to Baltimore. Richard 
J Gran, who launched the company's 
maglev effort, helped to design the dig
ital flight control system for the cap
sule that descended to the moon dur
ing the Apollo program. "That was sev
eral orders of magnitude more difficult 
as a technical feat than building a mag
lev," he comments. 

The Grumman maglev proposal for 
the NMI is a hybrid of the German and 
Japanese work. Uke the German deSign, 
the vehicle wraps around the guideway, 
preventing it from leaving the track. 
The vehicle levitates at all speeds and 
so does not need wheels for takeoff, as 
does the Japanese prototype. And the 
level of magnetic fields produced by 
the Japanese maglev, enough to affect 
a pacemaker in some areas within the 
vehicle, is minimized in both the Ger
man and Grumman vehicles. The fields 
in the German and Grumman systems 
are absorbed by the iron in the vehicle 
magnets and by the steel in the guide
way. The possible health effects of elec
tromagnetic fields could become an is
sue in operating maglevs. 

Taking these design elements as a 
starting point, Grumman has tried to 

make improvements on the basic Ger
man system. Levitation using attracting 
magnets is inherently unstable. Once ac
tivated, the magnets that wrap around 
the bottom of the guideway are pulled 
upward toward a steel rail. If the mag
nets get too close, they will adhere to 
the rail; if they drift too far away, they 
will be pulled down by gravity. 

In the Transrapid system the magnets 
are only powerful enough to maintain 
an air gap of about three eighths of an 
inch between the train and the guide
way. Each stretch of guideway must 

be made almost as smooth as glass so 
that the vehicle does not graze the met
al, an obvious safety concern at high 
speed. These precision tolerances could 
be misaligned by wind, temperature 
variations or vibration, which might re
quire frequent and costly adjustment. 

Instead Grumman proposes to avoid 
the tight clearances by combining small, 
conventional magnets with supercon
ducting magnets similar to those em
ployed by the Japanese. An electric cur
rent in the nonsuperconducting mag
nets can be varied by a digital control 

LINEAR SYNCHRONOUS MOTOR employs alternating current to generate a magnetic 
wave that travels along with the vehicle. These time-varying fields interact with the 
vehicle magnets to push and pull the vehicle along. This design is from a Japanese 
prototype. Most other maglevs are fitted with their own version of these motors. 

1970-VINTAGE MAGLEV PROTOTYPES are shown from Japan (upper left), from Ger
many (bottom left) and from the Stanford Research Institute (right) in the U.S. 
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system to preserve the separation be
tween the vehicle and the guideway. 
The high overall magnetic flux pro
duced by the superconducting magnets 
allows a separation of two inches to 
be maintained, avoiding the need for 
frequent realignments of the guide
way. "These are bridge-type toleranc
es," Gran says. 

A larger separation between the ve
hicle and the guideway is a design goal 
of other NMI developers as well. But 
Transrapid officials assert that Grum
man and other prospective developers 
may discover, as did the Germans, that 
a small gap between guideway and ve
hicle is needed to ensure a smooth ride. 
"The Transrapid concept is the right 
concept; most other ideas were discard
ed 10 or 20 years ago in Europe," claims 
Manfred Wackers, president of Trans
rapid International. 

Make or Buy 

Because up to 80 percent of the costs 
of a maglev system may go to build the 
guideway, all the NMI teams are trying 
to prove that they can reduce these mul
tibillion-dollar capital investments by 
designing lightweight, inexpensive and 
easy-to-assemble structural supports. 
Bechtel, which has been involved with 
civil engineering projects ranging from 
railroads to interstates to nuclear pow
er plants, leads an NMI team that has 
proposed using a guideway consisting 
of a narrow, hollow box beam about 
five feet wide. 

Minimizing materials and labor could 
bring costs down to between $10 mil
lion and $15 million a mile, half of 
some U.S. developers' estimate for the 
Transrapid guideway and less than the 
expense for a new mile of highway in 
some urban areas. Wackers of Trans
rapid asserts that the cost for a two
track guideway would range from $20 
to $25 million. U.S. proposals, he as
serts, may prove even more expensive. 
"Nobody in the U.S. has experience 
manufacturing guideways; they're just 
drawing pictures of cross sections." 

Not everyone sees the necessity for an 
all-American maglev. Richard A. Uher, 
a Carnegie Mellon University research
er who worked for Westinghouse Elec
tric when the company was involved in 
studies of high-speed trains in the late 
1960s, believes that the desire to better 
the German and Japanese work is mis
guided. Uher contends that the NMI 
will turn up no more than cosmetic im
provements to the more than 20 years 
of unbroken overseas research. 

During the mid-1980s, Uher helped 
to organize a group of steel producers, 
unions and community groups to form 

Maglev, Inc., a corporation that would 
use technology licensed from Transrap
id to create a regional maglev manu
facturing industry around Pittsburgh. 
Uher's group wants to use the money 
authorized in the highway bill to build 
a 19-mile route from the Pittsburgh air
port to the city center, the first link in a 
network that would gradually spread 
from Pittsburgh to eastern Pennsylva
nia, Ohio, West Virginia and Maryland. 
"It doesn't matter where a technology 
is invented; it matters where it is manu
factured," Uher says. 

Whether it is homegrown or not, rid
ing a high-speed maglev will be a very 
different experience from taking a Sun
day drive in the country. The maglev 
provision in the recent highway bill 
would use the land adjoining the inter
states to build the looming guideway 
structures. But curves on the interstates 
were created for automobiles travel
ing at maximum speeds of 70 miles 
an hour. 

A train traveling three to four times 
that speed must either slow down and 
speed up frequently or diverge a mile 
or so from the interstate to avoid sub
jecting a passenger to unreasonable 
gravity forces. "You can't track the cen
terline of the highway within comfort
able parameters without making the 
ride like a roller coaster," says Steven 
G. Carlton, who heads a study at Martin 
Marietta for the NMI. 

Other experts argue that passenger 
discomfort caused by the effects of cen
trifugal forces can be offset by banking 
the track or tilting the train. Grumman 
has proposed banking the guideway up 
to 15 degrees and allowing the vehicle 
to tilt another nine degrees. All but 
four of the turns on the New York State 
Thruway could then be negotiated at 
250 miles per hour without leaving the 
highway area. 

Kolm's magneplane [see "Electromag
netic Flight," by Henry H. Kolm and 
Richard D. Thornton; SCIENTIFIC AMER
ICAN, October 1973] forwards the most 
extreme notion. Magneplane's curving 
trough over which the vehicle glides 
like a bobsled allows coordinated bank
ing at angles of 45 degrees-equivalent 
to an aircraft maneuver of simultane
ously adjusting the rudder and aileron 
to turn in the vertical (yaw) and longi
tudinal (roll) axes. Kolm suggests that 
the experience may be one that people 
will grow into. "If Mozart woke up and 
rode in an automobile, he might find it 
disconcerting. But after 10 times he 
might find it enjoyable," Kolm says. 

Researchers at the Department of 
Transportation's John A. Volpe Nation
al Transportation Systems Center in 
Cambridge, Mass., are taking passen-
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MLU002, a Japanese maglev proto
type destroyed in a fire last year, has 
superconducting magnets that inter
act with metal coils in the guideway's 
side walls. Magnetic fields induced in 
the coils create a repelling force that 
lifts and stabilizes the vehicle four 
inches above the guideway. 

TRANSRAPID 07, the German mag· 
lev that is being readied for commer
cial service, is built with nonsuper
conducting magnets attached to the 
vehicle. These magnets are attracted 
upward to within an inch of a steel 
rail on the guideway. 

MAGNEPLANE'S superconducting 
magnets induce repelling forces in 
the aluminum-sheet guideway, which 
levitates the vehicle by six inches. 
The trough-shaped guideway allows 
banked turns of up to 45 degrees. 
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Exercises in Levitation 

MLUOO2 

r---------Gu�DANcE WHEEL 

...__--LEVITATION AND 
GUIDANCE COIL 

----PROPULSiON COIL 

f-__ --� ___ --I. �H_+_-------SUPERCONDUCTING 
MAGNET FOR 
PROPULSION, 
LEVITATION 
AND GUIDANCE 

------WHEEL FOR 
TAKEOFF AND 
LANDING 

TRANS RAPID 07 

..--- GUIDANCE MAGNET 

�---PROPULSION COIL 
AND STEEL RAIL 
FOR LEVITATION 

-----LEViTATION AND 
PROPULSION 
MAGNET 

MAGNEPLANE 

'\... ���=='�====�7'�:7L-+-------- SUPERCONDUCTING 
LEVI TATION MAGNET 

�--- SUPERCONDUCTING 
PROPULSION 
MAGNET 

-----PROPULSiON COIL 

gers in a leased corporate jet to expose 
them to the type of ride that would be 
experienced when careering back and 
forth into 2S-degree banked turns. "To 
be blunt about it, these systems will 
not provide the ride of a 747 at 40,000 
feet," says E. Donald Sussman, chief of 
the operator performance and safety 
analysis division at the Volpe center. 
"The question is what is needed for 
passengers not to reject it." 

Another concern is the noise from a 
maglev, particularly the "startle effect" 
of a train traveling at 300 miles per hour 
suddenly bearing down on motorists 
or a homeowner raking leaves. At top 
speed, noise reaches a deafening 100 
decibels 80 feet from the guideway, 
substantially higher than the roar of a 
heavy truck passing a motorist driving 
with the car windows down, according 
to Carl E. Hanson, a consultant for the 
NMI. A maglev nearing a city at speeds 
below 200 miles per hour registers a 
more tolerable 80 decibels, about the 
equivalent of a passing city bus. 

DeCiding on what G forces an in
firm couple can withstand when taking 
the weekend maglev shuttle to visit the 
grandchildren may be a simple propo
sition compared with the institutional 
arm twisting that will be needed to rally 
the government behind a radically new 
means of transportation. Passenger rail
road travel in the U.S. is negligible, ac
counting for 1 percent of trips between 
cities. As a consequence, the Federal 
Railroad Administration in the Depart
ment of Transportation has had little 
experience in administering ambitious 
technology research and development 
programs for passenger trains. In fact, 
much of the agency's time is spent en
forcing safety regulations. 

So Moynihan's subcommittee, which 
has jurisdiction over the U.S. Army 
Corps of Engineers, set out to enlist 
the agency's civil engineering expertise. 
In an address to the Senate last year, 
Moynihan referred to the corps as a 
valuable but sometimes poorly utilized 
resource. Why, he asked, had the corps 
designed and supervised more con
struction in Saudi Arabia than in the 
U.S. during the early 1980s7 ''In the 
course of this foreign adventure, we 
built, among other things, 46 mosques," 
he said. "That's excellent as a limited 
exercise, but even mosque building can 
be carried to excess." 

Moynihan's vision is not necessarily 
in step with that of the administration. 
Maglev occupies one page in the na
tional transportation policy, a 129-page 
document whose bright photographs 
give it a marked resemblance to a cor
porate annual report. The document, 
published by the Department of Trans-
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portation in 1990, embraces the concept 
of intermodalism-planners' jargon for 
getting different forms of transporta
tion to complement one another-a 
train-to-the-plane, for example. 

If one looks more closely, the admin
istration's readiness to move beyond 
the decades-old reliance on automobile 
and air transport is equivocal at best. 
The policy restates the opposition to 
paying for the shortfall in Amtrak op
erating costs that are not met by pas
senger fares and for capital improve
ments for 40-year-old rail cars, a hard
edge position that has now begun to 
ease slightly. The policy document fur-

ther emphasizes that private investment 
will be the "central feature" in building 
a maglev. 

Transportation analysts question 
whether the huge capital outlay for any 
high-speed rail project can be economi
cally justified under present poliCies. In 
a report issued last year, the congres
sional Office of Technology Assessment 
compared maglev with other means of 
intercity transportation, including jets, 
conventional trains, other forms of high
speed trains and tilt-rotor aircraft (those 
that take off like a helicopter and fly like 
an airplane). On a New York to Wash
ington, D.C., route, maglev registered 

A Train without Seat Belts 

the highest capital costs, some $7.4 bil
lion for both vehicle and the guideway 
using the Transrapid. Over time, though, 
maglev would have the lowest operat
ing expenses of the various technolo
gies surveyed. The 3.4 cents per mile 
for each train is about half the cost per 
seat-mile for a jetliner. 

Even so, Edith Page, former OTA of
fiCial, told Congress that spending a 
billion dollars on maglev technology 
would fail to yield a U.S.-developed sys
tem that would be ready to carry pas
sengers at the end of six years. Even if a 
maglev route were ready, people might 
not use it. "People make travel decisions 

M
aglev is an endorsement of a technology with 
much promise and little proof. Not so other forms 
of high-speed rail transportation. Japanese bullet 

trains, the French Train it Grande Vitesse (TGV) and the like 
have, in total, carried billions of passengers at top speeds 
approaching 200 miles per hour-virtually without mis
hap. Europe is planning a continent-wide network of high
speed rail links, extending all the way to eastern Europe. 

rail can't do better," asserts Vukan R. Vuchic, a professor of 
transportation engineering at the University of Pennsylvania. 
Whether higher speeds are really needed is an open ques· 
tion. As speed mounts, say, from 200 to 300 miles per hour, 
time savings dwindle, and energy costs rapidly increase. 

Unlike a maglev, the TGV would be familiar to the rail
road builders of the early part of the 19th century. A TGV 
could pull into Union or Penn Station on standard-gauge 
tracks. It also retains the character of an old-fashioned 
train, replete with dining car and lounges. A seat belt is 
nowhere to be seen. 

T he U.s. may soon get to judge the merits of convention
al high-speed rail against maglev. 
A maglev project in Orlando, Fla., 
is scheduled to begin operation in 
1996. Meanwhile the state of Tex
as last year granted a franchise for 
a high-speed rail route to a consor
tium led by Morrison Knudsen, the 
civil engineering and construction 
firm. T he group, which includes 
GEe Alsthom, the manufacturer of 
the TGV, plans to build high-speed 
links between five Texas cities by 
the year 2000. One small detail: al
most all of the $7 billion in private 
financing must still be arranged. 

The maglev half of this debate demands a leap of techno
logical faith. Although the conventional train has traveled 
faster than anyone could ever have foreseen, maglev en
thusiasts still contend that this technology is nearing the 
limits of about 175 years of development: ramming a 300-
ton train down an unbending stretch of downhill track at 
more than 300 miles per hour will overstress both track 
and train in actual day-to-day service. "I wouldn't have liked 
to have been a passenger on the TGV that made the record," 
says Manfred Wackers, president of Trans rapid International, 

the maglev developer. "You should 
have seen the film of how the 
wheels were dancing on the rail 
and the sparks coming from the 
catenary. T his is not something 
you can have in daily operation." 

Technical challenges abound in 
making still roughshod maglev de
signs into a technology that pas· 
sengers will pay to ride. In some 
ways, it is like molding a roller 
coaster into a public transporta
tion vehicle. But Henry H. Kolm 
and other maglev designers con· 
tend that, even if the speed fac
tor is discounted, maglev displays 
qualities unknown to the railroad 
designer: rapid acceleration and 
braking, an ability to climb steep 
grades and bank at sharp angles 
on narrow, curving guideways, 
operation with single vehicles at 
tight time intervals like an auto
mobile on the freeway, and low 
maintenance costs because of 
lack of contact between the vehi
cle and the guideway. 

To some, these conventional 
rail systems hold a technological 
edge over maglev. By attaining 
a speed of 320 miles per hour 
in 1990, the TGV nearly achieved 
the world speed record for a train, 
faster than any maglev, except for 
an unmanned Japanese prototype. 
Although the record was set on a 
test run, the French National Rail
ways wants to lay down sections of 
new TGV track to handle trains run
ning at 250 miles per hour, about 
the speed projected for many mag
levs. "At the moment, there is 
nothing that maglev can do that TGV reaches 320 miles per hour. 

If, in the end, the technology 
does not fly commercially, a turn
of-the-century theme park may 
buy the patents. 
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based on cost an'd convenience," Page 
says. " It still isn't clear that this tech
nology is a cost-effective competitor 
to the automobile on the low end, the 
train in the mid end and air on the high 
end." (Page recently left the OTA to 
work in Bechtel's  Washington office.)  

Whether a maglev-or any type of 
high-speed train-would attract enough 
riders is another uncertainty. A commit
tee of the National Research Council 
tried to tackle the question of wheth
er a high-speed rail system could pay 
its own way under a highly optimistic 
assumption. The study projected what 
would happen if all passengers who 
travel the most heavily used air routes 
switched to a high-speed train, while still 
paying airline fares. Its conclusion: rev
enues from only the most traveled of the 
routes studied-San Francisco to Los 
Angeles-would be enough to exceed 
the capital and operating expenses. 

Maglev will not become a reality with
out a federal helping hand. Land grants 
helped to build the railroads. Trust 
funds raised billions of dollars for air
port and highway construction out of 
ticket and gas taxes.  

A blueprint for financing new trans
portation technology may be found in 
the highway bill. The bill, much of which 
bears the imprint of Moynihan, has now 
taken on the ponderous name of the 
Intermodal Surface Transportation Effi
ciency Act of 1 9 9 1 ,  sometimes contract
ed simply to Ice Tea in speech. A reader 
has to move past the cover to find the 
word "highway. "  The bill takes the un
precedented step of allowing state and 
local planners to channel a substantial 
percentage of trust money set aside for 
roads to other forms of transportation. 
Under the new law, up to nine out of 
every 14 cents of federal tax paid on a 
gallon of gas can be diverted from high
way programs, for everything from sub
ways to bicycle paths. 

In previous highway legislation, a pen
ny and a half was set aside, but only for 
mass transit. The new bill also lets states 
use federal highway land for building 
a route for a maglev or another high
speed train. A proviso that would have 
let states use discretionary dollars for 
tracks and vehicles for high-speed rail 
proj ects-seed money that could have 
attracted private capital for a maglev 
project-was dropped because of a ju
risdictional dispute between two com
mittees in the House of Representatives. 

Some maglev zealots wonder wheth
er the administration may be trying 
to kill the prototype program altogeth
er by requesting that no money be ap
propriated for this no-holds-barred ap
proach to technology development. 

Indeed, the breakneck pace advocated 

by Moynihan may be a mistake. Trans
portation planners note parallels with 
other potentially revolutionary technol
ogy whose acceptance has been retard
ed because of an overstressed and un
structured development process. A " Peo
ple Mover,"  a driverless rubber-tired 
train car that runs on a concrete guide
way, was built in the 1 9 70s in Morgan
town, W.va. Like maglev, it was billed as 
a substitute for the automobile. Costs on 
the project climbed from a low estimate 
of nearly $ 1 4 million to $ 1 1 8 million. 

Too hasty a maglev effort-one that 
tries to resolve sticky design issues 
while readying a system for fare-paying 
passengers-could be programmed for 
failure. " If you try to put in a system at 
$ 1  billion and it costs $ 5  billion and no
body uses it, then it will be dead for the 
next 50 years," says Peter Benjamin, di
rector of planning for the Washington 
Metropolitan Area Transit Authority 
who was involved with the Morgantown 
project when he worked for the Urban 
Mass Transportation Administration. 

From Macy's to Bloomingdale's 

A carefully paced maglev program 
will still require new thinking about how 
to use an air train. Those who favor the 
technology say it is wrong to conceive 
of a route map as if it were just a series 
of lines connecting Penn Station in New 
York to Union Station in Washington. 
As experts suggest, a maglev may fail to 
draw enough travelers away from the 
automobile and airplane. 

One response to naysayers is a sim
ple sentence written into Moynihan's 
maglev program that calls for develop
ers to design and build a switch to di
vert vehicles to stations off of a main 
high-speed line, like an exit from an in
terstate. This would allow the technolo
gy to adapt to the reality that most pas
sengers for this ground-based aircraft 
today are suburban dwellers,  not deni
zens of the central cities .  "A train does 
not meet the demographics of this 
country," Kolm says. " People no longer 
go from downtown to downtown-they 
go from shopping mall to shopping 
mall at I S -mile intervals."  

An electronic switch that lets a ve
hicle move from one track to anoth
er at nearly full speed would improve 
on the more primitive electromechani
cal systems demonstrated so far by the 
Germans and Japanese. A sophisticated 
switch would allow an American mag
lev to fulfill the vision of a maglev as a 
hybrid, one that incorporates the char
acter, not just of a plane or train, but of 
the automobile or jitney as well. These 
single-vehicle maglev cars carrying 1 40 
passengers could follow one another 

within the space of a minute. East She
boygan and its outskirts could be served 
as well as Milwaukee.  Where access to 
the central city is required, the inter
states ,  which Moynihan had wanted to 
route around the metropolis , may now 
redeem themselves by giving access to 
a downtown business district. 

Argonne National Laboratory, with 
expertise in both magnetic technology 
and transportation planning, looked at 
maglev as a surrogate for the airplane. 
An Argonne study found that the tech
nology could serve as a replacement 
for commercial airplanes on routes of 
less than 600 miles in length. " It 's  like 
flying a train next to the interstate, "  
says Laurence E .  Blow, a member o f  Ar 
gonne's technical staff. "You can't think 
about maglev from traditional planning 
assumptions. " 

Maglev is the kind of technology that 
holds an allure for elder statesmen, 
transportation visionaries and the type 
of scientist or engineer who, one might 
argue, should be eased into retirement 
with a tall stack of science fiction books. 
But as Moynihan points out, technolog
ical innovation is sorely needed to re
verse flagging productivity in the trans
portation sector. Most of Ice Tea is a 
hodgepodge of programs that preserve 
or improve on the status quo by main
taining existing highways and helping 
to upgrade or build new transit sys
tems. The risk-laden maglev program 
consumes about a half of a percentage 
point of the $ 1 5 1  billion allocated for 
the coming six years. 

In recent years, Kolm has devoted his 
energies to a variety of projects, includ
ing the design of electromagnetic coil 
guns for the U.S. Army. Harnessing the 
inventive spirit of a Kolm for some
thing besides an armor-piercing weapon 
against tanks might be worth a gamble 
that still amounts to about a third of the 
cost for a Seawolf submarine. Moreover, 
it might also prove that the federal gov
ernment is capable of doing a little more 
than just trickling money for fixing 
bridges and potholes. " The country is 
being run by MBAs," Kolm grouses. 

But maglev pioneer James Powell says 
it with a touch more reflection. " The 
whole spirit of America of the last cen
tury was one of people who were in love 
with doing new technology and people 
who did not let the difficulty and bigness 
of the step stand in the way of progress. 
People were fascinated by doing the Pa
nama Canal. That sort of spirit has gone 
away. Something's wrong. For whatever 
reason, we've tended to lose the drive 
and willingness to do difficult things." 

Research for this article was supplied 
by Deidre Berger in Frankfurt and Tom 
Koppel in Tokyo. 
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SCIENCE AND BUSINESS 

Material Help 
Bioengineers produce 
versions of body tissues 

S
ince the late 1970s cellular biolo
gy, protein chemistry and bioengi
neering have opened insights into 

the ways cells congregate and function. 
These observations have provided the 
framework for a promising multidisci
plinary technology known as tissue en
gineering. "Tissue engineering is like an 
orchestra," says Ron Cohen, vice presi
dent for medical affairs at Advanced 
Tissue Sciences (ATS) in La Jolla, Calif. 
"Everyone has been off studying their 
own instrument for 12 years, and now 
they're coming together to play Mozart." 

Research on tissues such as skin, car
tilage, bone, liver, intestine and ligament 
is proliferating. Harvard University, the 
Massachusetts Institute of Technology, 
the University of California at San Die
go and the University of Michigan are 
among the most devoted academic pro
ponents. A TS, which is now in the pro
cess of acquiring Neomorphics in Cam
bridge, Mass., is leading the way to mar
ket, followed by Organogenesis and 
BioSurface Technology, both in Cam
bridge, LifeCell in The Woodlands, Tex., 
and Skeletech in Cleveland, Ohio. More 
companies are expected to spring up. 

CHARLES A. VACANTI displays ears molded from a biodegradable polymer de
signed to support the growth of cartilage cells. Photo: Stanley Rowin. 

"There is never enough tissue to go 
around in any kind of reconstructive 
surgery," points out Joseph P. Vacanti, 
director of the liver transplantation pro
gram at Children's Hospital in Boston. 
Cadavers cannot supply living material; 
animal tissue is rejected. So surgeons 
harvest what they can from other areas 
of the patient's body, filling in where ap
propriate with pieces of metal or plastic. 
A supply of cultured tissue could pro
vide a way to heal children born with se
vere facial deformities or missing sec
tions of intestinal tract; it could enable 
surgeons to treat people disfigured by 
burns, cancers and traumatic accidents 
and those whose joints have been erod
ed by hard use, arthritis or disease. 

Tissue engineering might even help 
relieve the chronic shortage of trans
plantable organs. It was the scarcity of 
transplant livers, resulting in the death 
of young patients in his care, that 
caused Vacanti to think: "If we can't get 
the organs, let's make some." Today a 
liver tissue model he began developing 
in 1986 with Robert Langer, a chemical 

engineer at M.I.T. who specializes in 
biomaterials for drug delivery, has ad
vanced enough to prolong the life of 
a rat for three months. Artificial livers 
suitable for testing in humans are still 
years off, Vacanti acknowledges, but 
Neomorphics, the tiny company that 
funds the two researchers, is creating 
less complex tissues such as cartilage 
that should be ready sooner. 

Langer and Vacanti are not the only 
ones in the field whose initial goals have 
been reoriented toward more immedi
ate objectives. "We decided to focus on 
growing the tissues with the broadest 
applications," says Cohen of ATS. At first 
the company, called Marrow-Tech on 
its founding in 1986, intended to grow 
marrow taken from people when they 
were young and healthy and store it for 
possible future genetic therapy. But ATS 
officials soon realized they would need 
to get a product to market sooner. 

ATS deliberately started slowly. The 
firm's first product, a skin substitute 
trade-named Skin 2, was launched com-
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mercially in November 1990. It was de
signed to measure drug and cosmetic 
toxicity but was not expected to pro
tect a body. "What we learned from our 
toxicology kits we rolled into a skin 
product suitable for burn victims," Co
hen explains. 

The resulting Dermagraft is a fine 
biodegradable mesh seeded with fibro
blasts from the subsurface layer of 
skin known as the dermis. The artificial 
skin, which is being evaluated in 150 
patients at 12 burn centers across the 
country, provides a healthy, living bed 
for epidermiS taken from undamaged 
areas of the patient's body. The prod
uct is meant to obviate the deep graft 
patches now cut from normal skin. Co
hen anticipates that Dermagraft may 
heal better than adult skin, because the 
polymer matrix is strewn with cells 
gathered from neonatal foreskins. Fetal 
tissue does not scar, he notes. 

ATS is already testing Dermagraft in 
ulcers that arise in the legs because of 
poor circulation. The firm will soon as-
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CARTILAGE CELLS fill in gaps between 
polymer fibers. Photo: C. A. Vacanti. 

sess the product in other types of skin 
ulcers where abnormal subsurface tis
sue discourages normal epidermal cells 
from migrating into the wound. "Now 
we're taking what we learned with skin 
and applying it to cartilage, another tis
sue that the body has no capacity to re
generate," says Gail K. Naughton, the 
firm's chief operating officer. 

"The optimum replacement for carti
lage-whether it's in chins or cheeks or 
joint linings-would be your own carti
lage," says Charles A. Vacanti, Joseph's 
brother, who is by formal training an 
anesthesiologist and lately a researcher 
into the mechanisms of cartilage and 
bone growth. On the black counter of 
his laboratory at Children's Hospital sit 
molded polymer ears and disks ready 
for seeding with various cell types. Va
canti is collaborating on optimizing 
biomaterials for cell growth with Lin
da G. Cima, an associate professor at 
M.I.T., formerly of Langer's laboratory. 

An orthopedic surgeon could scrape 
some cartilage from a knee, for instance, 
while doing the customary investiga
tion with an arthroscope. The biopsied 
tissue would then be exposed to an en
zyme to degrade the matrix that sur
rounds the cartilage cells, called chon
drocytes. Once the cells are freed, they 
begin to multiply. Letting the cells ad
here to a porous polymer that degrades 
as they grow encourages them to form 
a structural matrix of their own. 

"If you put the proper amount of cells 
on the right kind of support, you end 
up with new cartilage that's just like 
the real thing," Vacanti says. The labo
ratory-grown substance he proffers is 
virtually identical to cartilage being re
moved from a fresh cow shoulder down 
the hall, he asserts-in chemical make
up as well as appearance. But verifying 
the material's performance in the body, 
such as its ability to bear weight, will be 
up to companies and the Food and Drug 
Administration, he cautions. 

The most effective support yet used 
for growing cartilage is a tufted mass of 
polymer fibers that looks like a teased 

cotton ball. In rabbit knees where artic
ular cartilage had been removed, the 
polymer enabled 80 percent regrowth of 
that tissue-a feat never before achieved 
without some means of containing the 
cells to prevent dispersal, Vacanti boasts. 
He thinks the polymer might have per
formed even better if he had given the 
cells more time to grow in the matrix 
before implanting it. 

The rate at which cell-supporting 
polymers dissolve is one of the most im
portant factors in the creation of substi
tute tissues. Ideally the matrix should 
degrade as cells grow into organized 
masses. To achieve this, Langer and his 
colleagues Antonio Micos and Denise 
Barrera are varying the quantities of in
gredients in biomaterials such as poly
lactic glycolic acid (PLGA), which is used 
for sutures and drug delivery. 

The idea is to get as many cells as 
possible into a synthetic support in or
der to obtain a huge surface to volume 
ratio, Langer explains. In this way, the 
substitute starts out more like normal 
tissue and results in speedier healing. 
"We used to use sheets and films of 
polymer, but you can't get many cells 
in," he reflects. "Then we thought about 
how nature solves the problem, and 
you can see the answer in seaweed, in 
trees, in lungs-it uses a three-dimen
sional branching structure to grow. We 
want to design polymers that way." 

"Frankly," Langer observes, "the more 
the cell biologists learn, the better it is 
for us chemical engineers. Their work 
tells us what to build." For instance, ad
hesion molecules on cell surfaces have 
recently been discovered to help neigh
boring cells maintain their differentiat
ed states. If mimics of these sequences 
could be attached to a polymer, they 
might keep cells functioning as intend
ed. Barrera may have just made a signif
icant step toward this goal by inserting 
into PLGA an amino acid that can serve 
as an attachment site for other mole
cules. If the new polymer is reproduc
ible, she says, "we could graft on what
ever biologists determine is important." 

Tissue engineers are enthusiastic 
about the opportunities awaiting their 
technologies. Surgeons, the engineers 
say, could use computer-aided manu
facturing programs to produce syn
thetic cellular supports in the operat
ing room or select pre-molded shapes, 
such as ears or sockets or triangles that 
stack into a nose. Polymers could re
lease growth factors as they degrade in 
order to boost dividing cells at critical 
times. Artificial tissues may even make 
what is already good that much better, 
by helping to support genetically modi
fied cells in the style to which they are 
accustomed. -Deborah Erickson 
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Hopscotch Policy 
Is the U.S. inching toward 
a strategy for technology? 

T
echnology policy in the U.S. often 
resembles a game of hopscotch. 
Players toss down ideas-such 

as a new institute to channel technolo
gy funding-then try to hop around 
the ideological, bureaucratic and finan
cial objections to advance their cause. 
In the past, these contests have often 
degenerated into squabbles over the 
rules of the game. 

More recently, industry and various 
branches of the government seem in
creasingly eager to agree on a set of 
rules and play together. "The old ani
mosity is beginning to break," declares 
Robert M. White, under secretary for 
technology at the Department of Com
merce. In its place, he adds, is "a dra
matic change in willingness of industry 
and government to work together and 
cooperate." 

Indeed, those who have spent frus
trating years trying to nudge a govern
ment that has eschewed "picking win
ners and losers" toward more support 
for technology development are begin
ning to sound distinctly optimistic. "I've 
been saying for about eight months 
that there's been a turnaround," de
clares Lewis M. Branscomb, who directs 
science, technology and public policy 
at the John F. Kennedy School of Gov
ernment at Harvard University. "Right 
now government policy is changing 
faster empirically than the ideological 
debate is being resolved," he says. 

Government leaders, mindful of ideo
logical snares, are more circumspect. Eu
gene Wong, associate director for indus
trial technology at the Office of Science 
and Technology Policy (OSTP), charac
terizes the changes as "shifting the fo
cus to areas where there is substantial 
agreement"-namely, to generic tech
nologies. White concurs: "I don't think 
there has been an ideological change." 
Nevertheless, the speed at which tech
nology becomes obsolete and the pace 
of competition have "forced us within 
the ideological framework to change 
how we behave," he says. 

A flush of proposals and initiatives 
to extend such a framework are circu
lating around Capitol Hill. Among the 
most controversial is an idea advanced 
by a panel convened by the National 
Academies of Sciences and Engineering 
and chaired by former Secretary of De
fense Harold Brown. After reciting the 
usual litany of government responsibil
ities (such as ensuring the economy is 
in working order), Brown's committee 
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lights a firecracker: the government 
should create a "quasipublic" entity that 
will invest in fledgling technology col
laborations between the government 
and the private sector. 

they've got to be accountable for it," 
Branscomb contends. 

experts suggest. "We are entering an era 
in which it is imperative that we link 
our competitive policy and our military 
policy," argues Senator Jeff Bingaman 
of New Mexico, one of the sponsors of 
the current NARPA bill. As described in Brown's report, this 

entity would receive a one-time injec
tion of government financing-on the 
order of $ 5 billion-and then be left 
alone to choose which endeavors it 
should back. In this way, funding deci
sions will be insulated from the pork
barrel politicking that has often dic
tated which way federal monies flow, 
proponents argue. "This isn't a way to 
provide low-cost capital to firms making 
investments," insists John M. Deutch, a 
professor at the Massachusetts Institute 
of Technology and a member of the 
Brown commission. 

Another proposal, one that seems to 
reappear on the congressional agen
da with the regularity of sununer heat 
waves, is gaining more favor. It calls for 
reorganizing the Defense Advanced Re
search Projects Agency (DARPA) into a 
national research agency, dysphonical
ly named NARPA. While continuing to 
explore technologies for the defense 
sector, NARPA would focus more in
tently on so-called dual-use technology 
and reach out to commercial firms that 
have seldom been defense contractors. 

Bingaman has also sponsored a pro
gram that has already survived several 
rounds of political wrangling. Called the 
Critical Technologies Institute, it aims 
to pick up where the OSTP'S March 1991 
report left off. That report offered a list 
highlighting 22 areas of technology con
sidered vital for the health of the U.S. 
economy. 

Instead, Deutch argues, the govern
ment might consider nurturing generic 
technologies considered key to many 
other businesses but perhaps unprofit
able themselves, such as flat-panel dis
play screens. Yet even policy enthusi
asts have raised questions about the 
breadth of the gulf between the taxpay
ers and the spenders. "If people spend 
$5 billion of the government's money, 

In past years, policymakers have 
questioned how readily DARPA could 
switch from serving one client-name
ly, the U.S. military-to satisfying the 
often contradictory needs of the civil
ian marketplace. "There's no support 
for a civilian DARPA in the administra
tion," says Deborah L. Wince-Smith, as
sistant secretary for technology policy 
at the Department of Commerce. 

The Critical Technologies Institute will 
go a step further by providing a formal 
mechanism through which the govern
ment can regularly evaluate emerging 
technologies. The government will ap
point a contractor to be responsible for 
charting technological road maps as well 
as for helping the OSTP coordinate re
search efforts endorsed by multiple gov
ernment departments. One clear sign of 
changing times is that the go-ahead for 
the institute was clinched when Binga
man and the OSTP secured the back
ing of Richard Darman, the director of 
the Office of Management and Bud-

Congress sees the issue differently. 
As the Defense Department itself re
trenches for a period of peace, DARPA 
will have to direct its efforts increasing
ly toward civilian technologies, some 

Biotechnology for Sale, Cheap 

H
as the u.s. biotechnology industry been selling 
off its seed corn? It certainly seems to be doing so 
in transactions with japan, says a National Re

search Council study group. According to the council's re
cent report on U.S.-japan linkages in biotechnology, 90 
percent of technology transfer flows from the u.s. to 
japan. japan returns little but cash in the form of pay
ments to struggling U.S. start-up companies. 

Among the many reasons for the negative flow is Amer
icans' confidence in their ability to stay on the cutting 
edge of technology, observes G. Steven Burrill, co-chair
man of the NRC group. "Americans are always on to the 
next great whatever," he says. "We love the early curve of 
technology development." This tendency is undercutting 
U.S. economic competitiveness, Burrill cautions. While 
this country excels at basic science funded with tax dol
lars and invites others to look on, the japanese focus on 
commercializing research where economic opportunities 
are already firmly established. 

Beyond machismo, the report points to important struc
tural differences in the two countries' corporate and fi
nancial systems. Virtually no small U.S.-style biotechnolo
gy companies exist in japan. Instead pharmaceutical com
panies and other large manufacturing firms there are 
developing biotechnology to diversify into new areas and 
add value to existing products. These well-established 
corporations have been willing to make long-term invest
ments in areas such as biosensors and bioprocessing. 

U.S. biotechnology companLes have been so eager to 
obtain capital that they have not asked for much more 
than cash, the NRC study states. Lopsided deals result, es
pecially when the lure includes access to the coveted jap-

anese market. Yet "technology linkages," such as market
ing, manufacturing and distribution agreements, are not 
the only way that technology travels overseas. Grants 
from ajapanese firm to an individual researcher at a U.S. 
university buy more than contract research. The japanese 
are buying a calculus of research discoveries consolidated 
in any given researcher; the equations frequently include 
laboratory visits and training for foreign scientists. Even 
invitations to specialized conferences can serve as siphons, 
as do overnight faxes that tell all, the report warns. 

"Instead of trying to create a level playing field, the 
more important question is how to compete and win," the 
NRC group concludes. One suggestion is to charge more. 
"If a superpower like japan isn' t willing to support more 
basic research at home, then why shouldn' t they have to 
pay a premium to access it abroad?" challenges Susan Cly
mer, managing director of NichiBei Bio, a San Francisco
based consulting firm specializing in U.S.-japanese bio
technology transactions. Clymer suggests that if Ameri
can companies want japan to bring something to the par
ty, they should negotiate for access to the vast repositories 
of microbial cell lines Japan has collected from all over the 
world. These stores of fungi, plants and bacteria are what 
give japan its strength in fermentation, she notes. 

America's present lead in biotechnology is by no means 
a given. If one-way technology transfer continues and the 
U.S. fails to develop its ability to commercialize research 
globally, japan will once again be poised to seize an enor
mously powerful and profitable technology, the NRC 
study cautions. The shift could be rendered permanent by 
the end of the decade, unless the U.S. learns how to get 
more in return for its research. -Deborah Erickson 

SCIENTIFIC AMERICAN August 1992 117 
© 1992 SCIENTIFIC AMERICAN, INC



get. Once Congress releases the $5 mil
lion earmarked for the institute, the pro
gram is expected to roll into action. 

Also moving steadily ahead has been 
the Advanced Technology Program 
(ATP), administered by the Department 
of Commerce. When the effort was initi
ated by Congress in late 1988, the Bush 
administration extended only grudg
ing acknowledgment-in the guise of a 
$10-million budget in fiscal 1990. But 
gradually the administration has proved 
more generous: it proposed awarding 
$68 million to the ATP in fiscal 1993. 
(Congress still hopes to boost that bud
get beyond $100 million.) 

The Advanced Technology Program 
is spending its resources aggressively. 
In late April it awarded 27 grants for 
innovative technology projects, which 
will be jointly supported by industry. 

Those efforts range from a tiny start
up working on fractal-based signal-pro
cessing techniques to a collaborative ef
fort involving Honeywell and 3M aimed 
at developing neural-network comput
er programs for materials processing. 
"The interesting point is that when we 
map those awards against the OSTP'S 
critical technologies, we find that we're 
building a portfolio that covers all those 
areas," White observes. 

The National Institute of Standards 
and Technology is also playing an im
portant role in pulling together an in
teragency technology road show-the 
National Technology Initiative. Sched
uled to appear in 11 cities between Feb
ruary and July of this year, this multi
agency extravaganza has given local 
businesses a peek into federal research 
projects and offered advice on how to 

Seven-League Boots 

establish partnerships without tripping 
over antitrust regulations. 

Such programs point to a fundamen
tal question that many believe is emerg
ing from the debates over technology 
policy: How does technology move from 
the laboratory to the marketplace? "The 
issue isn't how to invent technology but 
how to race up the learning curve and 
implement technology," asserts Antho
ny Carnevale, president of the Institute 
for Workplace Learning in Alexandria, 
Va. The U.S. will move up this curve 
more rapidly when government and in
dustry help and educate each other, 
rather than quarreling about the rules 
of the game, he adds. And increasingly, 
as the U.S. plays through this round of 
policy hopscotch, it has an eye on the 
international tournament going on in 
the adjacent lot. -Elizabeth Corcoran 

W
hen an earlier generation yearned to "leap tall 
buildings in a single bound" like Superman, "P
F "  Flyers offered springy sole inserts. In the age 

of Marathon Man, high-tech sneakers ballyhoo inflatable 
heels to recover energy that would otherwise merely heat 
the asphalt. 

trampoline." Because standing still without falling can be 
tricky, the company is designing mechanical toes to give 
the feet more purchase on the ground. 

But if you really want to put bounce in your step, its in
ventors say, just strap yourself into aSS -pound contrap
tion called the SpringWalker. It lengthens your stride, dou
bles your leverage and hoards twice as much energy as 
the next most efficient hopper. "We recover about 80 per
cent of the vertical energy," says John Dick, president of 
Applied Motion in Claremont, Calif. "Kangaroos recover 
about 40 percent, by far the best of any animal." 

The goal is not necessarily to compete with pole 
vaulters without the aid of a pole. Instead, Dick says, the 
device will let a wearer lope through a marathon at 
speeds a sprinter might envy. ''The present prototype is a 
little slow," Dick admits, adding that real performance will 
come when the company finishes its 25-pound sports 
model. ''The long-range goal is a bipedal gait of 25 miles 
per hour"-Carl Lewis's average in the 1 OO-meter dash. 

Dick, a physicist who works on atomic clocks for the Jet 
Propulsion Laboratory, and his colleague Eric Edwards, an 
engineer at SRI International, designed the machine for 
fun. Now they hope for profits. They have patented the 
design in the U.s., have patents pending overseas and are 
talking with motorcycle makers, exercise-machine firms 
and the U.S. military. "If it is as much fun as it looks like, I 
take it there will be some money in it," Dick says. 

The SpringWalker is a spidery exoskeleton of levers and 
stilts that straps to the torso and feet and suspends the 
wearer 18 inches above the ground. Pumping the feet 
stretches and relaxes a bungee cord mounted behind the 
operator's back. The shock-absorbing spring leaves joints 
unjarred, a feature that Dick says intrigues such exercise
machine companies as NordicTrack. 

The pedals give a leverage of nearly two to one, length
ening the stride and slowing the bounce cycle. "You don't 
have complete freedom in the rate you' re running," Dick 
says. ''The device has a sort of natural resonance, like a 
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Then there is the possibility of installing a servomecha
nism. Applied Motion is working on a design that would 
add three parts of motor power to every part of leg pow
er. Dick says the military and Yamaha have expressed in
terest in such a "man amplifier." With it, mere mortals might 
outrace Mercury himself. -Philip E. Ross 

BOING!! goes the Spring Walker. Photo: Debra Lex. 
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Check It Out 
A retina on a chip 
eyeballs bad paper 

F
rom The Gap to Acme Supermar
ket, store proprietors are the re
cipients of l3 billion or so per

sonal checks every year, some of which 
are not worth the paper they are print
ed on. A simple technological fix for 
the problem would be a device that, 
like those that approve credit-card pur
chases, recognizes the account infor
mation on a check and automatically 
dials a data base to verify an account 
balance. But conventional magnetic 
check readers have difficulty recogniz
ing account numbers because con
sumers mark and mutilate the docu
ments with aplomb. So only a few re
tailers have adopted the technology. 

A novel approach comes from two 
microchip pioneers, Carver Mead of the 
California Institute of Technology and 
Federico Faggin, who helped to design 
the first microprocessor when he was 
at Intel in the 1970s. Their invention, 
crafted along with Mead's former stu
dent Tim Allen, consists of a new type 
of image sensor and accompanying 
circuitry that mimics the functions of 
the human retina and the visual cortex. 
Mead and Faggin say this product is the 
first commercial application that em
bodies a so-called neural net on a chip. 
Most neural networks to date have been 
programmed in software because of the 
need to make frequent alterations to 
the processing elements and the lack 
of methods to design these specialized 
analog circuits. 

The 1-1000 chip will be manufactured 
by Synaptics, a company founded by 
Mead and Faggin in 1986. Synaptics de
veloped the chip for a check reader 
made by VeriFone, a Redwood City, Cal
if., firm with $188 million in revenues 
that holds 64 percent of the market for 
the credit-card verification machines 
used by retailers. Officials of both com
panies hope the $250 average price of 
the check reader is sufficiently low-a 
fraction of the cost of many conven
tional check scanners-to foster accep
tance by retailers. This type of machine 
might eventually be used to debit a re
tail customer's account automatically. 

There are no established design tech
niques for combining thousands of ana
log transistors to process data all at 
the same time. Synaptics chose to re
duce the risk of the project by mixing 
unconventional circuit elements with 
the building-block design methods es
poused by Mead in his classic textbook 
on integrated-circuit design. This en
abled the company to build a small, in-

MICROELECTRONICS PIONEERS Carver Mead and Federico Faggin are commer
cializing a neural-network chip. Photo: Fran Ortiz/San Francisco Examiner. 

expensive chip that can be manufac
tured by most semiconductor fabrica
tion facilities. "This is a path that could 
lead to massive deployment of neural 
networks," Faggin exclaims. 

The device uses a "silicon retina," sen
sor circuitry that is fashioned to operate 
like the cone receptor cells of the retina. 
Like its natural counterpart, Mead and 
Faggin claim, their device can cope with 
differing light levels and variations in 
ink density as well as other kinds of 
environmental noise. Photodetectors in 
other optical scanners cannot compen
sate for light levels that may vary across 
the image, causing the misidentifica
tion of the bank and customer account 
codes on a check. 

The image formed by the receptors 
of the silicon retina (a simpler version 
of the one described in the May 1991 
issue of Scientific American) is trans
mitted to two neural networks on the 
same chip. Like the visual cortex, these 
networks can be "trained" to recognize 
the subtle differences between similar 
objects, a numeral 3 and an 8, for ex
ample. One of the networks locates a 
character; the other identifies it. 

The recognition circuitry consists of 
14 "neurons," one for each of the char
acters and numerals in the check code. 
Each neuron consists of 400 intercon
nected transistors that are the equiva
lent of the synapses in the brain. Within 
a neuron, each transistor processes one 
of the 400 picture elements from the 

image captured by the retina. The signal 
outputs for each transistor-the prod
uct of the brightness of each picture 
element and a specific value (a "synaptic 
weight") for the transistor-are summed. 
The neuron with the strongest cumula
tive signal "wins." 

Like the human visual system, the 
neural network enables virtually instan
taneous recognition. All 14 neurons pro
cess the captured image at the same 
time, an operation that takes no more 
than a microsecond. Also like the eye 
and brain, incomplete information can 
be processed. As long as the signal from 
a neuron reaches a preprogrammed 
threshold, the character is identified. A 
check number that has been inked over 
may produce a weaker signal, although 
one that is still sufficient for recogni
tion. A conventional digital micropro
cessor then prepares the check data to 
be sent by a telecommunications link 
to the bank for verification. 

The magnetic readers now offered to 
retailers have high error rates that re
sult from misprinting or mishandling. 
For the most part, automatic check 
reading has been confined to the back 
offices of banks. There expensive scan
ners combine both optical (charge-cou
pled devices) and magnetic-sensing ele
ments. The two sensors are often con
nected to Signal-processing computers 
and then larger computers that actual
ly handle the account transactions. 

Synaptics chose a simple application 
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instead of trying to tackle a more ambi
tious problem such as making a vision 
chip for a robot. In a similar way, Fag
gin designed the first microprocessor 
for a desktop calculator, not a super
computer. "I believe in the principle of 
walking before you run," he says. 

The company is studying the design 
of a chip that can recognize counterfeit 
and different denominations of curren
cy. Another deceptively simple chip un
der development can help discern type
printed addresses on envelopes. The 
U.S. Postal Service may be an eager buy
er : more than 40 percent of the letters 
that move through its automatic ad
dress readers cannot be processed by 
the machines. -Gary Stix 

Doomsday Diagnostic? 

A precursor protein may predict 
the risk for Alzheimer's disease 

U
ntil there is a cure, does anyone 
really want to know whether he 
or she will someday get Alzhei

mer's disease? Scientists at SmlA, the 
corporate spin-off of the Salk Institute 
for Biotechnology in La Jolla, Calif., are 
betting the answer is yes. They are pre
paring to commercialize the first pre
dictive diagnostic test for the debilitat
ing, fatal disease. "If it's going to afflict 
the breadwinner in the family, people 
might want to know," declares Steven 
L. Wagner, a smlA biochemist. 

At present, a firm diagnosis of Alz
heimer's disease can be made only af
ter the fact, by autopsy: the brain re
veals characteristic plaques, or lesions, 
of amyloid beta-protein. But SmlA's test 
may work before irreversible symptoms 
appear. It can also distinguish Alzhei
mer's disease from other kinds of de
mentia, possibly helping to redefine 
treatment. The test could also be used 
to monitor the response of Alzheimer's 
patients to experimental drugs as well 
as the progression of the disease. "This 
is not just a doomsday diagnostic," 
Wagner asserts. 

The test, which requires withdrawing 
cerebrospinal fluid, uses a highly spe
cific monoclonal antibody to assay lev
els of amyloid beta-protein precursor 
(APP), a substance that gives rise to the 
protein plaques found in the brains of 
Alzheimer's victims. smlA and its col
laborators have recently published a 
number of papers in such journals as 
the Proceedings of the National Acad
emy of Sciences, Annals of Neurology 
and the Lancet. The articles all con
clude that Alzheimer's disease is asso
ciated with decreased levels of APP. 

"This isn't just any biological marker. It 
is the protein critically involved with 
the disease," says William E. Van Nos
trand, who developed the antibody with 
Wagner at the University of California 
at Irvine. 

Scientists at U.c. I. and their col
leagues at the Free University Hospital 
in Amsterdam, the Netherlands, used 
the antibody assay to test APP levels 
in 16 healthy patients, 13 probable Alz
heimer's patients and 18 others with un
related dementia. APP levels in the Alz
heimer's patients were about 3.5 times 
lower. The researchers contend that 
their findings indicate abnormal pro
cessing of the protein that forms amy
loid deposits. (The association does 
nothing to clarify the ongoing chicken
and-egg debate as to whether amyloid 
causes Alzheimer's or results from it.) 

Other research also demonstrates a 
correlation between the disease and 
decreased levels of APP, the SmlA sci
entists say. For instance, in one study 
the company conducted at the Univer
sity of California at Los Angeles, "we 
were able to pick the severely affected 
guy out, pre symptomatically," Wagner 
says. Four patients at the John Douglas 
French Center in Los Alamitos, Calif., 
had spinal fluid withdrawn before tak
ing an experimental drug; their levels 
of APP were 2.4, 2.3, 1.4 and 0.1 micro
grams per milliliter. "The one with the 
lowest reading was in the best shape at 
the time the trial began," Wagner recalls. 
"Now he's the most afflicted." 

The company has even done some 
postmortem sleuthing to confirm the 
protein's role. "We went back and 
looked at spinal fluid taken from pa
tients three to six years before they 
were autopsy confirmed as having Alz
heimer's," Wagner explains. Few cen-

ters had bothered to store the fluid, he 
recalls, but Mount Sinai Hospital'in the 
Bronx and the University of Washington 
produced some from the deep freeze. 
smlA analyzed the samples, and the 
centers matched their findings with 
pathology reports. The lowest levels 
of APP belonged to patients who had 
the highest levels of amyloid plaques 
throughout their brains, especially in 
the blood vessels there. "We think this 
particular lesion may have the most 
dramatic correlation with our test," 
says Van Nostrand, who now consults 
for smlA. 

smlA anticipates bringing a commer
cial version of the test to market by the 
end of next year, initially via the 25 to 
30 Alzheimer's disease centers across 
the nation. Preliminary versions are cur
rently being evaluated at several of 
these. SmlA's test is never likely to be a 
doctor's office item, but it could cer
tainly be done in a hospital, Wagner 
says. "Cerebrospinal fluid is taken much 
more often than you'd think," he ex
plains, to determine whether patients 
undergoing neurological exams have 
multiple sclerosis, an infection or some 
kind of autoimmune disorder. 

The company will not yet comment 
on the price it will ask for the test. 
"The value is great, especially in terms 
of what it takes to get a result by other 
means," Wagner says. In the meantime, 
SmlA plans to use the assay to evaluate 
its own nascent drug for Alzheimer's 
disease. It would be more convenient if 
scientists could develop a blood test 
for the disease. But that is unlikely be
cause the disorder is confined to the 
central nervous system, Wagner points 
out. He shrugs: "We know the limits of 
our test, but for now there's nothing 
better." -Deborah Erickson 

A Telltale Alzheimer's Protein 
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THE ANALYTICAL ECONOMIST 

Experimenting with the Invisible Hand 

O
ne of the prime tenets of most 
economists is that markets can 
efficiently set prices that match 

the producer's costs with the benefits 
the consumers receive. But what is a 
market anyway? Specialists have iden
tified any number of different methods 
for buying and selling. 

These forms of ritualized haggling 
run a bewildering gamut. There are sin
gle oral auctions in which hopeful buy
ers bid up the price until only one is 
left and double oral auctions in which 
buyers and sellers negotiate for a price. 
Then there are English and Dutch auc
tions in which the price rises or falls 
with the tick of a clock, as well as sealed 
bids, posted prices or prices set by the 
last bidder to drop out. 

It turns out that this is no mere taxo
nomic exercise. The efficiency of a mar
ket depends directly on the method it 
employs. Buyers in sealed-bid auctions, 
for example, tend to pay inflated prices 
because they have no idea what others 
will bid, and the highest estimate wins. 
On the other hand, sealed-bid contract 
competitions give jobs to the lowest 
bidders, even if their prices are unreal
istically low. 

Experimental market economists have 
begun to study the effects of different 
market institutions in a straightforward 
way that might seem alien to econo
mists weaned on huge compilations of 
national data and intricate statistical 
analyses. These mavericks recruit peo
ple to trade in simulated markets, offer
ing them the incentive of the profits 
on their ersatz transactions. Vernon L. 
Smith of the University of Arizona pio
neered the interactive computer-based 
market, which allows programmers to 
look over traders' shoulders and to 
change market rules at whim. 

There is no formal theory of how 
market institutions influence efficiency, 
says Raymond C. Battalio of Texas A&M 
University; inventing one will probably 
require cooperation among game theo
rists and psychologists as well as econ
omists. The good news, however, is that 
theoreticians are beginning to take no
tice that it is possible to do controlled 
economic experiments. As in other sci
ences, theorists and experimentalists 
must cooperate to make sure that ex
periments are actually designed to 

test interesting questions, Battalio notes. 
Some results have already begun to 

come in, and a few theoretical predic
tions have been fulfilled. For instance, 
Nobel Prize winner Ronald Coase has 
argued that companies hire employees 
on long-term contracts because it would 
be too expensive for both sides to ne
gotiate prices on a piecework basis
$50 for a memo, $25,000 for a strate
gic plan and so on. One-shot contracts 
are economically efficient only when 
the value to both parties of the item be
ing bought or sold is clearly defined. 
Battalio created a simulation in which 
traders could decide during each round 
whether they wanted to make one-shot 
or long-term deals. 

When traders had full information 
about one another's costs and benefits, 
they bought and sold at arm's length, 
but when Battalio changed market con
ditions midstream to reduce their in-

The economic efficiency 
of a market depends 
on appropriate 
trading mechanisms. 

formation, they chose employer-em
ployee rules instead. If he started the 
traders out with minimal information 
and later gave them full knowledge, 
traders once again picked the most ef
ficient market institution for each case. 

Battalio also found that two market 
mechanisms may appear identical un
der conventional analysis but differ 
substantially in their practical results. 
He ran a two-part experiment in which 
players had to buy the right to be al
lowed to take part in a second set of 
transactions and found that the eco
nomic efficiency of the second set of 
transactions depended on the market 
institution used for the buy-in. If entry 
to the second round was free, traders 
made mutually unprofitable decisions 
in that round, as they did when Battalio 
used a Dutch auction (in which each 
tick of the auction clock lowers the 
price until someone makes a bid) to 
set the entry price. Then Battalio used 
an English auction, in which each tick 
sends the price higher, and bidders 

drop out until only one is left. Although 
theory predicts that the two mecha
nisms should be identical in their ef
fects, those who made it to the second 
round under the English auction made 
more mutually profitable choices. 

In addition to testing economic the
ories, such laboratory experiments can 
help shape real markets. David P. Porter 
of the California Institute of Technology 
has built an experimental market for sci
entists at the National Aeronautics and 
Space Administration working on the 
Cassini space probe to Saturn. Research
ers designing different experiments can 
trade allocations of funding, mass, pow
er consumption and data-transmission 
requirements among themselves to op
timize the total performance of the 
spacecraft. 

Porter tested a number of different 
market institutions before settling on 
a "smart barter" system in which the 
computer automatically looks for multi
way transactions. In the system, for ex
ample, a researcher working on one in
strument with a surplus mass alloca
tion but not enough cash can strike si
multaneous deals with a second offering 
mass in return for power and a third of
fering power in return for funding. 

Another project of Porter's is a sim
ulated market for air pollution rights, 
which will soon have a real counterpart 
when southern California implements 
tough clean air requirements. Contrary 
to predictions, Porter found that issu
ing "emission shares" to each polluter 
and allowing them to trade as need
ed-so that many shares would never 
trade at all-was just as efficient eco
nomically as a "revenue-neutral auc
tion" in which polluters would have to 
bid for all the shares they needed and 
then split the auction proceeds. 

As the cost of the personal comput
ers required to run them continues 
to fall, new experimental market facil
ities are suddenly springing up. Smith 
cites laboratories in York, Bonn, Frank
furt, Barcelona, Madrid and Grenoble. 
He is also working with groups in Po
land and Hungary to set up laboratories 
that will train people who have never 
traded before to participate in markets 
that do not yet exist. He speculates that 
the formerly socialist countries may 
adopt advanced computer-based trad
ing schemes faster than the West be
cause they have no entrenched institu
tions to slow them down.-Paul Wallich 
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IG�1 MATHEMATICAL RECREATIONS 

The Interplanetary Olympics 

C
laudia Astrochild had traveled for 
three miserable months to the 
planet Mercury so she could pre

side over the annual meeting of the 
Olympic Committee. She detested space 
flight, and even now she felt queasy in 
the low-gravity environment of the plan
et. As president of the Olympic Com
mittee, she felt an obligation to meet 
the planetary representatives face-to
face. But she could not remember why 
she had agreed to hold the meeting 
at the Mercury City Convention Center. 
As she walked into the meeting hall, a 
crowd of reporters attacked her. 

"President Astrochild," one of the 
journalists shouted, "why is your orga
nization spending half its budget to 
hold this meeting on Mercury?" 

"As I have announced, we plan to 
hold the very first Interplanetary Olym
piCS in 2092. It will be a historic occa
sion, but it also presents unprecedent
ed logistic problems. I am meeting with 
all of the planetary representatives here 
on Mercury to sort through the issues." 

"What sort of problems?" another re
porter yelled. 

"All the events will occur at the same 
time on all the planets and the moon 
because we simply cannot transport mil
lions of athletes and spectators around 
the Solar System. The committee must 
find ways to coordinate the activities. 
I should mention that the Interspace 
Broadcasting Company has already paid 
our organization $1 trillion to televise 
the events on each planet." 

"President Astrochild, do you have 
any ideas about how the event will be 
coordinated?" 

"I do. On each world, athletes will 
perform under the supervision of local 
officials. The overall results will be col
lated centrally. We will award medals 
to the competitors who put in the best 
three performances. The same princi
ples will apply for races, but competi
tors will run against the clock." 

"Ms. Astrochild, how can there be any 
meaningful competition if conditions 
differ so much on each planet?" 

"That issue is being discussed. I 
thank you for your questions, and I 
would like to thank the people of Mer
cury, wholeheartedly, for all the cour
tesies they have extended to the Olym
pic Committee." 

Pushing her way through the crowd, 
Astrochild entered the meeting room. 
She asked the delegates to be seated 
and announced the first item on her 
agenda. 

The Lunar delegate, Wilma Crater
son, raised her hand. "Ms. President, I 
wish to raise an objection. I believe that 
jovian athletes will have an unfair ad
vantage in weight lifting because of the 
planet's great diameter." 

"What?" yelled Thomas Headsquat, 
the representative from jupiter. "That's 
ridiculous! " 

"It is well established that weight lift
ers perform best when the event is held 
at high altitude," Craters on explained. 
"Since altitude can be defined by the 
distance from the planet's center and 
since the diameter of jupiter is greater 
than any other planet, the jovians will 
have an enormous advantage." 

"Good heavens, really?" Astrochild 
stammered. "That's amazing." 

Headsquat rose angrily to his feet. 
"Has it occurred to the Lunar delegate 
that jupiter's greater gravity puts its 
team at a considerable disadvantage in 
weight lifting? Gravitational forces make 
much more of a difference than the ef
fects of altitude. In any case, altitude 
should be measured from sea level, not 
the center of the planet." 

"jupiter hasn't even got a sea," Cra-
terson pointed out. 

"Neither has the Moon." 
"It does so. The Sea of Tranquillity!" 
"My dear colleagues," Astrochild 

pleaded. "Let me emphasize that last 
word-tranquillity. We must discuss 
these issues amicably to demonstrate 
to the entire Solar System our commit
ment to good sportsmanship." 

"And sportswomanship," Craterson 
remarked. 

"That's all very well," the delegate 
from Saturn said, ''but you do know that 
strong gravitational forces make it a lot 
harder to jump long distances on Sat
urn than on the Moon." 

Craters on jumped to her feet. "I 
move that the results of the weight-lift
ing competition should be adjusted to 
compensate for the effect of planetary 
diameter." 

"Seconded," barked the delegate from 
Pluto. 

"But that's absolutely idiotic," Head-
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squat screamed. "The Moon has a small 
diameter and low gravity. Anyone can 
lift tons on the Moon, and now you 
want to distort the figures even further 
in your favor!" 

Astrochild sighed. "Fellow delegates, 
we all realize that conditions differ 
greatly across the Solar System. I believe 
we should investigate how those con
ditions influence athletic performance, 
and if need be, we should make adjust
ments to the results on each planet. We 
cannot possibly tackle all the issues 
here. I propose that we set up a sub
committee to discuss the issues. The 
group should clearly involve the dele
gates from the Moon and jupiter, and I 
propose that the delegate from Venus 
should represent the medium-size plan
ets. And assuming we can agree on that, 
I will now move on to the much more 
serious question. How large should our 
sponsors' logos appear on the Olympic 
uniforms?" 

A few hours later Craters on, Head
squat and Alan Blandy, the represen
tative from Venus, convened the first 
meeting of the Subcommittee on Inter
planetary Athletic Fairness. 

"By majority vote, we are agreed that 
diameter is not an important influence 
on weight lifting," Blandy said, receiv
ing a nod from Headsquat and a hos
tile stare from Craterson. "Moreover, 
we are agreed that the main influence 
is gravity and that all masses should 
be multiplied by the local gravitation
al force." 

"That's what weight is," Headsquat 
pointed out. "Mass times gravity. If 
gravity didn't matter, the sport would 
have been called mass lifting." 

"That may be true," Craters on com
mented. "But the sport also requires 
that the athlete lift the weight up as 
rapidly as possible. And there it's a 
question of an impulse rather than a 
sustained force. An impulse is a change 
in momentum, and momentum de
pends on mass, not weight." 

"We will note your dissenting view in 
the final report," Blandy said. "Now to 
the second item on our agenda: track 
events." 

"That's very tricky if you get too de
tailed," Headsquat cautioned. "The best 
we can do is analyze a plausible model. 
I think there's a simplification that will 
suffice for all events except perhaps 
the short races. For now, we need only 
consider the horizontal component of 
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the athlete's velocity. When an athlete 
runs, chemical energy in the body is 
converted into kinetic energy of mo
tion; the important component is that 
which propels the athlete forward. The 
chemical energy Ethat can be generat
ed by the average athlete is the same 
on all member planets. Moreover, the 
kinetic energy is equal to one half the 
mass times the square of the velocity, 
that is, E = liz mv2 where m is the mass 
and v is the velocity. Therefore, the 
velocity is equal to -.JZE/m, which is 
independent of the force of gravity. In 
short, there is no need to adjust for 
gravity in track events." 

"I guess," Craters on responded. "But 
running involves some up-and-down 
motion, too, and that movement de
pends on gravity. Anyway, you're ne
glecting the initial acceleration phase." 

"Which is why I think we need to ex
amine the shorter events more careful
ly. But not right now. As for vertical 
motion, I think it's up to the athletes to 
develop techniques to minimize it." 

They provisionally agreed to recom
mend no compensation for the longer 
track events. Blandy then suggested 
that they discuss the high jump. 

"That certainly depends on gravity," 
Craters on declared. 

"Yes, I agree," Headsquat said. "I 
even have a theory about how gravity 
influences the high jump." 

"Doesn't surprise me," Craters on 
snapped. 

"Think of a jumper whose mass is 
m," Headsquat said. "The athlete can 
leap vertically at an initial velocity v, 
which is related to the impulsive force 
exerted by the muscles and is indepen
dent of gravity. Once again, the initial 
kinetic energy E equals liz mv2. If the 
jumper rises to height h, then kinetic 
energy is converted to potential energy, 
which equals the mass times the force 
of gravity times the height, or mgh. So 
mgh = liz mv2, and therefore h = �. 
That depends on 9 all right. The bigger 
g, the lower the jump." 

"Can I suggest one small correction?" 
Blandy asked. "What you have calculat
ed is the height to which the athlete's 
center of mass can rise. Yet high jump
ers can bend their bodies in such a way 
that they clear the bar but their center 
of mass remains somewhat below the 
bar. To allow for that, I suggest we ap
ply a correction of 0.2 meter." 

"You've forgotten something else," 
Craters on said. "The athlete's center of 
mass doesn't start off at ground level. 
It's about a meter high." 

"I propose," Headsquat said, "that we 
apply a correction of precisely one me
ter. Then the actual height jumped will 
b h 1 

v2 " 
e = + 29' 

"Can we draw up some compari
sons based on that formula?" Head
squat asked. 

"Sure," Blandy replied. "Let's see. 
About a century ago, in 1988, the Olym
pic record for the men's high jump on 
Earth was 2.38 meters, which was set 
by Gennadiy Avdeyenko of the Soviet 
Union. Louise Ritter of the U.S. jumped 
2.03 meters to set the women's high
jump record. Using the formula, I cal
culate that Avdeyenko's vertical veloc
ity was 5.203 meters per second, and 
Ritter's was 4.495 meters per second. 
Had they made the same jump on the 
Moon, they would have reached 9.36 
and 7.24 meters, respectively. And on 
Jupiter, only 1.51 meters and 1.38 
meters." 

"No fair," Craterson cried. "You mean 
the athletes on the Moon must leap 
over a two-story building, whereas the 

Olympic Feats on Other Worlds 

\1' 
o 

An athlete jumps with an initial velocity 
of 5.203 meters per second. At that 
point, his center of mass is one meter 
high. How high will the athlete jump on 
another planet, assuming that air resis
tance and forward motion are negligible? 

h 

1 
An athlete throws a shot at an initial ve
locity of 14.2 meters per second. The 
shot leaves his hand at two meters 
above ground level. How far will the 
shot travel on another world, assuming 
that air resistance is negligible? 

An athlete runs at 10 meters per sec
ond and then jumps at the optimum 
angle with an additional velocity of 
4.076 meters per second. How far will 
he jump on another planet, assuming 
that air resistance is negligible? 

GRAVITY HIGH JUMP SHOT PUT LONG JUMP 
PLANET (METERS PER OPTIMUM ANGLE DISTANCE OPTIMUM ANGLE 

SECOND SQUARED) (DEGREES) (METERS) (DEGREES) 
MERCURY 3.70 43.99 23.60 71.17 

VENUS 8.85 42.69 9.87 71.17 

9.81 42.46 8.90 71.17 

1.62 44.50 53.89 71.17 

3.72 43.89 23.47 71.17 

26.39 39.01 3.31 71.17 

11.67 42.02 7.48 71.17 

11.48 42.07 7.61 71.17 

NEPTUNE 11.97 41.95 7.29 71.17 

PLUTO 1.96 7.91 104.86 44.45 44.54 71.17 
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10 

4.076 cos (71.17°) = 1.315 

3.858 tan�= 11.315 

APPARENT ANGLE of a long jump differs from the angle at which an athlete 
jumps. Consider an athlete who runs at 10 meters per second and then jumps with 
an additional velocity of 4.076 meters per second at an angle of 71.17 degrees. The 
jump adds 4.076 times cos(71.17) meters per second to the jumper's velocity in the 
horizontal direction. The jump also gives the athlete a velocity in the vertical direc
tion, a component equal to 4.076 times sin(71.17) meters per second. The apparent 
angle is therefore 18.83 degrees, as calculated above. 

Jovian athletes need only jump onto 
their desks." 

"Can't argue with the numbers," Blan
dy chuckled. 

"Let's move onto the shot put," 
Headsquat demanded. 

"Right," Blandy said. "Now, it's well 
known that in order to maximize the 
distance traveled, the shot should be 
launched at an angle of 45 degrees. That 
should help keep the analysis simple." 

"It would-except it's wrong," Crater
son sneered. "The 45-degree rule is val
id only for projectiles launched from 
ground level. And shots are launched 
from approximately shoulder height [see 
illustration on preceding page). Assume 
the shot is released from height h above 
ground at which point its velocity is v 
at an angle oc to the horizontal. The dis
tance traveled horizontally is then equal 
to the time in the air multiplied by the 
horizontal component of the velocity, 
that is, t times v cos(oc). (The vertical 
component of the velocity is v sin (oc).) 
Furthermore, at any point, the height of 
the shot equals the initial height plus 
the contribution from the throw minus 
the contribution from gravity. The height 
of the shot is therefore h + vt sin(oc) -

112 gt2. If we ignore air resistance-" 
Craterson paused for a moment to 

fiddle with her wrist computer. "I cal
culate that the maximum distance trav
eled is * -VV2 + 2gh, and to achieve that 
the angle has to satisfy the equation 

sin(oc) = 
v " 

-v2(v2 + gh) 

"Let me check my almanac," Blandy 
said. "Ulf Timmermann of the former 
German Democratic Republic set the 
men's Olympic record by throwing a 
7.25-kilogram shot a distance of 22.47 
meters. The women's record holder, Il
ona Slupianek of the same country, 

lofted a four-kilogram shot for 22.4 1 
meters. If a shot was thrown for 22.47 
meters and was released at the opti
mum angle at about two meters off the 
ground, then its initial velocity was 
14.2 meters per second. The optimum 
angle at that speed was therefore 42.46 
degrees." 

"And on Jupiter?" Headsquat asked. 
"Assuming the same initial velocity, 

the optimum angle would have been 
39.0 1 degrees, and the distance would 
have been a mere 9.43 meters. On the 
Moon, in contrast, the angle would have 
been 44.50 degrees and the distance an 
impressive 126.45 meters." 

"What about corrections for the 
effect of altitude?" Craterson said stub
bornly. The others glared at her. 

"I propose we next consider the long 
jump," Headsquat said, "though we call 
it the horizontal jump, because on Ju
piter it isn't actually very long." 

"Don't forget this time that the ath
lete's center of mass is not at ground 
level," Craters on interjected. 

"I don't think we need to worry 
about that. When the athlete's feet hit 
the sand, the center of mass is almost 
at the same height as it was when his 
feet left the ground." 

"But when jumpers land," Craters on 
inSisted, "they stick their feet way out 
in front and slide into the sand." 

"By Jupiter, it's only an approxima
tion, Craterson!" 

"Headsquat's right," Blandy remarked. 
"We should start with a Simple model. 
Let's assume the height of the athlete's 
center of mass is the same at the be
ginning and end of the jump. We can 
always think about complications later. 
Say the athlete is moving forward at ve
locity v at the beginning of the jump. 
The jumper also exerts an impulse that 
imparts an additional velocity u at an 
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angle oc to the horizontal. I then calculate 
that the optimum angle oc-oh, heck, 
which button do you push on this thing? 
The result must satisfy the equation 

() _v+-Yv2+8u2 
cos oc = , 

4u 

which, curiously, is independent of grav
ity. The maximum distance traveled is 

Zu sin(oc) [v+ u cos (oc») 
g 

and that does depend on gravity." 
Craters on peeked into the almanac. 

"In 1988 Bob Beamon of the U.S. held 
the OlympiC record in the men's long 
jump, 8.90 meters, and Jackie Joyner
Kersee of the U.S. set the women's 
record, 7.40 meters. Assuming Beamon 
approached the takeoff point at 10 me
ters per second and jumped at the op
timum angle, his initial velocity u works 
out as 4.076 meters per second. The 
optimum angle is 7 1. 17 degrees." 

"That can't be right," Headsquat said. 
"Long jumpers don't look like they're 
moving at an angle of 71 degrees." 

"That's because they're not." 
"But you just said-" 
"It's 71 degrees relative to the athlete. 

But the athlete is moving forward at 
10 meters per second. Beamon's actual 
launch angle, as viewed by a spectator, 
would have been 18.83 degrees [see 
illustration on this page). Long jump
ers follow quite flat trajectories be
cause most of their effort goes into for
ward motion." 

After months of discussion, Crater
son, Blandy and Headsquat found a 
way to adjust the results of all the 
Olympic events, and they were confi
dent that their calculations would com
pensate completely for the effects of 
gravity. Indeed, the First lnterplanetary 
Olympics was a great success, with two 
exceptions. The Lunar team won every 
event, and Craterson mysteriously dis
appeared. The incidents baffled Blandy 
and Headsquat until they checked the 
atmospheric control center in the Lu
nar Olympic Stadium. 

"Welcome to the control center," a 
computer voice cheered. "I have been 
programmed to simulate Earth's atmo
sphere at an altitude of 1,000 meters 
above sea level. May I help you?" 

FURTHER READING 
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BOO K REVIEW S by Philip Morrison 

Atoms on View 

IMAGES OF MATERIALS, edited by David 
B. Williams, Alan R. Pelton and Ronald 
Gronsky. Oxford University Press, 1991 
($75). 

T OdaY's fine-structure imaging of 
the metals, polymers, ceramics 
and semiconductors of our tech

nology can hardly be called microsco
py. Call it rather the microscopies. The 
demanding art is remarkably many-sid
ed. Each of the dozen chapters in this 
book is a state-of-the-art overview of 
one pictorial disCipline by an expert au
thor or a small group. Their welcome 
practice is to break off some highly 
technical explication full of acronyms 
and urge the nonspecialist reader to at
tend instead to the images overleaf. 
The level of the text remains demand
ing; this is a resource for materials sci
entists, but opened for others through 
its uncommon visuals. 

Virtuosity abounds. Atomic resolu
tion is neither commonplace nor yet 
extraordinary. A grand transmission 
electron microscope (TEM) at Berkeley 
is especially stable, both mechanically 
and electronically. Lens aberrations re
duced by an order of magnitude, it is 
routinely able to resolve at the atom
ic level. A whole series of TEM photo
graphs shows the local atomic defects 
that make ideal lattices interesting
dislocations, grain boundaries and the 
like. Perhaps the best image is one of 
a graphite film seen in phase contrast. 
A couple of dozen roughly square crys
tallites fill the scene, each a stack of 
10 or 20 well-resolved, neatly parallel 
planes of carbon atoms, neighboring 
stacks randomly aligned. 

Other pages document an active 
trip into the atomic world through a 
much Simpler instrument. A photograph 
shows a tiny portion of a nickel-molyb
denum alloy. The field is very small; the 
image displays only 100 or 200 atoms, a 
few atomic layers on a tiny sharp needle 
point of tough metal. An oddly bright 
spot appears in the image among an 
orderly set of 15 or 20 identical atoms. 
It must be a misplaced atom in the or
dered layer, but how can we be sure? A 
controlled nanosecond pulse at high 
voltage removes a few atoms, and the 
bright interloper goes off among them. 
But the experimenters have first posi
tioned the movable small opening of a 

time-of-flight mass spectrometer at just 
the right spot behind the glowing screen. 
The bright atom flew off into the spec
trometer. Its arrival was duly detected 
down the line by the single-atom detec
tor there. The detector is a sensitive 
double-channel plate, effectively a bun
dle of tiny tubes, within which the enter-

ing atom collides with the tube walls, 
to release a fast-multiplying avalanche 
of secondary electrons. The flight time 
signaled was conclusive: that bright in
terloper was a single molybdenum atom 
ushered out of its wrong seat. 

This is the modern form of the won
derful field-ion microscope first shown 

MICROGRAPHS monitor the growth of gallium oxide (green, yellow and red, in or
der of increasing intensity) on the clean surface of liquid gallium (which appears 
blue). The oxide extends in a fractal pattern (rom the edges, thickening (appearing 
redder), until it eventually covers the entire surface. 
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find this booklet valuable and inform
ative. ,For your free copy. write to: 
VANTAGE PRESS, Inc. Dept. F-53 
516 W. 34 St., New York, N.Y. 10001 
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us in the early 1950s by Erwin Muller. 
A sharp metal tip has a point radius of 
a few hundred atoms, pointed toward a 
flat channel plate at a distance of two 
inches, a million times the tip radius. 
The applied voltages ionize some of 
the gas atoms in the fine but imperfect 
vacuum just outside the tip. The ions 
are drawn straight outward to the phos
phor screen, where they paint out at mil
lionfold magnification the protruding 
spots-the few dozen atoms-on the 
tip. (Nowadays another channel plate 
catches each ion first, to intensify the 
screen glow and allow sampling for pre
cise identification of each spot.) Virtuosi! 

Those redoubtable atom resolvers 
are image-forming devices; they map a 
steadily illuminated field all at once, like 
any light microscope. Today in most mi
croscopes a tight scanning beam paints 
the image spot by spot as on a video 
screen. Spatial resolution depends on 
the beam size; magnification on the vid
eo display size; image contrast on the 
physical nature of the beam and on what 
properties are measured and displayed. 
Scanning beams do not aim at atomic 
resolution but rather provide a whole 
atlas of analytic mappings by exploit
ing the various physical returns a choice 
among beams can induce. Electrons, 
ions, ultrasound are all now in use. 

In this decade the scanning tunneling 
microscope (STM) is an extraordinary 
exception. It probes only the very sur
face of its specimen, and it does so 
with an atomically smooth conducting 
finger, held under such delicate feed
back control that it follows the con
tours of the surface at a distance less 
than one atomic diameter. 

Consider three images, each a show
piece from one of the scanning micros
copies. Best known is the scanning elec
tron microscope (SEM). An SEM beam 
can be drawn as fine as 100 atomic di
ameters. The now familiar images are 
strikingly three-dimensional, since with 
no need to focus the return, a beam can 
probe deep crevices and protrusions 
alike. The simple electron splash leads 
to return relations not unlike those we 
see in ordinary diffused light. One 
stunning full-page photograph shows a 
huge pile of wonderfully stacked uni
form spheres. They are not atoms, of 
course, but tiny polystyrene spheres 
found in a dried film of the plastic la
tex, each crisply imaged ball less than 
half a micron across. The array bears 
eloquent witness to the ubiquity of 
close-packing, from the atomic scale of 
real crystals seen by the TEM, past this 
pinpoint of a macro crystal, all the way 
up to cannonball pyramids in the park. 

Scanning beams can carry not elec
trons but ions instead, oxygen up to in-
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dium. Heavy ions may slowly erode the 
specimen surface, to offer a kihd of 
sectioning of the object over time. Col
lecting secondary ion products in a 
mass spectrometer promises the ulti
mate in fast microchemical analysis: 
secondary ion mass spectrometry. The 
book gives us an SIMS rendering of part 
of a computer chip, its intricate urban 
forms chemically mapped on the scale 
of microns, the regions of aluminum, 
silicon, oxides, titanium, each in its cod
ed color. There are dozens of similar 
images here, a gallery of artistic micro
maps, from chips to meteorites, even 
tissues and cells. 

As matter is atomic, so images are 
digital. Manipulating the digital image 
at hand by apt numerical transforma
tions among its digits is a familiar main
stay for aerial and orbital maps. Now it 
is in full sway over these micromaps. 
Contrast stretching, edge enhancement, 
grouping kindred pixels-the sample 
images are indeed telling, their abstract 
algorithms all but indifferent to im
aging process or to scale. The 17th-cen
tury pioneers were justly excited by 
the images of fleas; their fleas now are 
our atoms. 

The Fast Track 

ROUlNG THUNDER: A PORTRAIT OF 
NORTH AMERICAN RAILROADING, color 
photographs by Gary J. Benson, text by 
Fred W. Frailey. W. W. Norton & Compa
ny, 1991 ($49.95). 

The photographer and his part
ner Susan Benson wait patient
ly in some chosen spot, "perfect 

clouds, beautiful light, nice super-ele
vated curve," for their quarry to show 
up in the lens. Their breath-catching 
natural shots show us rolling stock and 
railroad people pictured in their conti
nent-wide habitats during the past few 
years. The text is by a knowing enthusi
ast, infectious in his aesthetic of bright
painted, boxy diesel-electric locomo
tives, canny in his informal review of 
the economics of U.S. and Canadian rail 
today, and able to name-drop the Jim 
Hills of our times, magnates who are 
somehow still obscure. Not one puff of 
steam (though a little black diesel ex
haust) rises in these 200 striking im
ages. Nostalgia is restricted to a long 
line of abandoned cabooses and a cast
off diesel or two . 

Passenger rail is so modest a ripple in 
the flood of North American travel that 
the railroads seem hardly visible to the 
public. Yet our freight rail is healthy 
and modern; the tonnage it hauls is 
about the same as it was in 1970, now 
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moved faster and farther and more 
s,afely on half as many cars with half 
as many men and women at work. Coal 
is still king of the carloads, followed 
by grain, chemicals and then motor ve
hicles, heavy goods in a real economy 
that by no means rests on gossamer 
information. 

Most kilowatt-hours of electric power 
are still made by expanding steam, and 
most of that steam is raised by burning 
coal shipped by rail. Railroad track is 
the first segment in the long circuit 
that feeds your wall plugs. In a way, it 
is diesel oil that primes the coal-fired 
boilers, although the locomotives con
sume only 1 or 2 percent of the energy 
value of the coal they deliver. 

A weatherworn survivor of the die
sels that by the 1950s had "conquered 
steam" is still shoving along a push-pull 
commuter train near Boston's North 
Station. Thousands of that one rugged 
model were manufactured by the Elec
tro-Motive Division of General Motors, 
near Chicago. That plant and the old 
Erie works of General Electric, renewed 
in the late 1970s, are the only present 
U.S. companies that build locomotives 
from scratch. New locos are pricy, up 
to $1.5 million for one. But a standard 
American-built diesel-electric delivers 
the horsepower of 50 new family se
dans at much higher fuel effiCiency, 
"runs weeks between shutdowns, en
dures climates . . .  from 120-degree heat 
to minus-50-degree cold, pulls flat-out 
up the grades and holds back just 
as forcefully . . .  going down , . . .  keeps its 
footing on wet rail," if sometimes by 
dropping a stream of sand on the rims. 
It will do all that dependably for maybe 
20 years. No foreign railroad "demands 
(or gets) so much." 

Coal is a favorite subject here. You 
see the Wyoming fields where huge 
shovels strip low-sulfur coal to ship 
on "unit trains," dedicated long strings 
of big 125-ton hopper cars. The Burling
ton Northern takes coal out of the Pow
der River basin at lower cost than would 
a slurry pipeline, in some 40 unit trains 
a day, bound as far as 1,000 miles. A 
unit train is never sorted, "it doesn't 
need yards . . .  it doesn't wait for connec
tions . . .  it handles easier," without stress 
on cars or couplings, since all its cars 
are either fully loaded or quite empty. 
"Its 10,000-ton payload dwarfs . . .  con
ventional freight." It does demand state
of-the-art, billion-dollar trackage, but 
the investment has paid off. 

The roadway and the railway can be 
friends. lntermodal trains have evolved 
over the decades since the first piggy
back semitrailers on flat cars. Standard 
containers are now loaded on and off 
at trackside, for transfer to truck or 
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ship, by a one-operator rubber-tired 
lifter- The state of this art is represent
ed by dedicated doubles tackers, the 
containers set two layers high on spe
cial cars with lowered platforms, five 
cars articulated together. Many contain
er trains roll swiftly from coast to coast, 
competing with the Panama Canal. Up 
to half the trains on big lines now are 
doubles tacked or piggyback. 

Familiar species of the tracks, like 
the boxcar, classification yards with 
yard engine and sorting hump, and the 
manned signal tower, are slowly declin
ing before automation and new design. 
Deregulation has stimulated rational
ization, productivity, energy efficiency 
and investors' profits, just as it has 
cost half the jobs. Smaller crews, well 
paid and independent, ride much long
er stretches now. No caboose shelters a 
resting brakeman; only the device they 
call FRED is back there to monitor the 
rear-end brakes_ A train crew is now 
two or three men and women, where 
once it was contractually five_ During 
the 1980s, the merging railroads bought 
out the contractual rights to the jobs 
from the individual workers. 

The images give the book its pow
er_ Three diesels pound up to the Teha
chapi summit. Behind them bare hills 
blossom with strange, spreading triple 
wings_ An aviary of rocs? No, only pow
er windmills. Flatcars marked DODX 
bear a heavy piggyback load on special 
three-axle trucks; instantly recognizable, 
these are M-l tanks rolling back to Tex
as from desert maneuvers. A six-loco
motive train runs downhill in the fore
ground with its load of eastbound semi
trailers, sunlit against an indigo mesa 
deep in shadow: "indelibly Santa Fe_" 

Grand Feedback 

LIFE AS A GEOLOGICAl.. FORCE: DYNAM
ICS OF THE EARTH, by Peter Westbroek 
W_ W. Norton & Company, 1991 ($2L95; 
paperbound, $9_95). 

P rofessor Westbroek leads the geo
biochemistry laboratory at Leiden 
University. In his lab, antibodies 

are as much at home as geologic maps 
are. His brief, personal, altogether en
gaging book wins us by the same fresh
ness of spirit. Can we spin the history 
of the earth without casting evolving 
life as a central actor in the long drama? 
That is the deep issue he addresses with 
clarity, candor and a "sparkle of hope." 

The text (illustrated by Cees van 
Nieuwburg's many evocative pencil 
drawings) starts with a lO-square-mile 
piece of Dutch painter's landscape. Its 
dikes, meadows, bogs, flowery canals 
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and tranquil cows border a vista of wide 
fields, the polders long ago reclaimed 
from the shallow salt sea_ The author 
has often left his bicycle at roadside, 
to take coffee at the Half Moon, then 
to row across the lake to the 700-year
old village. Maps and cross sections of 
the landscape, as it is at present and as 
it was 1,000 years ago, show us how 
this complex and charming place was 
formed_ First was a wild deltaic shore
line, shaped by riverine flow, the sea 
and the vegetation. Then came farm 
families to mine the bogs for peat and 
to dike and drain the flatlands. In those 
parts they say: God made the world, 
but the Dutch made Holland. 

This single example opens the case 
for human culture as a local geologic 
force. Yet the world is far wider than 
Holland_ Worldwide we find slowly drift
ing crustal plates that shove the sea
floor beneath the mainland_ The plates 
leave behind a seaward trench and an 
offshore ridge, a basin where the plate 
dives deep but has not yet melted, and 
even farther inland a volcanic, moun
tainous belt over the molten flow_ All 
of these parallel the old shore_ 

In the epic of the plates, neither our 
species nor any other life-form has had 
much role to play. The fossils we find 
were bystanders_ They signal waters 
deep or shallow or an ambience of dry 
land; reliable witnesses, they are hard
ly actors_ The case here begins to seem 
absurd; polderland is not the world. 

But life metabolizes, and its chemi
cal turnover remains. It is that process 
which affixes the label of life on what 
might seem inanimate change. One 
wonderful page makes the point: crys
tals of calcite, or calcium carbonate, the 
defining ingredient of limestone, show 
up in two photographs. In one lie some 
100 tiny rhombs of calcite, formed in 
a test-tube reaction. In the other are a 
few scor.e tiny bits of the same miner
al. But these are no mineral samples; 
rather they are jewels, contoured and 
incised plates called coccoliths. They 
grow from and surround a single-celled 
alga, Emiliania, an abundant, photosyn
thesizing organism of the plankton. Its 
calcareous remains lie deep in the sea, 
a thick layer of ooze that covers an area 
larger than Asia. 

Limestone forms a vast portion of the 
solid crust, too. Did most of that rock, 
perhaps modified since, begin in the 
organic world? Abundance alone cannot 
decide; there are plenty of algae. Anoth
er photograph shows the creatures seen 
not in a .microscope but from satellite 
orbit: a giant white bloom of Emiliania 
floats offshore, as big as Rhode Island. 
Emiliania may produce more calcite 
than any other organism. Once it was 
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easy to object that calcite would form 
anyway without the algae as soon as 
the ion concentration was high enough. 
All the organism did was to anticipate 
the event, important for its life, even for 
ours perhaps, but hardly for the sweep 
of earthly time. 

The Leiden workers have shown oth
erwise. Coccoliths are in fact arrays of 
tinier single calcite crystals, articulated 
into a sort of micro skeleton. They are 
laid down-the details remain far from 
complete-in the presence of a com
plex polysaccharide molecule the cell 
secretes. A viscous layer, found every
where in a natural "limestone factory " 
such as the great lagoon behind the 
Florida Keys, shapes the jewel by in
hibiting crystal growth along particular 
surfaces. Calcite formation is under bio
chemical control, a grand public work 
by the polymers we ignore as mere sea
floor slime. 

Now the huge tonnage of seafloor 
calcite matters. Heated in the lines of 
volcanoes, it disassociates to the green
house gas carbon dioxide. Afloat, its 
masses may produce clouds that cool 
the seas. What controls calcite may thus 
control climate and eventually build 
platforms out of rising seas, the atolls, 
to capture sunlight to fuel construction. 

It will surprise no one to see that we 
have described a great feedback sys
tem, life nurturing itself on a geologic 
scale. That noble idea was put forward 
by James Lovelock, who coined the 
word "Gaia" for an earth he saw as one 
organism, its entire life inherently self
stabilized by evolution as much in the 
rocks as in the organisms. 

Just how she goes about her assidu
ous work is unclear, for changes come 
from the sun, from wayward comets, 
from perturbed earth orbits. Like many 
deities, Gaia seems more our creation 
than our Creator. The book presents a 
more abstract version, named after the 
late geochemist Robert Garrels. This ver
sion finds an unexplained beat between 
the two major sulfate and carbonate geo
cycles, whose changes are remarkably 
well coupled over long times. Are they, 
too, linked by some unknown feedback? 

Is life the true conductor of the sym
phony of the earth or only the clever 
clown who poses before the unwatch
ing musicians to "lead " them, baton al
ways in time but always irrelevant? Life 
is opportunist enough to follow change 
superlatively well; feedback can do no 
more. We do not yet know the answer, 
but we will await more news of Emilia
nia, enjoy this stimulating book and 
ponder with the author whether our 
species will one day turn the entire 
earth, like Holland, into a great "work 
of art," tamed, yet surely never tame. 
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E S SAY by Lawrence Summers 

The Most Influential Investment 

E
ducating girls quite possibly yields 
a higher rate of return than any 
other investment available in the 

developing world. Women's education 
may be unusual territory for econo
mists, but enhancing women's contribu
tion to development is actually as much 
an economic as a social issue. And eco
nomics, with its emphasis on incen
tives, provides guideposts that point to 
an explanation for why so many young 
girls are deprived of an education. 

Parents in low-income countries fail 
to invest in their daughters because they 
do not expect them to make an eco
nomic contribution to the family: girls 
grow up only to marry into somebody 
else's family and bear children. Girls 
are thus less valuable than boys and are 
kept at home to do chores while their 
brothers are sent to school-the proph
ecy becomes self-fulfilling, trapping 
women in a vicious cycle of neglect. 

An educated mother, on the other 
hand, has greater earning abilities out
side the home and faces an entirely dif
ferent set of choices. She is likely to 
have fewer, healthier children and can 
insist on the development of all her chil
dren, ensuring that her daughters are 
given a fair chance. The education of her 
daughters then makes it much more 
likely that the next generation of girls, 
as well as of boys, will be educated and 
healthy. The vicious cycle is thus trans
formed into a virtuous circle. 

Few will dispute that educating wom
en has great social benefits. But it has 
enormous economic advantages as well. 
Most obviously, there is the direct effect 
of education on the wages of female 
workers. Wages rise by 10 to 20 percent 
for each additional year of schooling. 
Returns of this magnitude are impres
sive by the standard of other available 
investments, but they are just the begin
ning. Educating women also has an im
pressive impact on health practices, in
cluding family planning. 

Let us look at some numbers in one 
country as an illustration of the sav
ings from improved hygiene and birth 
control. In Pakistan, educating an ex
tra 1,000 girls an additional year would 
have cost approximately $40,000 in 
1990. Each year of schooling is esti
mated to reduce mortality of children 
younger than five years by up to 10 per
cent. Since an average woman in Pakis-

tan has 6.6 children, it follows that pro
viding 1,000 women with an extra year 
of schooling would prevent roughly 60 

infant deaths. Saving 60 lives with health 
care interventions would cost an esti
mated $48,000. 

Educated women also choose to have 
fewer children. Econometric studies find 
that an extra year of schooling reduces 
female fertility by approximately 10 per
cent. Thus, a $40,000 investment in edu
cating 1,000 women in Pakistan would 
avert 660 births. A typical family-plan
ning evaluation concludes that costs 
run approximately $65 for each birth 
averted, or $43,000 for 660 births. 

Even beyond those savings, one can 
calculate that an additional year of 
schooling for 1,000 women will prevent 
the deaths of four women during child
birth. Achieving similar gains through 
medical interventions would cost close 
to $10,000. 

These estimates are of course crude. 
On one hand, I have failed to discount 
benefits to reflect the fact that female 
education operates with a lag. On the 
other, I have neglected the add-on gains 
as healthier, better educated mothers 
have not only healthier, better educat
ed children but healthier, better edu
cated grandchildren. (When the average 
mother in Pakistan has nearly 40 grand
children, this is no small thing.) 

Even with these caveats, the social 
improvements brought about by edu
cating women are more than sufficient 
to cover its costs. Given that education 
also yields higher wages, it seems rea
sonable to conclude that the return on 
getting more girls into school is in ex
cess of 20 percent, and probably much 
greater. In fact, it may well be the sin
gle most influential investment that can 
be made in the developing world. 

So what can we do to promote invest
ment in the education of girls? Schol
arship funds should be established and 
more free books and other supplies giv
en to girls. PrOviding schooling that re
sponds to cultural and practical con
cerns is also essential: female enroll
ment depends heavily on schools' being 
nearby, on the provision of appropri
ate sanitation facilities and on the hir
ing of female teachers. Flexible hours 
and care for younger siblings can also 
be helpful. 

Raising the primary school enroll-
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ment of girls to equal that of boys in 
the world's low-income countries would 
involve educating an extra 25 million 
girls every year at a total cost of approx
imately $938 million. Equalizing second
ary school enrollment would mean ed
ucating an additional 21 million girls at 
a total cost of $1.4 billion. Eliminating 
educational discrimination in the low
income countries would thus cost a to
tal of $2.4 billion. This sum represents 
less than one quarter of 1 percent of 
the gross domestic product of the low
income countries, less than 1 percent of 
their investment in new capital goods 
and less than 10 percent of their de
fense spending. 

When compared with investments 
outside the social sector, education 
looks even more attractive. Take power 
generation as an example. Projections 
suggest that developing countries will 

spend approximately $1 trillion on pow
er plants over the next 10 years. Be
cause of poor maintenance and pricing 
problems, many of these nations use 
less than 50 percent of the capability 
of existing power plants. In a sample of 
57 developing countries, the overall re
turn on power-plant physical assets 
averaged less than 4 percent over the 
past three years and less than 6 per
cent over the past decade-returns that 
cannot even compare with those of 20 

percent or more from prOviding educa
tion for females. 

No doubt eveloping countries will 

improve their efficiency in generating 
power. And I have probably understat
ed somewhat the difficulty of raising 
enrollment rates by neglecting capital 
costs and not taking expliCit account of 
the special costs incurred in targeting 
girls. Nevertheless, it is hard to believe 
that building 19 out of every 20 planned 
power plants and using the savings to 
finance equal educational opportunity 
for girls would not be desirable. 

There are those who say educating 
girls is a strategy that pays off only in 
the long run. This argument reminds 
me of a story, which John F. Kennedy 
used to tell, of a man asking his garden
er how long it would take for a certain 
seed to grow into a tree. The gardener 
said it would take 100 years, to which 
the man replied, "Then plant the seed 
this morning. There is no time to lose." 

LA WRENCE SUMMERS is chief econo
mist at the World Bank. 
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With each passing decade, 
people have been able to 
hold onto more of life's rich 
moments. 

In 1950, the average life 
span of men was 65. Today 
it's approaching 80, due in 
many ways to advances in 
medicine. At the forefront 
are pharmaceutical com
panies who are making the 
nation's largest investment 
in drug research. 

We now have 329 medi
cines in test for 45 diseases 
of aging. These efforts always 
hold hope for breakthroughs. 
Yet the process is slow and 
difficult, with only a few of 
the thousands of compounds 
developed ever achieving 
success. 

This exhaustive, high risk 
research increases the industry's cost 
of doing business, and in turn affects 
the price of drugs. But it also contrib
utes to saving lives, while saving mil
lions in health costs by eliminating 
or reducing the need for surgery, and 
shortening hospital stays. 

To learn more about pharmaceu
tical research, and the critical role it 

plays in health care, call or write for 
our free booklet, "Good Medicine:' 

The Pharmaceutical Manufacturers 
Association, 1100 15th St., N.W, Box I, 
Wash., D.C. 20005. 1-800-538-2692. 

PHARMACEUTICALS 
Good Medicine For 

Containing Health Costs. 
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We should 've seen it coming. the family is gifted with a startling list of 
Suddenly, we're getting talents unique in the Camry ancestry. 
a reputation we simply Like stiffer sport suspension, 
weren't expecting. Racy. a 5-speed manual transmission, 

After all, the Camry SE . a quicker steering ratio, standard 
was born with the 185 horse- sport alloy wheels, black-out window 
power 24-valve V6 engine that trim, leather-trimmed steering wheel 
USA Today touts as "providing V6 Engine and shift knob, 5-way adjustable sport seat 
as much power as a conventional with bolsters, and color-keyed rear spoiler. 
V8." Plus, this new arrival to And while its performance and handling 

are leaving people wonderfully 
stunned, one thing about the 
Camry SE is purposefully predict
able. It was raised to be just as 
safety conscious as its siblings, with 
a standard driver-side air bag * and 
available ABS. Of course, at Toyota, 
we love all our Camrys equally, but 
when it comes to shock value, the 
SE is the heir to all we have. 

NATURALLY, IT'S BEEN A SHOCK 
TO THE FAMILY 
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