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One of today's best speakers is famous for 

its highs. Another has been said to deliver the best bass, 
and a third is loved for its mid-range performance. 

Each "best" speaker is terrific in its own particular 
area because its engineered that way. To please people 
who are hung up on a particular kind of sound. 

The new HPM-IOO speaker system is different. 
It produces superlative sound across the whole spectrum. 

That is not an accident. 
Originally it was a challenge to our engineers: 

specialize in perfecting everything. Their response was to create a 
whole new universe of loudspeaker technology. 

For the superhigh frequency range, to begin with, they gave the HPM-lOO a 

This one 
sounds fantastic 

on all of it. 

radically new kind of supertweeter, 
made with a newly developed 
substance called High Polymer Molecular 
film. This HPM film is used to convert electrical 
energy into sound. It does so with a degree of accuracy that was 
previously only a theory. 

That's a lot to claim, but these speakers really are that 
different from everything that has gone before. They work 
without any magnets, voice coils or domes. In fact, without any 

moving parts at all. 
The tweeter, mid-range driver and woofer all depart just 

as radically from conventional speaker technology. T he key 
innovation in all of them is a process that turns out speaker 
cones heavily impregnated with carbon fibers. They are rigid 
and tough, but still thin and light. As a result, each of them 
can move easily, like a well-oiled piston, to produce high and 
middle and low frequencies that are clearer, more natural 
and far more transparent than anything you'd expect to hear 
from a four-way speaker system. 

Talk to your high-fidelity dealer about the HPM-lOO. 
Take along a favorite recording and listen to it alternately 

through HPM-lOO's and some comparably priced speakers. 
Especially speakers that sound fantastic on the high 
frequencies, or the low ones. or the middle range. 

If there"s something you like about each of today"s best 
speakers, this is the one that can give it all to you. 

MPIONEER 
u.s. Pioneer Electronics Corp . . 75 Oxford Drive. Moonachie. New Jersey O'(fi·l. 

HPM-IOO 
The all-around great speaker. 

Cu.s. PIONEER [L[CTRO�'CS CORP •• 1976. 
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How. to get 
extra Income 

&om your stocks 
This booklet shows you 

the basic approaches to 
writing options, including 
the risks and rewards. 

It also has a special sec
tion on the more advanced 
techniques you can use. 
Explains the pros and cons 
of uncovered options. Vari
able hedges. Spreads. 

You also get examples of 
the kind of option strate
gies to use in different 
market situations-which 
may increase your income 
and reduce the risk of loss. 
Prospectus included. 

Free! "The Merrill Lynch 
Guide to Writing Option�" 

Call toll-free 800-327-4800. 
In Florida 1-800-432-7521. Or write: 
Merrill Lynch Service Center 
P.O. Box 700, Nevada, Iowa 50201 

NSA08000PT 

Nam�e ____________________ __ 

Addres"-s __________________ _ 

City ____________________ _ 

Stat "-e __________ �Zip�------_ 

Business Phon�e ____________ _ 

Home Phone"-______________ _ 

�ne�l:f����d����;A�����s: fx��u��� 

� Merrill Lynch 
Pierce 
Fenner & Smith Inc. 

L _______________ � 
CCopyright 1976 Merrill Lynch Pierce Fenner & Smith Inc. 
Member. Securities Investor Protection Corporation (SIPC) 
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THE COVER 

The painting on the cover shows a summer landscape reflected in an ultra
wide-angle lens for a 35-millimeter camera. The antireflection coatings on the 
lens alter the normal colors in the outdoor scene. Thus the sky has a purplish 
cast and the reflection of the sky in the water is greenish. The sun is reflected 
several times by the lens's interior elements, of which there are II in all. If the 
lens were used to make a picture of the reflected scene, the image on the film 
would cover a ISO-degree field of view, measured diagonally on the standard 
24-by-36-mm. frame of a 35-mm. camera. Because of the lens's extremely 
wide angle of view and also because it makes the lines of rectilinear objects ap
pear to be curved, it is known to photographers as a fish-eye lens. Made by the 
Minolta Corporation, it has a focal length of 16 mm. and a maximum aper
ture of //2.S. The technology of creating such high-performance lenses is de
scribed by William H. Price in his article "The Photographic Lens" (page 72). 
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What's new in physics ... chemistry. .. 
applied analytical math ... 

computer data base organizations ... 
and the entire universe around us! 

To keep in touch with everything that's happening in every scientific area that 
interests you. get set now for a great reading spree-

take any 3 books all for only $3.95 
as a member of T he 

Library of Science 
if you will join now for a trial period and 
accept only 3 more books-at member 

discount prices- within the next 11 month .... 

50551. GRANTS: How to Find Out About Them 
and What to do Next. Virf,?inia P. While. A "must'· 
for anyone who wants 10 I.!.ct. keep. or increase 
grant funding. 

- $19.50 
55375. INFRARED: The New Astronomy. Oa\'id R. 
AllclI. The first comprehensive account of the last 
decade's remarkable breakthrouchs in infrared 
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- $12.00 
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most important events in the development of the 
physical sciences. I neludes excerpts of great 
scientists from Aristotle to Pauli. $20.00 
73191. QUEUE ING SYSTEMS VOLUME I I :  
Computer Applications. Leoll(/rel Kleinl'oeil.. Takes 
informational processing theories and demonstrates 
how they can be used to solve real-world problems. 
particularly those relating to computer systems. 
COUllts as 2 (�fY()lIr 3 hooks. $25.00 
39865. COMPUTER DATA-BASE ORGANIZA
TION. James Martill. How to use the latest design 
and implementation techniques to improve real
lime accessibility and improve flexibility - and do 
It al the lowest possible cost. Counts as 2 of vour 
3 hooA.... $i6.50 
52190. HANDBOOK OF APPLIED MATHE· 
MATICS. Edi/(-d bl' Carl Pearson. Over 1000 
pages of vital and pniclical techniques for scientists 
and engineers who use mathematics as a tool. 
COli illS as 2 af your 3 books. $37.50 
73190. QUEUEING SYSTEMS VOLUME I: 
Theory. Leollard KJeinfock . .. . . . a beautifully 
wrillen innovative book. If you :-.Iudy queues. own 
this book:' -I van T. Fris(.:h. Editor-in-Chief of 
Nl'IH'orJ...s. $19.95 
70190. PRINC IPLES OF OPERATIONS RE
SEARCH. Second Edition. Har\'er M. W(lKner. This 
I039-page book offers a (.:omple·te overview of all 
the fundamental con(.:crb., $19.95 

44941. THE ENCYCLOPEDIA OF PHYSICS. 
Second Edition. Edited bv Rohert M. Besancon. 
Over 300 distinguished allthorities in 344 articles 
on every major topic in physics today. More than 
1000 pages. Cuunts a.')' 2 u/your 3 buuk.\'. $37.50 

34140. APPLIED ANALYTICAL MATHEMATICS 
FOR PHYSICAL SCIENTISTS. Jame .. T. Cus"inK. 
Deals with topics ranging from spectral analysis of 
linear operators to complex variables. to group 
theory. $19.95 

36395. BLACK HOLES, QUASARS AND THE 
UNIVERSE. Hellry L. Shipman. Black holes. 
quasars. white dwarfs. neutron stars. supernovae. 
Seyfert galaxies -explores the frontiers of astro
nomy. $12.95 

70170. PRINCIPLES OF HOLOGRAPHY. Second 
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Lost Civilization. Charles Galll'IIJwmp. Compelling 
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then returned to the jungle. $12.95 
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56380. INTRODUCTION TO PROBABIL I T Y .  
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the central limit theorem. $13.50 
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on the reply form always enclosed with the 
News and mail it so that we receive it by the 
date specified . •  The News is mailed in time to 
allow you at least JO days to decide if you want 
the coming Main Selection. If. because of late 
mail delivery of the News, you should ever re
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may be returned at Club expense . •  Continued 
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MONSANTO REPORT NO. 7 ON CURRENT TECHNOLOGY 

j ohn Wesley Hyatt, acclaimed the 
father of plastics, would be 
stunned by the sophistication of 

polymer architecture today. He would 
be equally confounded by the enor
mous variety of end-use requirements 
- performance demands that polymer 
chemists now intrepidly set about try
ing to meet. And none of these is 
more stringent than plastic packaging 
for food products. 

As a start - food producers under
standably demand virtually perfect 
preservation of taste, physical texture, 
appearance, freshness along with ac
ceptable costs. The FDA severely 
scans potential contamination, often in 
terms of parts per billion. Distributors 
and retailers look for good mechanical 
protection, minimum handling haz
ards, high buyer-appeal, and long 
shelf-life. When the cumulative list of 
musts is drawn up, the expert resin 
maker of more than a decade ago 
might well have thrown in the towel. 

Monsanto researchers, however, 
merely wiped their collective brows. 
After all, they had succeeded in 
architecting resins with high modulus, 
optical clarity, food grade purity, and 
good heat resistance. Each of these 
key properties was de rigueuT for par-
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ttBarrier Plastics" 
... Expanding 

the Horizons for 
Food Packaging 

ticular uses. And when you got down 
to the nitty-gritty of food packaging 
- the biggest hurdle was imperme
ability. That meant barrier properties 
- a resin that held out (or in) air 
oxygen, water vapor and selected 
gases. (Because even now some dried 
meats, cheese, and ground coffee are 
packed blanketed with nitrogen) . 

Assess The Building Blocks 

In examining the functional build
ing blocks for making big resin mol
ecules, each moiety offers tantalizing 
virtues and frustrating vices. Take 
styrene. Long chains make beautiful, 

water-clear polystyrene resins - easily 
molded or extruded as sheets and 
thereafter vacuum formed. But the 

barrier properties (except for keeping 
out particulate dirt) are poor. In fact, 
Monsanto resin makers actually pro
duce a crystal-clear polystyrene film 
that breathes, making it tough by 
molecular orientation, and supplies it 
for fresh-flower wrap. It's so perme
able that the CO2 consumed by foliage 
inside the wrap comes in from outside 
the wrap to be constantly renewed. 

Barrier anomalies abound in com
mercial plastics. Take the Permeability 
Factor as a basis for comparison. This 
is a measure of the amount of gas, or 
water vapor, that passes through the 
barrier the particular polymer pre
sents. Gas permeability is measured in 
terms of c.c. per mil thickness/IOO sq. 
ins./day per atmosphere. Water vapor 
permeability is expressed in grams per 
mil at 100°F. 

Permeability Factor (Median Values) 

Commerc ia l Polymer Oxygen Carbon Dioxide Water Vapor 
---

Polystyrene 41 6 1 ,250 1 3 
Styrene-Acrylonitrile 70 280 4.15 

(Copolymer (25% AN) 
Polyethylene 110 300 0.5 

(High Density) 
Polypropyl ene 1 50 450 0.5 
(PET) Polyethylene 7.00 30.5 0.77 

terephthalale 
Polyvinyl alcohol 0.002 0.005 .1 , 200 
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These figures show that normally a 
polymer capable of passing the two 
gases like a sieve can still be a good 
water vapor barrier. Conversely, poly
mers that let water vapor come and 
go freely set up a firm no-no to the 
gases. The few exceptions, such as 
polyvinylid�ne chloride, form the se
lect group of high barrier polymers. 

Nature decreed the barrier per
formance of homopolymers. But 
Monsanto researchers reasoned that 
certain moieties that make up big 
homopolymer molecules when married 
to other moieties in varying propor
tions could have a profound effect on 
barrier properties. Particularly when 
laced-in to make a new resin molecule 
in specific molecular positions. What 
especially caught their fancy was the 
enormously better gas barrier prop
erties that high AN acrylonitrile
styrene polymers possessed. With 
55-90% AN content, the gas stoppage 
was far higher than with polystyrene. 
Moreover, the AN-loaded resin had 
unexpectedly good water vapor barrier 
properties. Doubtless the acrylonitrile 
moiety was responsible, yet pure poly
acrylonitrile did not measure up as a 
barrier resin on several counts, pro
cessability being one. 

Built-in Gas Stoppers 

An ingenious research method later 
confirmed the early discovery that 
high nitrile polymers would indeed be 
the best candidates as barrier resins 
for critical packaging applications. 
This method involved determining the 
permachor values for a spectrum of 
resin making moieties. The screening 
method Monsanto researchers devel
oped was based upon determining a 
numerical rating for a variety of spe
cific moiety substitutions in a polymer, 
working with the simplest polyethy
lene for the backbone. This rating 
correlated the effect that the particu
lar substitution has upon permeability 
- since each moiety will exert its 
effect regardless of the polymer system 
into which it is introduced. Thus a 
phenyl group has a particular value, 
a methyl or nitrile group another, etc. 
In this way, the permachor value of a 
particular polymer could be computed 
by adding up all the individual per
machor contributions in the polymer 
chain. The higher the total, the lower 
the permeability. Adjustments are 
made for positioning and chain order, 
to reflect the decrease in diffusion 

created by crystallites and chain pack
ing. A given moiety in the backbone 
of an amorphous polymer would have 
a lower permachor value than when 
locked in a crystalline network. 

Early on, an astute member of the 
Monsanto research team had discov
ered the optimum range of nitrile 
content and the most promising co
polymer structure. Subsequently, a 
mass of laboratory data and perm a
chor value computer read-outs con
firmed the initial pencil chemistry. 
Bench scale resins proved the dis
covery was right! The end result was 
an M-1500 series of particularly
structured high-nitrile content styrene 
copolymers that had these virtues: 

They turned out to be top drawer 
gas barriers. 

They proved to be almost the best 
water vapor barriers to boot. 

Equally important for food pack
aging, they are transparent, extrudable 
as film or sheet, blow-moldable and 
Monsanto developed a process for 
making them in food-grade purity. 
(FDA clearance is now in the works.) 

Copolymers With New Properties 

Most intriguing, the oxygen per
meability of these acrylonitrile-styrene 
copolymers is not adversely affected 
by contact with water. Other poly
mers, such as cellophane and poly
vinyl alcohol, allowed enormously 
greater penetration of oxygen when 
wet than when dry. Consequently, 
many packaging uses require "coated" 
or laminated materials before the bar
riers are capable of stopping oxygen 
ingress. M-1500 series resins can do 
it on their own. 

Another anomaly - the water vapor 
barrier properties did not materially 
drop off as impermeability to gas in
creased. This phenomena was con
trary to what might have been 
expected from low acrylonitrile/ 
styrene polymers compared with poly
styrene. Actually, it was found that 
increasing amounts of acrylonitrile 
did increase water vapor permeability 
- up to a point. Then above 40% AN, 
a drastic inversion occurs due to poly
mer chain packing and resistance of 
the chain to open into diffusion paths. 

These new oxygen-barrier polymers 
can now widen the horizon for pack
aging - from clear film wrapping, to 
blister packs, to molded containers. 
They are the most effective plastics to 
keep atmosphere oxygen out and the 
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products' freshness-moisture inside and 
intact. With a variety of such gas 
barrier resins to choose from, it re
mains to be seen which does the best 
job with meats, cheese, coffee or the 
rest of the gamut of flavor-sensitive 
foods. 

For specific data on M-1500 series 
copolymers, request a copy of: 
"Barrier Resins - Specialty Copoly

mers." 

Address inquiries to: 

Monsanto Company 

Department E3SB 

800 N. Lindbergh Blvd. 

St. Louis, Mo. 63166 

tHMonsanto 
e sCience 
company. 
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LETTERS 
Sirs: 

Scientific American's scholarly stand
ing is so high that it is no pleasure to 
call into question the title of Stillman 
Drake's article in your April issue. "Gal
ileo and the First Mechanical Comput
ing Device." Professor Drake describes 
a species of mechanical instrument in
troduced by Galileo for doing certain 
geometry problems. In point of histori
cal fact the use of mechanical comput
ing devices in geometry was well known 
to mathematicians of the ancient world, 
so that the term "first mechanical com
puting device" is highly misleading. 

Plutarch, in his life of Marcellus, 
when referring to machines designed 
and contrived by Archimedes "not as 
matters of any importance but as mere 
amusements in geometry," continues: 

"Eudoxus and Archytas had been the 
first originators of this far-famed and 
highly prized art of mechanics. which 
they employed as an elegant illustration 
of geometric truths, and as means of 
sustaining experimentally. to the satis
faction of the senses. conclusions too in
tricate for proof by words and diagrams. 
As for example. to solve the problem, so 
often required in constructing geometric 
figures. given the two extremes. to find 
the two mean lines of a proportion. both 
these mathematicians had recourse to 
the aid of instruments. adapting to their 
purpose certain curves and sections of 
lines." 

A topical journal of science can hard
ly avoid giving prominence. once in a 
while. to erroneous statements. But it is 
surely stretching editorial license to mis
assign a priority by a margin of more 
than 1.500 years. particularly since Pro
fessor Drake in his excellent article 
makes no such sweeping claim. 

DONALD MICHIE 

Professor of Machine 
Intelligence 

University of Edinburgh 
Visiting Professor 

of Computer Science 
University of Illinois 
Urbana 

Sirs: 
Mine is the full responsibility for the 

title of the recent article that Professor 
Michie has characterized as highly mis
leading. My intention was to establish 
priority of the sector not over every
thing before it but over the slide rule and 
the calculating machine familiar to ev
eryone today. I mentioned the abacus at 
the outset, to indicate the antiquity of 
calculating devices as such. I did not 

mention instruments limited to special 
purposes, such as those for drawing me
chanical curves. the mesolabe and the 
astrolabe. In my article I distinguished 
elevation gauges. triangulation instru
ments and drafting devices from com
puting instruments. although they cer
tainly could be used for certain calcula
tions. My classification was arbitrary, as 
I believe any classification is. and I apol
ogize to any readers who were misled 
by it. 

I should like to add that in describing 
Galileo's sector as having been intro
duced "for doing certain geometry 
problems," Professor Michie himself 
may mislead some readers. What was 
important about it was that it enabled 
users to solve all practical geometric 
problems of Galileo's day and in addi
tion some physical and numerical prob
lems of proportionality. square- and 
cube-root extraction. and computation 
of compound interest. for all of which 
operations Galileo gave instructions. 
His "adjoined lines" (my Scale VII) 
made it possible to obtain in square 
measure any area bounded by straight 
lines and circular arcs of any radius in 
any combination. Whatever we now 
think of mere Euclidean mathematics. 
Galileo's contemporaries had no practi
cal geometric problems of greater gen
erality than that. As Felix Klein empha
sized, all practical mathematics is math
ematics of approximation. Hence the 
importance of Galileo's sector to the 
practical men of his time is hard to exag
gerate. 

STILLMAN DRAKE 

Institute for the History 
and Philosophy of Science 
and Technology 

University of Toronto 
Toronto 

Sirs: 
In your April issue there is a letter 

from George D. Cody commenting on 
H. A. Bethe's article. "The Necessity of 
Fission Power." in the January issue 
that contains references to one of my 
papers dealing with "net energy." Co
dy's calculations are at variance with the 
facts. and although Professor Bethe has 
dealt with this in his reply appearing in 
the same issue. I should like to discuss 
the matter further because of the naive 
and unrealistic types of calculation 
along the lines suggested by Cody that 
are appearing in various journals. 

Cody's calculations seem to be based 
on starting to build six generating units 
of 1.175 megawatts (MW) each in 1976 
(a total of 7,050 megawatts) and in
creasing the capacity 18 percent each 
year to 72 units of 1.175 megawatts each 
in 1990 (84.400 megawatts). then stop-

ping. That would lead to an increase of 
430.000 megawatts, or a total of 
520,000 megawatts, of nuclear-plant 
generating capacity in the year 2000. 
This is based on a capacity of 31.000 
megawatts in operation now, 59,000 
megawatts under construction and a 10-
year lead time between the initiation of 
a plant and its going into operation. 

These numbers are incorrect. The 
mathematical approach disregards the 
way in which capacity would be added, 
and is being added, on a realistic basis. 
At the end of 1975 nuclear plants with a 
capacity of 39,000 megawatts were li
censed for operation and plants with a 
capacity of another 71.000 megawatts 
had received construction permits. The 
time required for design, manufacturing 
and construction, the time during which 
there would be significant dollar inputs 
and energy, is seven years or less. Three 
years or more are now required for envi
ronmental and safety reports, hearings 
and so on. A reasonable, practical pro
gram can be outlined for achieving the 
much too modest goal of 520,000 mega
watts at the end of the year 2000 that 
would lead to the following nuclear ca
pacities and amounts of power needed 
for the design, manufacturing and con
struction of the nuclear plants. 

End of Nuclear Annual rate 
year capacity of additions 

(MW) (MW) 

1976 39,000 
1980 82,000 12,500 
1982 110,000 15,200 
1985 161.000 18,700 
1990 266,000 23.100 
1995 388.000 25,700 
2000 520,000 26,600 

This program would match the pres
ent plant-building capacity and predict
ed expansion to provide about 15,800 
megawatts for design, manufacturing 
and construction in 1976. That figure 
would rise to 26.600 megawatts in 1993, 
the year in which actual work would 
start on the plants for the year 2000. 
These figures are average annual ones, 
since historically the number of plants 
ordered and put into production each 
year has varied with circumstances. 

The program outlined in my table 
would represent an annual growth rate 
in "starts" of a little more than 3 per
cent. which is quite different from the 18 
percent cited by Cody. The actual plant
building capacity is substantially higher, 
and growth rates could also be higher. If 
the capacity were fully utilized, it would 
give more than the total of 520.000 
megawatts assumed for the year 2000. 

It is easy to demonstrate (as I did in 
the paper mentioned by Cody) that the 
current nuclear-energy output is greatly 
in excess of the energy reg uired to build 

9 
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, liven-up 

,turn-over 

, 

lI1aybe even prolong 
As you can see, we do a lot. And we're into a lot of 

different things. 

Most of what we do, however, involves the storage 

of energy. 

In batteries. 

Batteries with names that are household words: 

Exide, Ray-O-Vac and Willard. 

But what you may not be aware of is the exhaus

tive amount of technology and research we put into 

batteries and related devices. 

Today, we're working on solutions to tomorrow's 

energy needs. In areas as diverse as solar energy and 

medical electronics. Miniaturized energy units for the 

electronics industry and five-ton mining batteries. 

Molten salt batteries for large-scale energy storage. 

To name a few. 

Bringing products like these to the marketplace 

involves a constant investment in energy research. 

Last year we spent millions of dollars on it. This year 

we'll spend even more. 

If you'd like to learn more about our ideas in 

energy, write: Communications Department, ESB In

corporated, 5 Penn Center Plaza, Philadelphia, PA 

19103. Or call: (215) 564-4030. 

ESB INCORPORATED 
An Inco CompanY 

Ideas in energy_ 

lOA 
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new nuclear plants. If, however, one 
asks the question in the form he did, 
unrealistic as it is, it can still be shown 
that the energy required for a "new" nu
clear program is paid back rapidly once 
the plants start producing power. (It is 
difficult to repay it sooner, although that 
seems to be one of the principal com
plaints!) 

Assume that the "new" program is 
that nuclear plants will go into the proc
ess of design, manufacturing and con
struction starting in 1976 (and into oper
ation starting in 1983) on a scale that 
will match the capacity figures cited in 
my table. These are the plants on which 
we might still have a reasonable basis 
for a "go" or "no-go" decision. Assume 
that the plants operate at an average ca
pacity of 70 percent and that 5 percent 
of their output goes to the nuclear-fuel 
cycle (mostly for uranium enrichment). 
The net production factor would then be 
66.5 percent for base-load operation, 
which should hold until the year 2000. 
My construction energy estimates, 
which are based on actual plant figures 
and energy ratios rather than on dollars 
(as the references cited by Cody are), 
lead to a requirement of 1.580 kilowatt
hours per kilowatt of capacity to build 
the plant and provide the first load of 
fuel. 

How long does it take to return all the 
energy invested under these assump
tions? From the curve for Case I in the 
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accompanying chart it can be seen that 
the period is about 1.8 years from the 
time (the beginning of 1983) that the re
actors from the "new" program begin 
operation. Thus by the end of 1984 there 
would be a net energy profit from this 
program. 

If we were to reduce the assumed load 
factor to 65 percent and increase the 
fuel-cycle losses to 6 percent, and if we 
were also to assume that the Chapman
Price estimates for energy used in plant 
construction are correct (which I dis
pute), then we would get the energy bal
ance shown by the curve for Case II in 
the chart. In this most unfavorable case 
it takes 2.7 years for the net balance to 
become positive, that is, it takes until the 
fall of 1985. In both cases the reactors 
scheduled for completion after 1990 are 
included in the construction energy re
quirement. which Cody does not do. 
These payout periods would look most 
inviting in any financial analysis. In
deed, they would be as good as one 
could reasonably expect from any pro
gram of energy production. 

Cody also makes the statement that 
"the net thermal-equivalent benefit to 
the society would be only about 
70 X 1015 B.t.u.'s" up to the year 2000. 
This insignificant amount of energy is 
equal to the entire amount consumed in 
the U.S. in one year today. Here again, 

however, the figure is in error. The fig
ures in my calculations for the period 
from 1983 to the year 2000 are 189 
quads (1015 B.t.u.'s) for Case I and 167 
quads for Case II. Since the maximum 
debit shown in the chart is from 11 to 22 
gigawatt-years, or from one to two 
quads, a net positive return of this scale 
by the year 2000 seems to be a good 
reason for pursuing nuclear power rath
er than one for opposing it. 

Nuclear power cannot provide all the 
solutions to our growing energy prob
lems. Along with coal and our best ef
forts at conservation, however, it will 
have to play a major role for the next 
generation or more. It is irresponsible to 
suggest that other energy sources will be 
developed and put into large-scale use 
before that time. It is equally irresponsi
ble to claim too much for conservation, 
which so far has accomplished very lit
tle, even though a great deal more can 
and should be done. Professor Bethe has 
in my opinion done a public service with 
his factual and well-reasoned article in 
Scientific American, and I commend it 
to the attention of all thoughtful people. 

W. KENNETH DAVIS 

Vice-President 
Bechtel Power Corporation 
San Francisco 
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How to cut startup time, downtime 
and overtime. 
These three men count on Digital 
around the clock. 
"I' ve bought hundreds 
of computer s from a 
dozen manufacturers. 
Digital's the best by far." 

LFE is a high-technology 
company breaking new ground 
across a range of critical auto
matic control frontiers - indus
trial processes, traffic control, and 
supervisory control including 

"We wanted a company 
that would take the time 
to work with us. That's 
why we called on Digital." 

American Systems, Inc. of 
Watertown, Mass. offers compa
nies a complete teleprocessing 
system, with special emphasis on 
large-vocabulary voice-response 
capability. 

Saving managers millions. 
Low cost computers that pay 

for themselves over and over 
again is what has made Digital 
one of the two computer com
panies in the world to install over 
50,000 computers. 

And what this means to you is 
that right at the time you need it 
most you have access to an enor
mous reservoir of experience and 

"We teamed up 
with Digital, and saved 
$60,000 a year 
in overtime alone." 

Since 1968, Town Talk Baking 
Company of San Diego, California, 
has tripled their product line and 
increased their sales staff by 40%. 

ideas for cutting costs while 
getting more done. 

Digital is the pioneer in mini
computers, the leader in the 
development of small- to large-. 

. scale timesharing systems, and 
the company that has made 
many of the major breakthroughs 
in computerizing techniques. 

Because of Digital, interactive 
computing, computer hierarchies 
and networks, data communica
tions systems and new uses of 

Mr. Marvin Heit, Vice Presi
dent of ASI, explains the logic 
behind going with Digital. "Our 
company is young, yet doubling 
in size every year, and that means 
we can use all the help we can get. 
Digital gave it to us - the equip
ment, the technical expertise, to 
get it started and the field engi
neers to keep it going." 

Currently ASI specializes in 

Today, they offer customers in 
and around San Diego over 300 
different products and annual sales 
are $11 million. 

Mr. Frank Fornaca, Vice 
President, explains how Digital 
became involved. "We were 
faced with a situation of increased 
production demands and compli
cated route scheduling. And it 
became clear to us that we needed 

computer systems are growing 
at an unprecedented rate. 

And every year Digital places a 
remarkably comprehensive selec
tion of computer tools within the 
financial reach of thousands and 
thousands of new users. 

Today anyone who has a good 
applications idea for a computer 
can afford one. And just as impor
tant, they can get the help they 
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gigantic hydro-electric systems. 
You'll find their equipment 

in heating and air conditioning 
systems, maximizing yield and 
profits in a range of chemical 
processes, controlling pipelines, 
indicating radiation levels, flood 
control- anywhere a high level 
of control is vital. 

Their systems obviously 
have to be as fail-safe as man can 

setting up a complete teleproc
essing system using CRT's, tele
printers, and voice-response 
devices for financial institutions. 
And they've just installed the 
first 3 sections of a statewide tele
processing network for a large 
New York bank. "When the sys
tem is complete, 1SO bank 

an automated data processing 
system." 

Town Talk chose a DEC 
DATASYSTEM 535 computer. It 
handles all their order processing, 
route accounting, accounts receiv
able, production planning, 
accounts payable and general 
ledger. 

"Thanks to this system, we've 
been able to handle a tremendous 

make them and that includes the 
computers that run them. 

"The essential features we 
look for are reliability and long 
product life," says Herb Nyser, 
Corporate Vice President for 
Engineering and Development. 
LFE now has over 100 Digital 
computers at various sites. It has 
20 powerful PDP -11/35' s on the 
TVA project alone, monitoring 
and controlling substations and 

branches will have a complete 
teleprocessing communications 
capability. For example, a teller 
from one bank will be able to dial 
a computer to check the credit on 
an out-of-town customer and 
receive the answer in English." 

What does the future hold 
for teleprocessing and ASI? 
"You'll be able to call up your 

increase in workload, and also 
cut our bad debt losses by 50% 
and improve our cash flow situa
tion. In fact, I would say we have 
from $100,000 to $300,000 more 
investment and operating capital 
than we would have had without 
our computer system. Our 
DATASY S TEM also reduced the 

need from a company with over help you save money, send for 
4000 field representatives in your free copy of "50,000 Com-
25 countries around the world. puters Saving Managers Millions." 

To find out how Digital can Fill out the coupon below, or call �--------------------------l 
I Please send me your free book "50,000 Computers Saving Managers 

I Millions" to show me how I can get more work done at lower cost. 
I My computer application is I 
I Name Title ' I 
I I 
I Company Address I 
I City State Zip I 

I L ______________________ �� 

hydro-electric facilities, reporting 
status and alarm conditions, clos
ing circuit breakers and perform
ing many other functions. 

"Our trademark is excellence 
but to maintain that reputation 
we can't cut corners. We go with 
the best computers - the best 
companies. That means Digital.". 

bank right from your own home, 
and tell the computer what you 
want done. We also see a need for 
voice-response capabilities in 
insurance, manufacturing, retail
ing and the distribution indus
tries. As we continue to expand, 
we're going to keep on working 
with Digital.". 

time our route salesmen spent 
doing their paperwork, saving 
$60,000 a year in overtime costs." 

Mr. Fornaca sums up 
Digital's role this way. "Digital 
has given us the basis for more 
sound business management, so 
that now we can operate more 
profitably even in a highly 
competitive market.". 

or write Digital Equipment Corpo
ration, Maynard, MA (617) 897-5111, 
Ext. 4089. European headquarters: 
81 route de l' Aire, 1211 Geneva 26. 
Tel: 42 79 SO. In Canada: Digital 
Equipment of Canada, Ltd. 

�DmDDmD 
50,000 computers saving 

managers millions. 
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50 AND 100 

YEARS AGO 

AUGUST, 1926: "When President 
Coolidge appointed the Federal Oil 
Conservation Board, he wrote a letter 
that showed what a thorough grasp he 
had obtained of the fundamental facts 
governing the demand and supply of oil. 
The letter opens by stating, 'It is evident 
that the present methods of capturing 
oil deposits is wasteful to an alarming 
degree.' In another paragraph he says 
that he is advised that our current oil 
supply is kept up only by drilling many 
thousands of new wells each year, and 
that 'the failure to bring in producing 
wells for a period of two years would 
slow down the wheels of industry and 
bring about a serious industrial depres
sion.' Julian D. Sears of the United 
States Geological Survey reminds us 
that it required 41 years and four 
months to produce the first billion bar
rels of oil, that it took only eight years 
and one month to bring in another bil
lion barrels and that only one year and 
seven months was required for the sev
enth billion to be brought to the surface. 
In the presence of this rate of increase 
anyone who tells the American people 
that the cistern has no bottom is doing 
the country a great disservice." 

"To make a trip to the West Coast 'by 
the Canal' is one of the most popular 
excursions of the day, and justly so. Not 
only is the Panama Canal one of the 
most important links in the great trade 
routes of the world but also it is one of 
the most majestic and inspiring works of 
construction ever achieved by the hand 
of man. The vast sums of money invest
ed on the Canal were spent partly for 
national defense and partly for commer
cial purposes. At the end of 10 years of 
operation, on July 1, 1924, the excess of 
total earnings over expenses stood at 
$33,241,425. The rapid increase of traf
fic passing through the Canal during the 
few years preceding and including 1924 
was due largely to the great discoveries 
of fruitful oil fields in California and the 
large number of tankers that conveyed 
the oil from the Pacific to the Atlantic." 

"The chemist is fast becoming master 
in his own house. Everywhere about us 
are manifestations of the part he has 
played in making this world a safer, san
er and better place in which to live. Let 
us take, for example, but one achieve
ment of the chemist-the manufacture 
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of artificial silk, now called rayon, in 
which he has triumphed over nature. It 
was not until 1891 that artificial silk was 
produced on a commercial scale. The 
industry languished for a while but not 
so the chemist. He was ever on the alert, 
always hunting and searching for some 
way, either chemical or mechanical, to 
improve his product, and now, after 35 

years of painstaking research, his efforts 
have been crowned with success and the 
world's output of rayon is greater than 
that of natural silk." 

"A six-tube neutrodyne circuit de
signed to operate directly on the alter
nating current of house lighting mains, 
dispensing with all batteries, has been 
introduced by the Garod Radio Corpo
ration. No hum from the alternating 
current could be noticed in the initial 
demonstration, and when asked regard
ing the life of the tubes, B. F. Miessner, 
the engineer who designed the receiver, 
said that less current is consumed by the 
tubes from the lighting circuit than is 
ordinarily consumed by tubes from bat
teries, and for that reason longer life 
could be expected." 

AUGUST, 1876: "The first century of 
the United States closed last month. It 
has been a century of development with
out parallel in history. The popula
tion has increased from 2,750,000 to 
44,675,000. The area has been extended 
from 800,000 to 3,603,844 square miles. 
The development of agriculture under 
the pressure of immigration and the 
stimulus of mechanical invention has 
been utterly without precedent. The val
ue of manufactures has advanced from 
$20,000,000 to $4,200,000,000." 

"The reasons for and against making 
the metric weights and measures the 
only legal standards in this country are 
thoroughly canvassed in the majority 
and minority reports of the committee 
of the Franklin Institute appointed to 
consider the question at the request of 
the Boston Society of Civil Engineers. 
The majority report, submitted by 
Messrs. Coleman Sellers and W. P. Tat
ham, urgently opposes the change, be
lieving that the possible benefit to be 
reaped from it would not make up for 
the damages done during the transition. 
The report of the minority of the com
mittee, Mr. Robert Briggs, is less an ar
gument than a vigorous protest against 
the positions taken by the majority 
as being untrue, irrational or absurd. 
Much better than any protest against the 
statements of the majority of the com
mittee would have been an array of facts 
showing that the metric system had been 

adopted by countries other than France 
without the evil results predicted." 

"The Pennsylvania Transportation 
Company has been chartered by the 
Commonwealth of Pennsylvania for the 
purpose of transporting oil from the oil 
regions to the principal Atlantic seaport 
cities. The plan proposed is to run the oil 
through a four-inch pipe laid on the sur
face. The first objective point or termi
nus will be Baltimore, as being the most 
feasible and direct route for the pipes 
from western Pennsylvania. The oil will 
be distributed from the pipes into im
mense reservoirs, with refining estab
lishments adjacent." 

"Is the universe composed entirely of 
hydrogen? There are many eminent 
chemists, Professor Cooke among them, 
who believe that instead of there being 
64 elements there is but one. What force 
we shall employ to dissociate the ele
ments and convert them into that primi
tive form we are at a loss to say as yet, 
but the spectroscope leads us to think 
that heat, if sufficiently intense, may ac
complish it." 

"It is now 20 years since the French 
chemist Deville demonstrated the possi
bility of producing the metal aluminium 
upon a large scale, but the extent to 
which this praiseworthy invention has 
been utilized has only to a slight degree 
realized the sanguine expectations that 
intelligent minds of all professions have 
associated with it. In the manufacture of 
jewelry and other articles of luxury alu
minium may in time play an important 
part. For the manufacture of philosoph
ical and engineering instruments, espe· 
cially the latter, the indifference of alu
minium to atmospheric influences and 
its extreme lightness have met with gen
eral recognition. For household utensils 
aluminium has been highly recommend
ed, but for this purpose it has been op
posed by the despotic rule of custom or 
fashion. At present there are four alu
minium works in existence, of which 
three are in France and one is in En
gland. Their total production amounts 
to about 3,500 lbs. yearly. The market 
value of aluminium has averaged about 
$15 per lb., and has for some years been 
stationary at that figure." 

"The record of boiler explosions kept 
in this office since our last annual report 
shows 139, by which 191 persons were 
killed and 267 injured. The principal 
kinds of boilers involved in the explo
sions are as follows: railroad locomo
tives (23 explosions, 40 killed, 51 in
jured), steamboats and tugs (18 explo
sions, 30 killed, 31 injured), saw mills 
(17 explosions, 34 killed, 52 injured) and 
threshing machines (nine explosions, 28 
killed, 10 injured)." 
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SHOULD A CAR 
WITH A REPUTATION 
FOR BEING SO SAFE 

GO SO FAST? 
Over the years,v olvo has become the very symbol of the safe, sane automobile, 

designed for people with a rational view of life. 
But anyone who slides behind the wheel of a 1976 Volvo 240 may discover it's 

something more. 
. 

As Road Test magazine has put it: "This is one fun car to drive:' 
This year, Volvo has introduced a new fuel-injected, overhead cam 4-cylinder 

engine. It has extremely fast pickup in the 20-55 m.p.h. range where most serious 
driving is done. 

. 

In a comparison of passing times, a Volvo 242 with a 4-cylinder engine was 
faster than a Mercedes 280 with a six. . 

Volvo also gives you rack and pinion steering to help you take life's curves. 
And a spring-strut front suspension designed to keep the car steady and level 

even if you take them fast. You get 4-wheel power disc brakes. And you can 
order a 4-speed manual transmission with electrically-operated overdrive 

(which lets you flip in and out of 5th gear with a simple flick 
of your finger). 

All of which does, indeed, make Volvo 
a delight to drive. But then again, we think 

the faster a car responds and the better 
it handles, the safer it will be. 

So while many of these new 
performance features are nice 

to have when you want them, 
they're even nicer to have when 

you need them. VOLVO 
The car for people who think. 
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THE AUTHORS 
DAVID S. RUBSAMEN ("Medical 

Malpractice") is a physician and attor
ney who specializes in the medical 
aspects of litigation. He is also editor 
and publisher of Professional Liability 
Newsletter, a monthly periodical of 
topics related to medical malpractice, 
and a consultant to the Doctors' Com
pany, a new doctor-owned malpractice
insurance carrier in California. Rubsa
men received his B.A., M.D. and LL.B. 
degrees from Stanford University in 
1945, 1948 and 1959 respectively. He 
practiced internal medicine until 1962, 
when he set out on his present career. A 
past chairman of the California Medical 
Association's Legal Liaison Committee 
to the California Bar Association and a 
current member of the board of gover
nors of the American College of Legal 
Medicine, he has served as a medical-le
gal consultant to both the executive and 
the legislative branches of the Federal 
Government. 

JOHN R. PAPPENHEIMER ("The 
Sleep Factor") is George Higginson 
Professor of Physiology at the Harvard 
Medical School. He is a graduate of 
Harvard University and obtained his 
Ph.D. from the University of Cam
bridge. A member of the Harvard Medi
cal School faculty since 1946, he was 
selected as a career investigator of the 
American Heart Association in 1953. 
His interest in the physiology of sleep, 
he writes, "started by chance in 1965 
when I was browsing through some old 
books and came across Pieron's mono
graph of 1913. I realized at once that our 
group at Harvard had the techniques to 
confirm or disprove the Pieron phenom
enon and to extend his observations if 
they were correct." Pappenheimer spent 
the academic year 1975-1976 on sab
batical as Eastman Professor at the Uni
versity of Oxford; in his absence the 
work at Harvard on the purification of 
the sleep factor was carried on princi
pally by Manfred L. Karnovsky, Greg 
E. Koski and James M. Krueger. 

PHILIP E. L. SMITH ("Stone-Age 
Man on the Nile") is professor of an
thropology at the University of Montre
al. A native of Newfoundland, he stud
ied history and economics at Acadia 
University in Nova Scotia. Later, "after 
several misguided years in the business 
world," he entered Harvard University 
to study prehistoric archaeology, receiv
ing his Ph.D. in 1962. He also did gradu
ate work at the University of Bordeaux 
in France. He taught anthropology at 
the University of Toronto for several 
years before moving in 1966 to Montre
al. where, he writes, "I find that lecturing 
in French helps to filter out some of the 
jargon endemic in English-language ar-

16 

chaeology today." An active and wide
ranging fieldworker, he has done ar
chaeological excavating in the U.S., 
Mexico, Iraq, France, Egypt and Iran. 
He is married to Fumiko Ikawa-Smith, 
whose specialty is Japanese archaeology 
and who currently heads the anthropol
ogy department of McGill University. 

KEVIN C. BURKE and J. TUZO 
WILSON ("Hot Spots on the Earth's 
Surface") are geophysicists with a com
mon interest in plate tectonics. Burke, 
who is chairman of the department of 
geological sciences at the State Univer
sity of New York at Albany, obtained 
his Ph.D. from University College Lon
don in 1953. He has done geological 
fieldwork in 27 countries. In the 1950's 
he taught at the University of Ghana 
and later did research for the British Ge
ological Survey on nuclear raw materi
als. From 1961 to 1965 he was involved 
in establishing a geology department at 
the University of the West Indies in Ja
maica, and from 1965 to 1971 he taught 
at the University of Ibadan in Nigeria. 
Wilson, who played a key role in the 
revival of the theory of continental drift 
first put forward by Alfred L. Wegener 
in 1912, is currently director general of 
the Ontario Science Centre. His degrees 
include a B.A. from the University of 
Toronto, a B.A. and an M.A. from the 
University of Cambridge and a Ph.D. 
from Princeton University. Before tak
ing up his present post he was for many 
years professor of geophysics at Toron
to, where he also served as director of 
the Institute of Earth Sciences. 

CHARLES LANE ("Rabbit Hemo
globin from Frog Eggs") is a biologist 
on the staff of the Medical Research 
Council Laboratories at Mill Hill in 
London. He has also done research at 
the University of Oxford (where he re
ceived his Ph.D. in zoology in 1971), the 
University of Cambridge and the Mas
sachusetts Institute of Technology. His 
training regimen for his current series of 
micro injection experiments, he reports, 
includes "slalom racing, tennis, squash 
and swimming." Lane is a member of 
the scientific and banking Rothschild 
family, which was most recently repre
sented in the pages of SCIENTIFIC AMERI
CAN by a contribution from his mother, 
Miriam Rothschild, who wrote (with Y. 
Schlein, K. Parker, C. Neville and S. 
Sternberg) "The Flying Leap of the 
Flea" in the issue of November, 1973. 

WILLIAM H. PRICE ("The Photo
graphic Lens") is manager of optical en
gineering for the apparatus division of 
the Eastman Kodak Company, where 
he began his professional career in 1950, 
shortly after his graduation from Mid-

dlebury College with a B.A. in physics. 
He later acquired an M.S. in optics from 
the University of Rochester. Before tak
ing on his present assignment he worked 
for Kodak in the positions of quality 
control engineer, optical designer, opti
cal design supervisor and head of opti
cal technology. He holds 10 patents in 
the field of optics and has written several 
technical papers on subjects related to 
the design, specification and manufac
ture of lens systems. 

LORUS J. MILNE and MARGERY 
MILNE ("The Social Behavior of Bury
ing Beetles") are behavioral ecologists 
at the University of New Hampshire. 
Both members of this husband-and-wife 
research team hold Ph.D.'s in biology, 
from Harvard University and Radcliffe 
College respectively. They began their 
investigation of the behavior of burying 
beetles a few years ago when Lorus 
Milne, a Canadian by birth, encoun
tered some of the insects outside a sum
mer cottage in Haliburton County in 
Ontario. There mice trapped in the cot
tage vanished mysteriously overnight 
when they were left outside on the 
woodland floor. Tying a string to the 
dead mouse did no good; the string was 
cut regularly. A fine wire tether kept the 
burying beetles from concealing their 
prize so quickly, however, and their se
cret was discovered. Later the Milnes 
recorded their activities on 16-millime
ter color motion-picture film and began 
to accumulate a growing file on these 
curious insects. 

J. J. CALLAHAN ("The Curvature 
of Space in a Finite Universe") is associ
ate professor of mathematics at Smith 
College. A 1962 graduate of Marist Col
lege, he went on to obtain his Ph.D. in 
mathematics from New York Universi
ty. He was a Benjamin Peirce lecturer at 
Harvard University for three years be
fore joining the faculty at Smith in 1970. 
His primary mathematical interests, he 
notes, are "differential analysis and ca
tastrophe theory and its applications. 
The themes of this article-geometry 
and the history of mathematics-are 
things I am interested in teaching, but I 
am not a specialist in them." The article 
developed, he adds, "out of an attempt 
to explain Einstein's concept of a finite 
but unbounded space to my nonscientif
ic colleagues at Smith. They found it 
tough going, and some simply dismissed 
a finite universe as impossible, because 
Kant had done so when he studied the 
question 300 years ago. A sabbatical 
this past year at the University of War
wick gave me a chance to read what 
Kant said about space. He does indeed 
epitomize the commonsense view, 
which Einstein (and Riemann before 
him) shattered. I was unable, however, 
to find any satisfactory explanation of 
just how the old and the new ideas fit 
together, so I attempted one myself." 
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Medical Mal practice 
Medical care has improved so much that patients expect more of it 
and are quicker to sue when the outcome is unsatisfactory. A wards 
have risen sharply, precipitating a crisis that remains unresolved 

In 1972, according to a Federal com
mission studying medical malprac
tice, the cost to the average pa

tient of malpractice-insurance charges 
passed on to him by physicians and hos
pitals was from 20 to 50 cents of every 
$10 he paid to a physician and about 52 
cents for every day he spent in a hospi
tal. It has been estimated that by 1980, if 
the present trend continues, the charges 
will have increased tenfold. The figures 
dramatize what is widely known as "the 
medical malpractice crisis," which para
'doxically arises from the great progress 
of medical science over the past three 
decades and the resulting public expec
tation that medicine should have a cure 
for every ill. Now errors of omission are 
brought into court as well as errors of 
commission, and juries tend to make big 
awards. My experience as a consultant 
on the medical aspects of litigation has 
led me to the conclusion that the solu
tion of the malpractice crisis requires 
two things: (1) better control by the 
medical profession of the quality of 
medical practice and (2) a rational sys
tem of compensating negligently injured 
patients. 

Until quite recently a complete recov
ery from an illness was rarely a certain
ty, and the physician's management was 
seldom questioned after an unsatisfac
tory outcome. For example, a failure to 
diagnose appendicitis, followed by per
foration and death from peritonitis, was 
regarded as one of life's hazards. The 
timely detection of cancer was the ex
ception rather than the rule for many 
years after the development of surgical 
techniques that made it possible to cure 
a malignancy discovered early. 

Even the best care in those times 
was frequently ineffective. Parents who 
raised children before the discovery of 
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antibiotics can recall the feeling of help
lessness evoked by a diagnosis of pneu
monia or infection of the middle ear. It 
was not until about 1945 that medicine 
recognized the role of an imbalance of 
electrolytes in the fatal outcome of a 
variety of acute disease states. Such 
techniques as electronic monitoring, 
easily available studies of blood gases 
and the rapid determination of serum 
electrolytes-all indispensable in the ef
fective treatment of many severe illness
es today-are developments of the peri
od since World War II. It is only a slight 
exaggeration to say that the era of scien
tific medicine began about 30 years ago. 

Improved medical technology dis
closed previously unsuspected patho
physiological changes in serious illness 
and trauma. Therapies were developed 
to deal with many such changes. As a 
result the prognosis for a large number 
of sick people improved sharply. The 
proportion of patients of whom physi
cians had to conclude that "there's noth
ing we can do here" decreased dramati
cally; most of them entered an arena of 
challenging medical problems where 
good results could reasonably be ex
pected. (This prospect was much less 
likely for the chronically ill patient, for 
whom prevention was and still is the 
only real solution.) 

Naturally the expectations of patients 
have matched the progress of medical 
science. More important, in terms of 
malpractice litigation, is a similar shift 
in attitude among physicians. This fact 
leads, subtly but inevitably, to the cru
cial issue of how medical negligence is 
defined. 

The simplest statement of the issue is 
that the physician owes it to his patient 
to be careful. If, as a result of the physi
cian's carelessness, the patient suffers in-

jury, then liability exists. Like most legal 
formulations, however, this one is sim
ple in theory but complex in practice. It 
requires closer examination. 

Both carelessness and injury must be 
established; neither is sufficient 

alone. An example is provided by the 
case of a 55-year-old housewife in Cali
fornia who consulted her family physi
cian in July, 1970, for treatment of 
cough and chronic fatigue. She saw him 
23 times over the next six months, but 
her complaints continued and she lost 
60 pounds. Finally, in January, 1971, 
the physician ordered a chest X ray, 
which revealed a bilateral pulmonary 
malignancy. The patient died a few 
weeks later. 

Her husband sued. Three medical wit
nesses testified that, considering the pa
tient's symptoms, a chest X ray was re
quired by at least the fall of 1970. On the 
other hand, the attorney for the defend
ant physician presented two medical 
witnesses who testified that the cancer 
was multifocal in origin and therefore 
inoperable from the beginning. The de
fense made no attempt to justify the 
doctor's delay in accomplishing the di
agnosis. The jury accepted the testimo
ny of the defense on the origin of the 
illness and returned a verdict in favor of 
the doctor. 

Sometimes a physician's carelessness 
may be egregious, and yet no injury re
sults. Years ago a well-trained obstetri
cian was called to the hospital late at 
night to perform an emergency Caesare
an section. He was moderately intoxi
cated, and his initial incision was ac
complished with a sweep of the scalpel 
that cut down through the wall of the 
uterus and even through the amniotic 
membrane. The infant lay exposed for 
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extraction, and there was not a scratch 
on him. The physician's reckless action, 
let alone the fact that he was operating 
under the influence of alcohol. clearly 
identified his carelessness. There was no 
injury, however, and so, although the 
physician might have been disciplined 
by his county medical society or ex
pelled from the staff of the hospital. nei
ther the mother nor the child had a basis 
for a negligence suit. 

Although these questions of causation 
(that is, the connection between care
lessness and injury) are not infreq uent in 
malpractice litigation, most of the time 
the central issue concerns the definition 
of carelessness. Many physicians be
lieve only the most obvious errors of 
commission should be called to ac
count, and many contend too that errors 
of omission-the "honest mistakes of 
judgment"-should not provide grounds 
for a lawsuit. There is, however, no logi
cal reason why an error of judgment 
should be any less subject to a malprac
tice action than an overt blunder. The 
test remains the same: Did the physician 
meet his legal duty to the patient to be 
careful? The discussion can become ab
struse at this point, turning on such mat
ters as what the standard of care in med
ical practice should be and how it would 
be elucidated in an enlightened system. 
In the real world of a jury trial. however, 
the issue is simple: the physician has vio
lated the standard of due care when 
the jury, having considered all the evi
dence and the judge's instructions, votes 
against him. 

What, then, is the basis for a jury's 
judgment? In most cases testimo

ny from at least one physician appearing 
as a witness for the patient provides the 
critical evidence. Sometimes the pa
tient's attorney will obtain the necessary 
testimony by skillful questioning of the 
defending physician, and in some states 
the law allows the jury to infer negli
gence from certain types of medical ac
cident. Ordinarily, however, the jury 
hears one physician or more testify for 
the patient and one physician or more 
testify for the doctor defendant and then 
decides what standard of care should be 
applied in the case and whether the doc
tor violated it. Thus medical testimony 
is usually vital to the patient's cause. 

What legal principle makes the medi
cal witness necessary? Medical-mal
practice litigation involves scientific 
facts. The common law has long recog
nized that juries cannot resolve conflict
ing points of view on scientific matters 
without hearing expert witnesses. 

The development of medical-mal
practice litigation in the U.S. has paral
leled the increasing availability of ex
pert medical witnesses. In other words, 
it has depended on the willingness of at 
least some physicians to testify against 

other physicians. Thirty years ago phy
sicians were so reluctant to testify 
against one another that the phrase 
"conspiracy of silence" had real mean
ing. In some states the same situation 
prevails today, but a majority of the 
states have experienced a growth in mal
practice litigation as expert witnesses 
have become available to plaintiffs. In 
the states leading this trend (notably 
California, New York, Florida, Illinois, 
Pennsylvania and New Jersey) there has 
also been an extraordinary escalation in 
the size of awards. 

California's experience. involving 
both physicians and hospitals. is illustra
tive. In 1969 the state had only three 
cases in which a verdict or an out-of
court settlement of a malpractice action 
amounted to $300,000 or more. The 
number rose steadily to about 34 in 
1974, By 1975 the attitude of jurors had 
apparently been influenced by the pub
licity about California's malpractice cri
sis, and the figure dropped to 24. The 
state's first case resulting in an award of 
$1 million or more was in 1967; since 
then there have been 22 more, 14 of 
them after January, 1974. 

What determines the accessibility of 
medical witnesses for patients who be-
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come plaintiffs? The absolute require
ment is an expansion. usually by judicial 
fiat. of the traditional "locality rule," 
Under this rule the only expert witnesses 
who can testify in a malpractice action 
are physicians practicing in the defend
ant physician's community, The rule re
flects a situation of more than 50 years 
ago, when schools of thought on medi
cal practice were often geographically 
insular. Given the professional and so
cial contacts among physicians in a 
community, the rule effectively sup
presses malpractice litigation, Most 
states have abandoned the rule as the 
courts have come to the view that medi
cal schools and the professional litera
ture are national in scope. Discarding 
the locality rule, however, does not 
automatically open the door to mal
practice litigation. Something else must 
happen. 

Again California is illustrative. Al
n though the state's Supreme Court 
eliminated the locality rule in 1952, it 
was another eight years or so before 
medical witnesses for plaintiffs began 
appearing more than rarely, and their 
appearance was not common in mal
practice actions throughout the state un-
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INCREASE IN PREMIUMS for physicians buying malpractice insurance reflects the rise in 
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The chart shows the premiums paid by various classes of physicians in southern California in 
1975, the level of premiums sought for 1976 by the insurance company and the amounts 
granted by the state's insurance commissioner. The premiums are for coverage of $1 million 
in a single case and an aggregate of $3 million for two or more cases in one year. The class 
numbers refer to different types of practice; the highest premiums (Class VIII) apply to physi
cians who do specialized surgery or specialize in obstetrics and gynecology. Although the data 
are limited to southern California, they are indicative of what has been happening elsewhere. 
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til about 1969. The availability of these 
witnesses has brought about a striking 
change in the type of malpractice case 
litigated in California. The shift oc
curred between 1968 and 1972. The pat
tern of change is bound to appear in any 
state where medical witnesses for plain
tiffs in malpractice actions become free
ly available. 

I have alluded to the fact that negli
gent medical injury can be divided into 
two categories: errors of commission 
and errors of omission. The first catego
ry includes the slip of the surgeon's scal
pel, the inadvertent administration of an 
injurious drug, the application of a cast 
so tightly that circulatory impairment 
results and so on. The amount of injury 
resulting from errors of commission is 
quite limited; taking all negligent medi
cal injuries together (not just the cases 
that are litigated), only a small percent
age are caused by errors of commission. 

Errors of omission can be character
ized as mistakes in judgment. If the phy
sician had given this drug instead of that 
one, if his therapeutic intervention had 
been better timed, if his diagnostic acu
men had been a bit sharper, then the 
unsatisfactory outcome could have been 
avoided. 

In the majority of states malpractice 
litigation involves mainly errors of com
mission. Unless a judgmental error is 
gross it will not be the subject of a law
suit. The reason is that physicians in 
those states still share the belief that 
"honest mistakes" should not be litigat
ed. In the half-dozen or so states where 
this attitude no longer exists, however, 
the incidence of successful malpractice 
actions has risen sharply. The reason is 
that the number of unsatisfactory out
comes that might be regarded as the 
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consequence of judgmental errors is 
large, provided that a high enough stan
dard of care is applied. 

Two cases in California are illustra
tive. Both of them entailed complex 
medical facts of the kind that are com
mon when alleged errors of judgment 
are litigated. The first case arose in De
cember, 1968, when a college student 
suffered a dislocation of his right knee 
while playing touch football. The pop
liteal artery (the major artery, lying just 
behind the knee, that carries blood to 
the lower leg and the foot) was severed 
by the injury. The broken ends of the 
artery constricted, thus preventing 
bleeding and the formation of a local 
hematoma, which would have signaled 
the catastrophic event. 

The patient was seen soon after his 
injury at the emergency room of the col
lege hospital. The physician on duty 
could not identify the pulsations nor
mally found in the two branches of the 
popliteal artery that supply blood to the 
foot, and he called for an orthopedic 
consultation. The orthopedist saw the 
patient shortly thereafter and noted on 
the patient's chart a "probable" injury to 
the popliteal artery, but he concluded 
that there was most likely just a spasm 
of the artery, since he thought he could 
detect faint pulsations in the arteries of 
the foot. A general surgeon was also 
consulted. He wrote that the arterial 
pulsations were "extremely weak on the 
right," but he agreed with the orthope
dist that the popliteal artery was proba
bly only in spasm. "I think we can safely 
observe without arteriogram or explora
tion," he wrote. 

These examinations were made dur
ing the first two hours after the patient 
was injured. There was then a delay of 

" 1 

about 18 hours before an arteriogram 
was performed. It demonstrated the ob
struction of flow through the popliteal 
artery. The patient's leg had to be re
moved. 

When the case was tried in October, 
1971, the attorney for the plaintiff con
centrated on the early medical decisions 
and called them substandard. He pre
sented the testimony of a well-qualified 
vascular surgeon who practiced in a 
community 400 miles away. This expert 
witness concentrated on two themes in 
telling the jury what standard of care 
should be applied. First, since the pop
liteal artery is the main source of blood 
to the lower leg and the foot, an obstruc
tion of its flow for more than about six 
hours creates a substantial risk of gan
grene, and the risk increases with time. 
Second, an arteriogram and/or a surgi
cal exploration of the area behind the 
knee are fairly simple procedures, and 
they make possible a definite diagnosis. 
Therefore since the defendants suspect
ed an arterial injury but could not be 
certain about an obstruction, their fail
ure to perform an arteriogram or a sur
gical exploration in the period shortly 
after the injury violated the standard of 
due care. 

The expert medical testimony for the 
defense stressed the judgmental aspect 
of the case and the fact that the physi
cians who saw the patient were well
qualified specialists. It was noted that 
the patient did not present the typical 
signs of arterial interruption: severe 
pain in the foot accompanied by a pro
nounced drop in the temperature of the 
skin and by blanching of the skin. The 
judge gave the jury the usual instruc
tions, pointing out that the mere fact of 
an error is not a basis for liability on the 
part of the physician and that the plain
tiff must show that the error was a prod
uct of carelessness, that is, of substan
dard care. The jury nonetheless returned 
a verdict for the plaintiff in the amount 
of $475,000. 

Did the jury apply too high a standard 
of care? Many surgeons with whom I 
have discussed the case feel that it did 
not. Yet five years earlier the case al
most certainly would not have been 
brought to trial because the plaintiff's 
attorney would not have been able to 
find an expert witness to comment ad
versely on the errors of omission. 

What is the limit on errors in judg
ment? Conceivably it could be as 

large as the number of untoward medi
cal occurrences. Such a conclusion as-
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PLACE OF INJURY is indicated for malpractice-insurance claims closed between July, 
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those incidents. Hospitals accounted for 80 percent of incidents and 84 percent of indemnity. 
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tually adopt a rule of prescience for the 
medical profession, which would be ab
surd. Nevertheless, the complexity of 
the medical facts in most cases of judg
mental error means that juries will often 
not be able to deliberate intelligently 
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about them. The second case from Cali
fornia illuminates the point. 

In the fall of 1973 a 33-year-old wom
an consulted a general surgeon because 
she had recently felt a lump in her right 
breast. The lesion was somewhat tender 
and the skin over it showed redness. The 
doctor concluded that the patient had a 
localized infection. He put her on antibi
otic therapy and told her to return in two 
weeks. 

According to the doctor, on the sec
ond visit the inflammation appeared to 
have subsided. He told the patient to 
discontinue the antibiotic, observe the 
effect and return in a month. Two weeks 
later she telephoned to say that the le
sion had flared up. The doctor told her 
to go back on the antibiotic and to keep 
the appointment she had been given. 

On the third visit she reported that the 
inflammation had subsided until the day 
before and then had flared up again. The 
doctor told her to continue the antibiotic 
for two weeks and said that if it had not 
subsided by then, he would perform a 
biopsy. He was concerned about the 
possibility that the lesion might be an 
inflammatory carcinoma, an extremely 
rare but highly malignant breast cancer. 

This time the antibiotic was ineffec
tive, and the patient returned in 11 days. 
A biopsy the following day revealed 
an inflammatory carcinoma. The lesion 
measured 7.5 centimeters in diameter; 
on the initial examination it had been 
about a third that size. The pathologist 
who studied the tissue saw evidence of 
an associated bacterial infection, thus 
explaining the patient's initial response 
to antibiotic therapy. 

Now the woman was treated by the 
removal of her adrenal glands, followed 
by radiotherapy and chemotherapy. 
(Mastectomy was not done, since it does 
not improve the prognosis in inflamma
tory carcinoma.) When the case was 
tried, early in 1974, there was no evi
dence of cancer, but all the treating phy
sicians agreed that this response to the 
intensive therapy must be viewed as 
temporary and that the patient's prog
nosis for an extended remission was 
poor. 

At the trial the patient contended that 
the antibiotic therapy had never been 
significantly effective. The medical wit
ness who testified on the patient's behalf 
said the lesion should have been biop
sied within two weeks after the first ex
amination. The defending physician tes
tified that he had told the patient from 
the beginning that the diagnosis was ei
ther an infection or a malignancy. He 
said the question of cancer was of con
cern to him, but he was reluctant to per
form a biopsy since cutting into infected 
tissue virtually guaranteed a bad scar. 

Three expert witnesses for the defend
ant testified that the delay of some six 
weeks in doing a biopsy was well within 
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the normal standard of care. They em
phasized that the treatment would have 
been identical even if the cancer had 
been identified on the patient's first visit 
to the physician. The plaintiff's expert 
witness agreed with this point but assert
ed that a six-week delay in treatment 
could make a difference in the patient's 
response to treatment, even though suc
cess in this context was regarded as af
fecting the length of her life rather than 
the possibility of a cure. 

The jury returned a verdict of 
$200,000 in favor of the patient. Most 
observers of the trial thought the verdict 
was a compromise, since an award two 
or three times larger would have been 
expected for a woman of the patient's 
age if the jury had been convinced that 
the physician had been negligent. The 
defense filed a motion for a new trial, 
but the day before the judge was to rule 
on the motion the case was settled for 
$100,000. 

These two cases show that medical 
negligence is not to be equated with 
what is normally regarded as bad prac
tice. From a strictly legal point of view 
the young man who lost a leg was a vic
tim of negligent treatment because the 
plaintiff's expert said so and the jury ac
cepted his testimony. From a medical 
point of view it is not unreasonable to 
say that the jury was right, but it is also 
apparent that the jurors were applying a 

relatively high standard of care to the 
conduct of the defendants. 

As for the second case, it is difficult to 
believe the judge would not have or
dered a new trial on the ground that the 
jury's verdict was unreasonable. The 
verdict emphasizes the capriciousness 
of juries in cases of medical malpractice 
and demonstrates why many authorities 
in medical law argue for specialty 
courts, where experienced judges would 
sit without juries. An alternative is a pri
vate system of arbitration for malprac
tice cases. Nevertheless, most defense 
attorneys prefer the jury system. The 
reason is that in the rural areas of all 
states and even in a number of metro
politan areas juries generally favor phy
sicians. Therefore it is the quite obvious 
error of commission that characterizes 
the great majority of adverse malprac
tice verdicts. 

Perhaps the most interesting aspect of 
medical-malpractice litigation is the 

manner in which standards of medical 
care can be set by juries. For example, in 
1973 a jury in California returned a ver
dict of $1.5 million against an anesthesi
ologist. The plaintiff was a woman who 
had suffered a cardiac arrest at the con
clusion of a brief elective operation. She 
was left with moderately severe brain 
damage. During the trial her attorney 
presented medical testimony in support 
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MILLIONS OF DOLLARS MILLIONS OF DOLLARS 

AMOUNT OF PAYMENT for medical malpractice is listed for the 
11 jurisdictions in the U.S. where the largest amounts were paid be
tween July, 1975, and February, 1976, according to data provided to 
the National Association of Insurance CommissioAers. Associated 
with the name of each area is a number in parentheses giving the 
number of claims of $50,000 or more paid by insurance companies 

on behalf of defendants in malpractice actions. The hars at the left 
represent the largest payment made in each jurisdiction and the bars 
at the right show the full amounts paid. On a natioual basis 311 
claims involved payments of $50,000 or more; they represented only 
3 percent of the total number of claims but accounted

" 
for 63 perceut 

of the total indemnity paid for all the claims included iu this survey. 

of two arguments. First. there were cer
tain oversights in the management of the 
anesthesia that led to the cardiac arrest. 
Second, even with the arrest the patient 
would not have suffered significant 
brain damage if the anesthesiologist had 
been monitoring her pulse constantly, so 
that the arrest would have been detected 
the moment it occurred and resuscita
tive measures could have been started 
immediately. Interviews with jurors af
ter the trial revealed that this second ar
gument was central to their decision. 

Does due care require an anesthesiol
ogist to monitor the pulse continuously 
as a matter of routine? The defendant 
and three other witnesses said that this 
was not the standard practice in the lo
cal community in a simple case such as 
this one. Their standard was to take the 
pulse for 15 seconds every two minutes. 
The anesthesiologist who testified for 
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the plaintiff asserted that the standard of 
due care requires constant monitoring 
of the pulse in every case. 

Shortly after the trial I asked several 
anesthesiologists in teaching centers in 
California if constant monitoring of the 
pulse during all anesthesia really was 
the due-care standard in California. 
Each replied that he adhered to this 
standard himself and regarded it as be
ing the preferred practice, but most of 
them doubted that it was widely enough 
observed to constitute the standard of 
practice among anesthesiologists gener
ally. It does constitute the standard now, 
however, particularly since verdicts in 
three of four subsequent cases in Cali
fornia involving the same issue have 
gone against the anesthesiologists. 

Against this background the origins of 
the malpractice crisis, which began 
about two years ago, are readily seen. 

1970 1971 

The immediate cause was the sudden 
and drastic increase in the rates for mal
practice insurance in most states. Mal
practice insurance has become much 
more difficult to get in recent years: 
some 22 commercial carriers offered it 
five years ago, whereas perhaps seven 
offer it today. Resistance among physi
cians to higher premiums can lead the 
only company left in a state to with
draw, thereby compounding the crisis. 
This has already happened in Maryland 
and is a possibility in several other 
states. 

One would suppose that the high level 
of premiums (as much as five times 
higher than they were in 1974) would 
cause the commercial companies to hur
ry back into the market. The main rea
son they do not is that they cannot be 
sure of making a profit. More than half 
of the states have statutes of limitation 

RISE IN AWARDS in malpractice actions in California is charted. 
The chart covers awards of $300,000 or more made as a result of 
jury verdicts (color) or settlements reached out of court (black) and 

also shows whether the injury on which the malpractice award was 
hased resulted from an error of commission hy the defendant physi
cian or hospital or was an error of omission, that is, of judgment. 
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that allow suits for negligent medical in
jury to be brought for as long as three 
years after the discovery of the injury 
(not the date when the injury occurred). 
The malpractice actuary will therefore 
not have a good idea of his losses within 
12 months after a policy is issued. In
deed. it will be at least three years before 
he will know of even half of the suits 
attributable to a given policy year. 

This extended "tail" of liability has 
two important consequences. First. the 
adequacy of the malpractice premiums 
charged for a given year cannot be 
judged for three or four years. Second. 
the length of the tail is uncertain. How 
many of the negligent medical injuries 
that occurred in 1975 will have been re
ported by 1978 or 1982? What will the 
effect of currency inflation have been by 
then? Will juries be more willing to de
cide complex cases against physicians 
and to award large amounts of money to 
injured patients? 

In some areas physicians have re
sponded to the problems of high premi
ums and limited availability of malprac
tice insurance by forming their own in
surance companies. Such carriers have 
two advantages: as new companies they 
do not suffer from an overhang of losses 
from previous years. and they can take 
full advantage of cost-containment leg
islation that may have been adopted re
cently in their state. Existing commer
cial companies are likely to find that this 
legislation will not be retroactive. 

A number of states have recently en
acted legislation directed at the mal
practice crisis. The new laws accom
plish such things as clarifying judicial 
rules. providing for stricter statutes of 
limitation and creating mandatory re
view boards to examine malpractice 
cases before they go to trial in order to 
discourage frivolous suits. It is likely 
that most of these reforms will be large
ly ineffective in reducing malpractice 
awards. 

A few effective cost-containment laws 
have been enacted. They reflect two gen
eral approaches. exemplified by the stat
utes of Indiana and California. Indiana's 
law limits the liability of the "health
care provider" to $100.000. In addition 
a compensation fund was created by a 
charge of up to 10 percent of the mal
practice premiums paid by physicians 
and hospitals; the patient can receive 
compensation from the fund for as 
much as $400.000. Florida. Louisiana. 
Oregon. Wisconsin. Idaho. Pennsylva
nia and Illinois have followed this gen
eral approach. Unless a fund has no ceil
ing or a high one. however. the statute is 
vulnerable to the challenge that it is un
constitutional; a challenge of this kind 
has already been successful in the Su
preme Court of Illinois. 

California's legislation contains four 
important reforms. When the patient re
ceives a verdict or a settlement that ex-

ceeds $50.000 for the payment of future 
damages. the money will be paid period
ically in amounts ordered by the judge. 
thus avoiding prolonged payments for 
damages that may become moot, as 
when a patient dies sooner than had 
been expected. Collateral benefits aris
ing out of the patient's injury are dis
closed to the jury under California's new 
law. the idea being that juries will make 
lower awards when it is known that a 
patient is receiving money from health 
or disability insurance. Social Security 
payments and the like. Where suits are 
settled out of court, as more than 80 
percent are. the benefits will reduce set
tlements dollar for dollar. California 
also has limited to $250.000 the amount 
the plaintiff can recover for noneco
nomic losses such as pain and suffering 
and loss of bodily function. Finally, the 
state has adopted a sliding scale of con
tingent fees for the plaintiff's attorney. 

Among physicians in the states where 
Il. the malpractice crisis has been the 
most severe there is substantial pressure 
for taking malpractice claims out of the 
jury system. I have already mentioned 
the speciality court. Other possibilities 
are arbitration. which retains the negli
gence rule. and a "no fault" arrange
ment under which the concept of mal
practice would be abolished and a pa
tient who had been injured would be 
compensated regardless of the culpabili
ty of the physician. 

The cost of the no-fault approach 
could be enormous. It should also be 
kept in mind that a more objective meth
od of determining negligent medical in
jury (such as arbitration. where text
book evidence can be substituted for the 
testimony of a medical expert) would 
greatly increase the number of awards 
granted to patients in the states that now 
have a low incidence of malpractice 
claims. Hence it would be inadvisable to 
introduce such a reform without effec
tive cost-containment legislation. 

Ultimately the losses on malpractice 
insurance should stabilize at an afford
able level. given fair determination of 
issues of liability. reasonable apportion
ment of damages, effective cost-contain
ment legislation and the establishment 
of insurance companies owned by phy
sicians. A vital proviso would be for 
such companies to apply carefully con
sidered underwriting restrictions. aimed 
at making certain that an insured physi
cian assumes only those medical tasks 
he can do well. It can be argued that 
such a system would amount to a form 
of licensing through insurance rather 
than by state law. Such limitations are 
rational, however. in the light of the 
growing complexity of modern medi
cine. Moreover, if physicians own the 
insurance companies, the problem of 
fairness in applying the limitations 
should be minimal. 
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RECENT LEGISLATION directed at the 
medical-malpractice crisis is summarized. 
The chart reflects laws that were passed or be
came effective between January 1, 1975, and 
March 15, 1976, but does not include all the 
laws. Laws affecting attorneys' fees limit the 
amount a lawyer can charge as a fee in a mal
practice case. Collateral-source laws require 
disclosure to the jury of payments the defend
ant will receive from sources other than his 
lawsuit; the aim is to reduce correspondingly 
the size of the award made by the jury. Period
ic-payment laws apply to future damages and 
seek to eliminate the windfall that results 
when a plaintiff receives a lump-sum award 
but then dies shortly afterward. Pretrial pan
els review malpractice claims with the aim 
of discouraging frivolous malpractice lawsuits. 

A number of physicians believe re
strictions of this kind will have little val
ue. since it is generally the "good" doc
tor who is sued; the less adequate practi
tioner. who is likely to have a stable 
practice in a small community. will es
cape lawsuits regardless of his mistakes. 
Although this generalization overlooks 
the numerous jury verdicts and out-of
court settlements against substandard 
physicians. it contains an element of 
truth. The best physicians are likely to 
be in charge· of the most difficult cases 
and so may be the target of a number of 
claims. Most such claims will not result 
in the payment of an indemnity. al
though even the best physician can be 
guilty of a "slip" that is equated with 
negligence by expert testimony. It will 
be the job of a rational system for deter
mining facts in malpractice cases-a sys
tem that will do away with juries-to 
achieve better justice for patients and 
physicians alike. 
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The Sleep Factor 

During prolonged wakefulness a sleep-promoting substance collects 

in the brain. Extracted from goats, it can induce excess sleep in rats 

and rabbits. Efforts are under way to identify its chemical structure 

T
he proposition that natural sleep is 
brought on by a substance secret
ed by the brain during wakeful

ness is in accord with everyday experi
ence. No one who has observed a very 
sleepy child will find it hard to believe 
that the intense desire to sleep involves 
some potent chemical mechanism in the 
central nervous system. The comment 
"I slept as though I were drugged" ex
presses the intuitive feeling that some 
natural "drug" takes part in the induc
tion and maintenance of a deep and sat
isfying sleep. lago taunts Othello: 

... Not poppy. nor mandragora. 
Nor all the drowsy syrups of the world 
Shall ever medicine thee to that 

sweet sleep 
which thou oW'dst yesterday. 

Does the brain produce each waking 
day some natural "drowsy syrup" that 
induces sleep each night? 

Experimental evidence suggesting 
that a sleep-promoting factor may be 
manufactured by the brain during pro
longed sleep-deprivation was obtained 
more than 60 years ago by the French 
physiological psychologist Henri Pier
on. Pieron and his colleagues transfused 
cerebrospinal fluid from sleep-deprived 
dogs to the cerebrospinal system of nor
mal dogs and noted that the recipients 
slept for several hours following the 
transfusion. 

Although simple in principle. the 
Pieron experiment was fraught with 
technical difficulties and confusing in
terpretations. The transfusions involved 
great stress for both the donor and the 
recipient animals. Donor dogs were kept 
awake for 10 days or longer by tying 
them in a sitting position during the day 
and walking them constantly at night. 
The withdrawal and transfusion of cere
brospinal fluid involved puncturing the 
atlanto-occipital membrane at the base 
of the brain. an operation that was car
ried out without anesthetics; the animals 
struggled violently and often collapsed 
or were partially paralyzed after the 
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puncture. Pieron's experiments were 
conducted more than 25 years before 
the introduction of electroencephalog
raphy as a means of evaluating sleep. 
and his results were necessarily based on 
simple observation of the animals fol
lowing the transfusions. Nevertheless. 
after many experiments. Pieron came to 
the conclusion that dogs receiving fluid 
from sleep-deprived donors were likely 
to sleep for several hours. whereas re
cipients of fluid from normal donors 
usually remained alert. In 191 3 he pub
lished a monograph on sleep that includ
ed an extensive account of his transfu
sion experiments . 

The Pieron phenomenon was reinves
tigated in 193 9 by Jerome G. Schnedorf 
and A. C. Ivy of Northwestern Universi
ty. They reported positive results in nine 
out of 20 transfusions of cerebrospinal 
fluid from sleep-deprived dogs to nor
mal recipients. The onset of sleep in the 
recipients came about 45 minutes after 
the transfusion. lasted between two and 
four hours and was usually associated 
with a slight increase in body tempera
ture. Schnedorf and I vy were convinced 
of the reality of the Pieron phenome
non. but they questioned its relevance to 
normal sleep because of the variability 
of the response. the associated increase 
in temperature and the extreme degree 
of sleep deprivation required to obtain a 
positive response. 

N
o further attempts were made to in
vestigate the Pieron phenomenon 

until my colleagues and I in the depart
ment of physiology at the Harvard 
Medical School took up the problem in 
1965. At the time we were studying the 
ionic composition of cerebrospinal fluid 
in relation to the problem of how an 
animal maintains control of breathing. 
For this purpose we had devised tech
niques for perfusing the cavities of the 
brain in specially prepared unanesthe
tized goats. The shape and dimensions 
of the sk ull in these animals enable one 
to implant a I efion guide tube through 
the occipital bone over the cisternal cav-

ity without interfering with the freedom 
of movement of the head and the neck 
[see illustration on opposite page]. The 
membranes over the cisternal cavity can 
then be punctured at will through the 
guide tube and cerebrospinal fluid can 
be withdrawn continuously at the rate of 
six milliliters per hour without disturb
ing the animal. With the addition of a 
second guide tube the entire ventricular
cisternal system of the unanesthetized 
animal can be perfused with artificial 
cerebrospinal fluid. After the needles 
are withdrawn the membranes seal 
themselves. so that there is little danger 
of infection. provided that strict asepsis 
is maintained during the punctures. Be
tween experiments the guide tubes are 
protected from mechanical damage by 
a metal cap attached to the animal's 
horns. 

Given goats prepared in this way. it 
seemed to us that we were in an advanta
geous position to examine the Pieron 
phenomenon under conditions involv
ing little discomfort to the animals. We 
assumed at the outset that the phenome
non. if it were of fundamental impor
tance to the sleep mechanism. would be 
demonstrable after moderate degrees of 
sleep deprivation and that it would not 
be species-specific. (We considered it 
highly unlikely that each species would 
synthesize a unique factor to serve a 
function as generalized as sleep.) With 
these thoughts in mind we decided to try 
some pilot experiments on the transfu
sion of cisternal fluid from our goats to 
the ventricular system of cats. To this 
end we prepared a few cats with im
planted ventricular guide tubes. so that 
we could infuse fluids at a low rate into 
the ventricular system repeatedly and 
without disturbing the normal con
scious animal. 

In our first experiments we judged the 
results by simple observation. just as 
Pieron had 55 years earlier. We did not 
really expect positive results. Yet all of 
us who participated in these pilot ex
periments (Tracy B. Miller. Cecilie A. 
Goodrich. James Nicholl and I) had the 
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strong impression that cats infused with 
fluid from goats that had been deprived 
of sleep for 48 hours were abnormally 
sleepy in comparison with the same cats 
infused with fluid taken from the same 
goats when the goats had not been de
prived of sleep. Indeed. the results were 
so striking and of such potential physio
logical significance that we put other 
plans aside in order to devote full time 
to the systematic exploration of the 
Pieron phenomenon. Our interest was 
further stimulated by reports from the 
laboratory of Marcel Monnier in Basel. 
He and his co-workers had just found 
that a neurohumoral factor medIating 
sleep is released into the wnous blood 

of the brain during electrical stirn ula
tion of certain areas of the part of the 
brain known as the ventromedial thala
mus. 

O
ur first concern was to devise a suit
able quantitative assay for the 

sleep-promoting effect. We had it in 
mind that isolation and purification of 
the active factor might require hundreds 
of assays. The prospect of estimating 
the duration of sleep from an analysis 
of thousands of hours of convention
al electroencephalographic recordings 
was not an appealing one; we therefore 
developed a fairly simple indirect assay 
based on the nocturnal activity of rats. 

VENTRICULAR 
GUIDE TUBE 

Rats have a well-defined diurnal cycle of 
sleep and activity: they sleep about 65 
percent of the time during the daylight 
hours and less than 30 percent of the 
time during the night. They eat and 
drink mostly at night. Our plan was to 
infuse the rats with the suspected sleep 
factor some two hours before the begin
ning of the dark phase; we had the 
thought that the exogenous. or non-na
tive. sleep-inducing factor might over
come the animals' natural wakefulness. 
causing them to sleep more and hence 
be less active at night. 

We constructed individual activity 
cages for 16 rats. Each cage was criss
crossed by dim red light beams focused 

SLEEP FACTOR IS OBTAINED from tbe cerebrospinal flnid of 
nnanestbetized goats tbat bave first been eqnipped witb a pair of Tef
lon guide tubes implanted througb tbe bone between tbe borns. Tbe 
membranes over tbe fluid-filled cavities of tbe brain can be punctured 
at will through tbe guide tubes; after tbe needles are removed tbe 
membranes seal tbemselves. Using the arrangement sbown in tbis it-

lustration, for example, normal cerebrospinal fluid can be withdrawn 
continuously from tbe cisternal cavity of the goat's brain through 
tbe posterior guide tube at a rate of six milliliters per hour without 
disturbing the animal. With the aid of tbe second guide tube the entire 
ventricular-cisternal system can be perfused with artificial cerebro
spinal fluid. Between experiments tubes are shielded by a metal cap. 
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SLEEP FACTOR IS INFUSED slowly into the ventricular system 
of an experimental animal such as the rat through an implanted guide 
tube without disturbing the normal conscious animal. The sleep-pro
moting effect of such an infusion is measured by monitoring the noc
turnal activity of the test rat in a specially constructed activity cage, 

I I 

ELECTROENCEPHALOGRAPHIC RECORDINGS of the rats' 
brain waves are made continuously during the nocturnal-activity 
measurements in order to obtain more specific evidence of a sleep
inducing effect following an infusion of cerebrospinal fluid from 
sleep-deprived goats. The electroencephalograms shown here, ob
tained simultaneously for two different rats, are characterized by epi
sodic cycles of slow-wave sleep (colored bands). The episodes, each 
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viewed here from above. The cage, one of a bank of 16 such cages 
in the author's laboratory at the Harvard Medical School, is criss
crossed by dim red light beams focused on photoconductive celIs. 
The interruption of a light beam for two seconds actuates a counter 
in the next room, providing a 24-hour record of activity of each rat. 

lasting for a few minutes, are marked by fairly large voltage changes 
at low frequencies. The nocturnal-activity record for both rats ap
pears in the center. In this case an upward deflection of the pen 
marker (signaling the interruption of a light beam) refers to rat A and a 
downward deflection refers to ratB. As this short section of the com
bined record shows, brief periods of wakefulness are often accompa
nied by signals indicating that the rats had crossed the light beams. 
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on photoconductive cells. The interrup
tion of a light beam for two seconds ac
tuated a counter in the next room. The 
bank of 16 counters was photographed 
automatically every six hours to obtain 
a 24-hour record of the activity of each 
rat. The rat room was air-conditioned 
and temperature-controlled and was 
maintained on a 12-hour light-dark cy
cle. We developed simple techniques for 
implanting ventricular guide tubes in 
the rats, and we found that the animals 
tolerated repeated intraventricular infu
sions at a rate that enabled us to intro
duce .1 milliliter of fluid over a period of 
30 minutes. 

We soon learned that it was necessary 
to work only with male rats in order to 
avoid the large variations in nocturnal 
activity associated with the four-day 
sexual cycle in females. There were also 
large variations of activity between indi
vidual male rats, but the nocturnal ac
tivity of any given rat was fairly con
stant from one night to the next. Each 
rat could therefore serve as its own ex
perimental control. with the average of 
its pre infusion nocturnal-activity counts 
providing a baseline for comparison 
with the night of infusion. 

T
he results of our first series of experi
ments on whole, sterile cerebrospi

nal fluid taken from normal goats and 
from goats subjected to 48 hours of 
sleep deprivation showed that the noc
turnal activity of the test rats was re
duced to about 63 percent of normal 
during the first six hours after the infu
sion of .1 milliliter of cerebrospinal flu
id from sleep-deprived goats. Further
more, we found that this reduction was 
significantly greater than the reduction 
following the infusion of sterile saline 
solution or fluid from normal goats. The 
reduction in nocturnal activity follow
ing the infusion of normal fluids has 
since been attributed to the fact that the 
fluids were infused during the two hours 
before the dark cycle, at a time when the 
animals are normally asleep. They are 
therefore deprived of almost two hours 
of sleep and tend to make it up later on. 
Sham infusions have the same effect. 
Nevertheless, the difference between the 
effects of infusing normal cerebrospinal 
fluid and cerebrospinal fluid from sleep
deprived goats was statistically quite 
significant. 

The assay based on nocturnal activity 
is useful for screening large numbers of 
samples, but it is not specific for sleep. 
More rigorous evidence of a sleep-in
ducing effect requires continuous re
cording or averaging of electroencepha
lographic recordings. It is well known 
that sleep, as revealed by electroen
cephalograms, is characterized by epi
sodic cycles that vary in duration from 
about 90 minutes in man to a few min
utes in small laboratory animals. In 
adult rats and rabbits each episode of 
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NOCTURNAL ACTIVITY of experimental rats was reduced to approximately 63 percent of 
the normal level during the first half of the night following the intraventricular infusion of a 
tenth of a milliliter of cerebrospinal fluid from sleep-deprived goats (upper set of bars). The 
reduction of activity that follows the infusion of the two control fluids (artificial cerebrospinal 
fluid and cerebrospinal fluid from normal goats) is related to the fact that all the infusions took 
place two hours before the dark cycle at a time when the rats normally sleep; they are there
fore partially sleep-deprived and tend to make up the deficit later on, mostly in the first half 
of the night. During the second half of the night the activity levels of the experimental rats 
showed an almost compli:te recovery, approaching the normal activity level (lower set of bars). 
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SIMULTANEOUS MEASUREMENTS of the rats' nocturnal activity and the duration of 
their slow-wave sleep episodes were obtained following intraventricular infusions of cerebro
spinal fluid from sleep-deprived goats and normal control goats. The evident correlation be
tween reduction of nocturnal activity and increased duration of slow-wave sleep associated 
with the infusion of tbe fluid from the sleep-deprived goats provided strong evidence that a 
Sleep-promoting material accumulates in cerebrospinal system during prolonged wakefulness. 
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sleep consists mainly of what is called 
slow-wave sleep. that is. sleep that is 
accompanied by fairly large electro
encephalographic voltage changes at 
low frequencies. 

Working with rats provided with im
planted electrodes (in addition to ven
tricular guide tubes). we were able to 
show that the reduction of nocturnal ac
tivity following an infusion of cerebro
spinal fluid from sleep-deprived goats is 
indeed associated with the increased du
ration of slow-wave sleep as measured 
on the basis of continuous electroen
cephalographic recordings [see bottom 
illustration on page 26]. These results 
provided strong evidence of the reality 
of the Pieron phenomenon. In addition 
we had demonstrated that the sleep
promoting material was present in the 
cerebrospinal fluid of goats after only 
a day or two of sleep deprivation and 
that it was not species-specific. These 
observations lent support to the view 

that we were dealing with a phenome
non of broad physiological significance. 

W
ith this information in hand. we 
joined forces with Manfred L. 

Karnovsky of the department of biolog
ical chemistry at the Harvard Medical 
School in a program designed to identify 
the sleep-promoting factor. That pro
gram has lasted five years and is still 
incomplete. Nevertheless. considerable 
progress has been made toward the puri
fication of the sleep factor from cere
brospinal fluid. most recently from the 
whole brain of sleep-deprived animals. 
In order to obtain enough starting mate
rial we maintained a colony of 20 goats 
with permanently implanted cisternal 
guide tubes. We could not puncture the 
brain of the goats more than once every 
three weeks. however. without running 
the risk that adhesions of the cisternal 
membranes would form. On this sched
ule. allowing for some failures. it took 
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EXCESS SLOW-WAVE SLEEP was also observed in rabbits following intnlHntricular infu
sions of concentrated sleep factor from the brain of sleep-deprh'ed goats or shel'p (colored 
curve). The increase in slow-wave sleep associated with such infusions is compared here with 

the increase in slow-wave sleep observed for the same rabbits without infusions but following 
24 hours of sleep deprivation (black curve). The delay of two or three hours in the onset of 
sleep following the infusions suggests that the exogenous, or non-nath'e, �leep factor must dif· 
fuse slowly to its site of action in the brain, whereas the endogenous, or nath'e, sleep factor 
formed during sleep deprivation is immediately available at its site of action in the brnin. The 
error bars give the statistical error probability for 13 separate tests on ti,'e different rabbits. 
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almost three years to collect the six liters 
of fluid needed to develop the purifica
tion procedures. The work was ham
pered throughout by the fact that stan
dard fractionation procedures intro
duced contaminants that interfered with 
the assay for natural sleep when they 
were introduced directly into the cere
bral ventricles. Moreover. some of the 
normal constituents of the cerebrospi
nal fluid can cause excitatory reactions 
when they are infused into the ventricu
lar cavity in high concentrations. In the 
end. however. we succeeded in achiev
ing a considerable degree of purification 
and concentration of the sleep factor 
from large volumes of cerebrospinal 
fluid. Solutes with a molecular weight 
greater than about 500 were removed by 
filtering the fluid through a series of ul
trafine molecular sieves. Solutes with a 
molecular weight less than 350 were 
mostly eliminated by passing the fluid 
through a series of gel filters. 

A concentrated solution of cerebro
spinal fluid. containing only solutes 
with a molecular weight in the range be
tween 350 and 500. was found to reduce 
the nocturnal activity of rats to 50 per
cent of the normal level for 12 hours 
following infusion into the ventricles of 
the rats' brain; in rabbits the normal 
sleep time was increased by about 50 
percent for six hours following intraven
tricular infusion. The sleep-promoting 
action of the concentrates could be de
stroyed by incubating them with a pro
teolytic (protein-cleaving) enzyme. indi
cating that the molecule of the sleep fac
tor might have at least one amino acid 
bond of the peptide type. The active 
fraction contained primary amino 
groups that reacted to standard fluores
cence tests in a manner characteristic of 
peptides. It is possible. however. that 
pep tides were present as impurities in 
the active fraction. and it would be pre
mature to conclude that the sleep factor 
is a simple peptide. 

The amount of the sleep factor in the 
cerebrospinal fluid is evidently very 
small. Indeed. most of the material we 
collected so laboriously from liters of 
cerebrospinal fluid was used up in the 
process of learning how to purify and 
concentrate the factor. Since many sub
stances found in cerebrospinal fluid 
are present in much higher concentra
tions in the brain. we sought to extract 
the sleep factor from the brain tissues 
of sleep-deprived goats. working with 
some of the fractionation procedures 
developed for cerebrospinal fluid. The 
initial extractions of whole brain. brain 
stem and cerebral cortex were carried 
out by procedures known to be effective 
for the extraction of small-peptide hor
mones. The crude extracts from the 
brain were then subjected to the same 
purification procedures employed with 
cerebrospinal fluid. Sleep-promoting ac-
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tivity was found in the same fractions as 
those that contained the sleep factor 
from cerebrospinal fluid. When we test
ed the sleep-promoting effect in rabbits 
infused with purified extracts from the 
brains of sleep-deprived goats. we found 
that sleep-promoting activity. expressed 
per gram of brain tissue. appeared to be 
somewhat greater in the extracts pre
pared from the brain stem than in those 
prepared from cerebral cortex. but the 
assays were not sufficiently quantitative 
for us to be certain on this point. 

T
he excess sleep induced by an infu
sion of the sleep factor is not contin

uous; rather it represents an increase in 
the duration and the frequency of sleep 
episodes. The experimental animals are 
easily aroused by noise. and they wake 
up at intervals to eat or drink. We no
tiCed. however. that the amplitude of the 
slow-wave voltage during episodes of 
sleep was considerably greater than the 
amplitude observed normally. This was 
easily seen on standard electroenceph
alographic recordings. but in order to 
investigate the effect quantitatively we 
led the output of the electroencephalo
graph through electrical filters. rectifiers 
and integrators to get the mean integrat
ed voltage. The integrations were print
ed on tape every two minutes. We found 
that the amplitude of the voltage in the 
low-frequency range was about 50 per
cent greater in rabbits during slow-wave 
sleep induced by the sleep factor than it 
was during normal sleep. The ampli
tudes in other frequency bands were un
affected. Evidently the sleep substance 
has a specific effect on the events that 
lead to slow-wave voltage. 

If exogenous. or non-native. sleep fac
tor prepared from the brain tissues of 
sleep-deprived animals could induce ex
cess sleep with abnormally large slow
wave voltages. it seemed reasonable to 
predict that depriving the test animals of 
sleep would lead to similar electrical 
events through the accumulation of en
dogenous. or native. sleep factor. That 
proved to be the case. The amplitude of 
low -freq uency electroencephalograms 
during slow-wave sleep following 24 
hours of sleep deprivation was indistin
guishable from the electroencephalo
gram recorded from the same rabbit af
ter infusion of the exogenous sleep fac
tor. The course of development of high
amplitude. slow-wave sleep following 
sleep-deprivation. however. differs from 
that following infusion of the sleep fac
tor. In the former case high-amplitude. 
slow-wave sleep starts almost immedi
ately. whereas excess sleep induced by 
exogenous sleep factor does not reach a 
maximum until two or three hours after 
the infusion. The delay in the onset of 
sleep following infusion into the ventri
cles of the brain can be attributed to the 
time required for the exogenous sleep 
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ELECTROENCEPHALOGRAMS OF RABBIT obtained after the infusion of concentrated 
sleep factor (top trace) and after 24 hours of sleep deprivation (middle trace) are presented 
here along with the normal electroencephalogram of the same rabbit (bottom trace). Each of 
these one-minute recordings is typical of the average of 20 similar recordings made in the 
hours before and after the traces shown. The first two traces show the high-amplitude slow 
waves that are characteristic of both the sleep induced by the sleep factor and the deep sleep 
that follows sleep deprivation. Presumably the latter is induced by an accumulation of native 
sleep factor during the period of sleep deprivation. The mean rectified voltages in the three 
examples shown are 140 microvolts (top), 138 microvolts (middle) and 91 microvolts (bottom). 

factor to diffuse from the ventricular 
system to its site of action within the 
brain tissue. Endogenous sleep sub
stance. on the other hand. may accumu
late within the brain close to its site of 
action. 

T
he successful extraction and purifi
cation of the sleep factor from the 

brain tissues of sleep-deprived animals 
is an important advance because it 
opens the way to the acquisition of large 
quantities of starting material for sys
tematic studies of chemical structure 
and physiological function. Our explo
ration of brain tissues as a source of 
starting material coincided with inde
pendent studies by Koji Uchizono and 
his associates at the University of To
kyo. They have extracted and purified a 
sleep-promoting material from the 
brain stem of 1.000 sleep-deprived rats. 
Their material appears to have some of 
the same properties that ours does. It 
appears in the same purification frac
tions and has similar effects on the noc
turnal activity and sleep time of rats. So 
far neither group has obtained material 
of sufficient purity to allow definitive 
structural studies. but work toward this 
goal is being pursued vigorously in both 
Tokyo and Boston. 

The amount of active material ex
tracted from the brain of sleep-deprived 

animals is extremely small: about a mil
lionth of a gram per 100 grams of brain. 
It is therefore evident that natural 
sources are unlikely to provide enough 
pure material for systematic physiologi
cal and biochemical studies of the fac
tor's mode of action. Hence our energies 
are currently focused on solving the 
chemical structure with a view toward 
synthesizing the material. 

Many important and interesting ques
tions could be investigated experimen
tally if the sleep factor could be synthe
sized. What. for example. is the relation 
of the sleep factor to Michel Jouvers 
"neurotransmitter" theory of sleep [see 
"The States of Sleep." by Michel Jouvet; 
SCIENTIFIC AMERICAN. February. 1967]? 
How is the sleep factor related to bio
chemical changes known to take place 
during sleep? Can the sleep factor be 
labeled with a radioactive tracer so that 
its origin and site of action can be deter
mined at the cellular level? Can the mol
ecule be altered in such a way as to facil
itate its entry into the brain after oral or 
intravenous administration. thus paving 
the way for clinical applications? Given 
adequate supplies of the pure material. 
there is every reason to expect that prog
ress will be made toward solving one of 
the most challenging problems of con
temporary physiology. namely the func
tion and mechanism of sleep. 
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Stone-Age Man on the Nile 
Thousands of years before the first pharaohs, hunters and gatherers 
lived along the great river. Their adaptations to their environment 
underlay the later development of agriculture and high civilization 

In Egypt today the annual rainfall 
south of Cairo, if any, is measured 
in millimeters. This has been true 

since the days of the pharaohs. In earlier 
times, however, the level of the Nile was 
much higher. The great river and its sea
sonal tributaries watered a countryside 
that was fertile and temperate in climate 
even though it was surrounded by inhos
pitable desert. This combination of cir
cumstances makes prehistoric Egypt 
virtually a laboratory microcosm for 
the study of human adaptations. 

When did men first inhabit the Nile 
Valley? Only in recent years has much 
been learned about Nilotic prehistory; 
even today knowledge is spotty. We do 
have proof that people representative of 
two general stages of human techno-cul
tural development, the Lower and Mid
dle Paleolithic periods, were present in 
Lower (or northern) Egypt from about a 
million to 30,000 years ago. Apart from 
the evidence to be gleaned from stone 
tools, however, little is known about 
those early inhabitants of Egypt. For ex
ample, not a single human fossil from 
these periods has been found. 

As we come to within some 22,000 
years of the present, in the latter part of 
the Upper Paleolithic, a more detailed 
picture of Egyptian prehistory comes 
into view. We can begin to speak with 
some conviction of the way people 
lived, of their settlement patterns, eco
nomic activities and technological profi
ciencies, and of the environmental and 
climatic conditions that prevailed. It is 
of more than passing interest because 
the Old World during the Upper Paleo
lithic has traditionally been seen against 
the background of the harsh glacial en
vironment of Europe at that time, when 
small groups of hunters pursued such 
cold-climate animals as the woolly 
mammoth and the reindeer. A greater 
contrast in settings can scarcely be 
imagined than that between the chill, 
art-rich caves of the Pyrenees and the 
Dordogne on the one hand and the lush 
green sloughs and side channels of the 
Nile on the other; where the hippopota-
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mus, the hartebeest and the gazelle took 
the place of the reindeer, the bison and 
the wild horse. 

Most of our new knowledge about 
prehistoric Egypt is a by-product of the 
dam construction at Aswan in Upper 
(or southern) Egypt in the 1960's. The 
Egyptian and Sudanese governments, in 
association with the United Nations Ed
ucational. Scientific and Cultural Orga
nization, invited many foreign archaeol
ogists to salvage monuments and sam
ple as many as possible of the sites that 
would eventually be submerged by the 
enlarged Nile reservoir. Some of those 
who responded, mainly prehistorians 
from Canada, the U.S. and the U.S.S.R., 
concentrated their efforts on sites that 
had been inhabited by early man. Their 
work, undertaken in collaboration with 
colleagues in such related fields as geol
ogy and paleontology, has greatly en
hanced our understanding of the preag
ricultural populations of the Nile Valley 
at the time when the last glaciers were 
beginning to retreat in Europe. 

Not all the early-man sites investigat
ed during the 1960's were in danger 

of flooding. The area where my group 
from the National Museum of Cana
da conducted excavations in 1962 and 
1963 was threatened in a different way. 
The Kom Ombo Plain ("kom" is the 
Egyptian equivalent of the Near Eastern 
"tell" or "tepe," mound), about 50 kil
ometers north of Aswan, is an extensive 
area of ancient alluvial silts, which, al
though they are now desiccated, need 
only water pumped from the Nile to 
transform them into fertile farmland. 
Reclamation of this kind had begun at 
the turn of the century, when European 
promoters established pumping stations 
and developed sugar plantations on the 
plain. Now the Egyptian government 
decided to follow suit and resettle most 
of the population that would be flooded 
out of Egyptian Nubia in the remainder 
of the plain. 

Many valuable Paleolithic sites at 
Kom Ombo had already been planted 

with sugarcane. My group, sponsored 
by the Canadian government, and a 
group from Yale University undertook 
to salvage or sample a fair number of 
those that were still undisturbed. In so 
doing we were following in the foot
steps of a French engineer and amateur 
archaeologist, Edmond Vignard, who 
worked in a Kom Ombo sugar refinery 
in the early 1920's and made many use
ful observations at a time when the ear
ly-man sites of the plain were still rela
tively intact. 

Other advantages in addition to Vig
nard's reconnaissance were available to 
us at Kom Ombo. One was that the 

KOM OMBO PLAIN, on the east bank of 
the Nile some 500 kilometers south of Cairo, 
is where the author and his colleagues inves· 
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stratigraphy, and thus the chronology, 
of the geological formations there has 
been worked out in considerable detail 
by Karl W. Butzer of the University of 
Chicago (together with his student Carl 
L. Hansen) and also by R. J. Fulton of 
the Geological Survey of Canada. These 
studies made it possible to match the 
various prehistoric sites with the geolog
ical record of fluctuations in the level 
and course of the Nile and also with 
changes in the local tributary streams 
that reflect past changes in local rainfall. 
The second major advantage was that 
whereas animal remains from the Pa
leolithic are both scarce and poorly pre
served in most of Egypt, large quantities 
of bones are present at the Kom Ombo 
sites. The bones, of course, provide the 
investigator with invaluable clues to the 
early inhabitants' subsistence activities. 

The environment in late Paleolithic 
times at Kom Ombo was the product of 
a complex interplay of factors. The be
havior of the Nile itself-its long-term 
cyclical fluctuations, annual inunda
tions, volume and velocity-was deter
mined by climatic events far off in East 
Africa. Moreover, the local rainfall, the 
temperature and the behavior of the 
tributary streams flowing across the 
plain from their headwaters in the Red 
Sea Hills some 150 kilometers away 
were products of patterns of atmospher
ic circulation in the Northern Hemi-

sphere, where the European glaciers 
were still influential. Both factors inter
acted further with the geomorphology 
of the plain and of adjoining areas. The 
result was a mosaic of microenviron
ments and habitats in a restricted geo
graphical zone. In such an unstable eco
system rapid shifts in the inventory of 
plants and animals, and in the exploita
tive methods of the human cultures sub
sisting on them, might be expected to 
occur as one or another variable was 
altered. 

In the Nile Valley immediately north 
and south of Kom Ombo the river and 
its floodplain have long been confined to 
a narrow corridor that runs between 
sandstone cliffs and high terraces. At 
Kom Ombo, however, a series of geo
logical faults has caused the cliffs to re
treat eastward, so that a wide depres
sion, extending over 500 square kilo
meters, lies along the east bank. From 
the prehistorian's viewpoint the most 
interesting features of the local geol
ogy are the sediments-silts, sands and 
pebbles-that were deposited between 
15,000 and 10,000 B.C. by the Nile and 
its tributary streams. The Nilotic silts, 
the products of soil erosion far to the 
south in Ethiopia, were laid down when 
the river was considerably higher and 
more vigorous than it is today. They 
stand some 15 meters above the modern 
floodplain. It is in and on these silts, 

known as the Gebel Silsila Formation, 
that the late Paleolithic sites are found, 
in some places buried deep and revealed 
only by erosion or artificial cuts and in 
others lying exposed on the surface 
where the desert wind has blown away 
the concealing silt. 

The plain today, with miles of green 
sugarcane plantations, vegetable fields 
and irrigation canals surrounding the 
new town of Kom Ombo, is very differ
ent from the arid, dusty wasteland of 
less than a century ago. It is also very 
unlike the plain of the late Paleolithic 
period. Archaeologists no longer accept 
the notion that before agriculturists 
transformed the Nile Valley in Neolith
ic times it was hostile jungle and swamp, 
difficult to reach, inhabited by danger
ous animals and holding little attraction 
for man. We now know that on the con
trary the valley was a zone of fairly open 
terrain where hunters, gatherers and 
fishermen had access to a biomass of 
aquatic and terrestrial resources that 
could support a considerable popula
tion. Moreover, the Kom Ombo Plain 
was a better than average segment of the 
Nile Valley, and its inhabitants must 
have been among the best-nourished 
people in the late Paleolithic world. 

The climate in Upper Egypt at that 
time was only slightly less arid than 

it is today. We may guess at an annual 

tigated a series of Stone Age living sites dating back to between 15,-
000 and 10,000 B.C. Tbe site being excavated bere belongs to cul
tures designated Sebekian and SUsilian, dating back to between 13,-

000 and 12,000 B.C. In it tbe investigators found stone tools cbarac
teristic of tbe cultures and bones of animals bunted by inbabitants. 
Cliff in tbe background is part of tbe nortbern boundary of tbe plain. 
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LANDSAT SATELLITE PHOTOGRAPH shows the valley of the Nile as the colorful streak 
running at the left through the desert. The now intensively cultivated Kom Ombo Plain is the 
bulge to the right of the river. In this false-color photograph the green of the cultivated areas is 
translated into red. The widening of the river at the lower left is Lake Nasser, which is backed 
up behind the Aswan High Dam. At the right are the uplands leading to the Red Sea Hills. The 
valleys leading down to the Nile are wadis that were once seasonal tributaries of the river. 
They are now dry except on the rare occasions when there is a c10ndburst in the Red Sea Hills. 
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precipitation of 10 or 20 millimeters. 
falling mainly in the Red Sea Hills dur
ing the winter months. The permanent 
river and the seasonal tributaries flow
ing westward from the Red Sea uplands. 
however. largely canceled out the effects 
of inadequate rainfall at Kom Ombo. 
The range of temperatures was lower 
than it is today by perhaps 10 degrees 
Celsius. and in winter there could be 
frost. 

By that time the Nile had long estab
lished its modern regime of summer 
flooding. induced by the monsoon rains 
in East Africa. From August to October 
the river rose to inundate areas that to
day lie far beyond its shrunken flood
plain. At its height the swollen Nile cut 
long. meandering side channels across 
the Kom Ombo Plain. creating what· 
were in effect islands until the waters 
epbed late in the fall. The floodplain was 
probably about five kilometers wide. 
The human settlements were concen
trated along the levees of the seasonal 
overflow channels when the Nile was 
high and were shifted to the lower flood
plain as the river receded. The banks of 
the tributaries. now dry wadis. have 
yielded few campsites; perhaps they 
were less attractive for settlement. 

Little concrete paleobotanical evi
dence has been recovered at Kom 
Ombo. but it is possible to gain an over
all impression of the vegetation. gener
ally subtropical. that grew on the plain. 
In the low floodplain. in addition to a 
grassy mat that covered much of the 
area. a gallery forest of acacia. tama
risk. sycamore and Egyptian willow 
probably stood beside the main stream. 
Less dense growths of the same trees 
would have occupied the channel lev
ees. Thorn trees probably grew in the 
larger tributary valleys. and the higher 
water table outside the zone of annual 
flooding probably supported a semi
desert vegetation of low scrub or brush 
with dry grassland on the hills and scat
tered desert shrubs farther east. We can 
also assume a rich growth of aquatic 
flora-reeds. sedges. lotuses and papy
rus plants-along the river. the side 
channels and the sloughs. 

C. S. Churcher of the University of 
Toronto has analyzed the animal re
mains from our excavations. His work 
has revealed a surprisingly wide range 
of vertebrates: at least a dozen taxa of 
mammals. 22 of birds. three of fishes 
and one taxon of reptiles. Prominent 
among the mammals are a now extinct 
large wild ox (Bos primigenius). the bu
bal hartebeest (Alcelaphus buselaphus. a 
species still living in the Sudan) and sev
eral species of gazelle. These and the 
hippopotamus were the most important 
game animals. There were in addition 
hares. hyenas. a species of canine. ban
dicoot rats and possibly the so-called 
Barbary sheep (the aoudad. Ammotragus 
lervia. still found in North Africa). 

In the streams and pools lived the 
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large Nile catfish. the Nile perch and the 
African barbel. as well as clams. the 
Nile oyster and a species of soft-shelled 
turtle. Many of the bird bones are repre
sentative of migratory species; the Nile 
Valley was probably then. as it is now. 
an important flyway between Europe 
and Africa. Wading and diving birds in
cluded numerous goose and duck spe
cies. the cormorant. the heron. the fla
mingo. the spoonbill. the crane and the 
curlew. Apparently the elephant. the gi
raffe. the rhinoceros and large carni
vores such as the lion and the leopard 
were not present. The ostrich. the wild 
pig. the zebra and the crocodile may 
well have existed there. but we found no 
trace of them among the animal bones. 

Such an abundant concentration of 
plant and animal resources must 

have made Kom Ombo one of the most 
attractive human habitats available any
where in late Paleolithic times. An econ
omy at once river-oriented and diversi
fied was to emerge at Kom Ombo and 
flourish for at least 5.000 years. Even 
though much archaeological evidence 
has been destroyed and precise infor
mation on the vegetation is meager. 
we can to some extent plot the seasonal 
flow of food energy through the plain 
and attempt to show how human ac
tivities were accommodated to long
and short-term fluctuations in the en
ergy flow. 

The earliest of the Upper Paleolithic 
sites at Kom Ombo are about 17,000 
years old. There were probably people 
on the plain before that time. but either 
their sites have not been preserved or 
they remain undiscovered. In any event 
in the centuries immediately preceding 
15.000 B.C. rainfall at Kom Ombo was 
minimal. there was little seasonal runoff 
in the tributaries and vegetation and 
game were probably sparse away from 
the Nile. From about 15.000 to 10.000 
B.C .• however, rain was generally more 
plentiful and tributary runoff was great
er. The climatic change evidently con
tributed to rich and varied cultural de
velopments. The same general phenom
enon. although differing in detail, has 
been reported by other excavators who 
have worked recently in Lower Nubia 
and Upper Egypt. Evidence of a cultur
al flowering up and down the Nile Val
ley has caused prehistorians to revise the 
traditional view that the later Paleolith
ic of the area was impoverished. At 
Kom Ombo alone during this 5.000-
year interval we find emerging a series 
of styles in the manufacture of stone 
tools (which prehistorians call industries 
or sometimes, as a convenient fiction. 
cultures); they vary considerably in the 
form of the tools. the methods of manu
facture and the kinds of stone the tool
makers preferred. We are still not en
tirely certain how this unexpected and 
seemingly anarchic diversity in tool pro
duction should be interpreted. but it is 

surely one of the most intriguing new 
aspects of the prehistory of Egypt. 

The majority of the stone tools are 
small and light. Smallllakes and blades 
were struck from a stone "core" and 
then chipped into tools. We find no im
plements that can be interpreted as axes 
or adzes. and only a small number of 
heavy tools (usually roughly split or 
chipped pebbles) appear to have been 
used for smashing or chopping. Some of 
the tools are only a few centimeters in 
length. small enough to be characterized 
as microliths. One can only assume that 
most of the stone artifacts were associat
ed in one way or another with the sub
sistence activities of their makers; un
fortunately. as is usually the case in Pa
leolithic studies. it is hard to ascertain 
the precise function or functions of an 
artifact with any degree of certainty. 

The first late Paleolithic stone-tool in
dustry recognized on the Kom Ombo 
Plain is called the Halfan. Carbon- 14 
determinations at several small camp
sites' place the Halfan industry around 
15.000 B.C. It is a curious industry com
bining relatively archaic and relatively 
advanced technological features. The 
archaic feature is what prehistorians 
call the Levallois method of removing 
large flakes from a specially prepared 
core. The method was known in Egypt. 
in Europe and elsewhere for hundreds 
of thousands of years before the Upper 
Paleolithic period. The advanced fea
ture is the fabrication of small flakes 
with lightly retouched edges. 

Only a few Halfan sites have been 
found. Perhaps the Kom Ombo Plain 
was not densely occupied at the time. 
Indeed. it is not until about 13 .000 B.C .• 

following a phase when the volume of 
the Nile had decreased somewhat and 
its annual inundations were lower. that 
sites on the plain become fairly abun
dant. 

A second industry, which we have 
called the Silsilian. and a third. known 
as the Sebekian, appear roughly be
tween 13,000 and 12.000 B.C. The Silsil
ian industry specialized in microlithic 
tools: many small "backed" blades (that 
is. blades blunted on one edge) and even 
tiny triangles and trapezoids made on 
blades of such exotic multicolored stone 
as agate. jasper and quartz. The Sebek
ian industry featured longer. narrower 
blades with the edges lightly retouched 
by "nibbling," usually near the base; the 
makers showed a preference for gray 
or buff-colored flint. Beginning about 
1 1.000 B.C. and continuing for several 

MAP OF THE NILE shows the course of the 
river from the Sudan (bottom) to the Medi
terranean (top). Some 15 years ago the Egyp
tian and the Sudanese governments invited 
many foreign scholars to investigate archae
ological sites, actual or potential, along the 
river that later were flooded by the new reser
voir or were destroyed by land reclamation. 
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millenniums thereafter, a fourth indus
try, the Sebilian (identified and named 
by Vignard half a century ago), is found 
at Kom Ombo. Here the old Levallois 
technique of core preparation reap
pears: many of the flakes struck from 
the core were broad and thin. They were 
then chipped into geometric shapes, in
cluding large triangles and trapezoids as 
well as microliths. More or less contem
poraneous with the Sebilian, and shar
ing certain of its traits, is a fifth group of 
artifacts we have named the Menchian 

industry. Many of the Menchian tools 
are made on rather thick, heavy flakes 
and blades; they may have been used 
for scraping. Both the Sebilian and the 
Menchian artifacts seem to be associat
ed with sandstone slabs and hands tones 
that were evidently used for grinding or 
pulverizing. 

To what extent these variations in 
stone-tool industries reflect distinct 

sociocultural groupings, or specialized 
subsistence activities, or the evolution 

PLATEAU 

, I ! ! 
KILOMETERS 

5 

D 
D 
.. 

NILOTIC DEPOSITS BEFORE 15,000 B.C. (MAS MAS FORMATION) 

NILOTIC DEPOSITS 15,000-10,000 B.C. (GEBEL SILSILA FORMATION) 

POST-10,OOO B.C. NILE AND WADI DEPOSITS 

- MODERN NILE FLOODPLAIN ALLUVIUM 

PREHISTORIC NILE CHANNELS 
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MAP OF THE KOM OMBO PLAIN shows the prehistoric Nile channels, wadi streams and 
geological deposits. In the period between 15,000 and 10,000 B.C. the river was considerably 
higher and more vigorous and the climate somewhat less arid than today. Map is based on stud
ies undertaken by Karl W. Butzer of the University of Chicago and his student Carl L. Hansen. 
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of one or more traditions over a period 
of time, it is still difficult to say. The 
long-term cyclical oscillations of the 
Nile may well have had some impact on 
the cultural situation. When the level of 
the river dropped, as it periodically did 
for centuries or millenniums, many of 
the valley zones outside the Kom Ombo 
Plain where the floodplains were nar
rower·would have been adversely affect
ed as the annual inundations were more 
restricted. The total biomass of the 
plants and animals in such areas would 
have been reduced for long periods, and 
under such conditions there might have 
been a tendency for the human groups 
living in them to move into larger and 
stabler zones such as the Kom Ombo 
Plain. The migrations, whether tempo
rary or permanent, of outside groups to 
the Kom Ombo Plain may help to ex
plain some of the rapid cultural changes 
and replacements the stone-tool indus
tries seem to reflect between 15,000 
and tO,OOO B.C. 

The exploitable part of the Kom 
Ombo Plain, which includes the former 
Nile floodplain, the wadis and the 
groundwater zones but excludes the 
modern floodplain (then largely sub
merged) and isolated rocky outcrops, 
was probably about 400 square kilome
ters, or about 150 square miles. It is not 
easy to calculate the density of Paleo
lithic populations, but a very approxi
mate figure, based on recorded popula
tions of recent and still living nonagri
cultural peoples with diversified pat
terns of subsistence, is about one person 
per square mile. Thus it is likely that the 
Kom Ombo Plain could have supported 
at least 150 people and perhaps as many 
as 300 under optimum conditions. It is 
of course unlikely that the population 
density was constant over the 5,000-
year period. 

Analyses of the animal remains, to
gether with what we can infer of the riv
er regime and the vegetation patterns, 
strongly suggest that the plain was capa
ble of supporting human life not just 
seasonally but all year round. It is none
theless highly unlikely that the popula
tion of the plain could have remained 
together as a single group throughout 
the year, or could have remained per
manently in a single locality. Probably 
at any one time the population was split 
into a number of small bands, perhaps 
composed of related families who tend
ed to hang together in a loose kind 
of organization. Each band probably 
moved in an annual cycle related to the 
seasonal availability of different food 
resources. Each of the bands may even 
have been identified with a certain ter
ritory on the plain, although these ter
ritories were probably not exclusive. 
Whether the entire population, or only 
those who recognized themselves as be
ing culturally related, periodically came 
together for economic or social pur
poses we do not know, but judging by 
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shows height of the Nile, overflow channels and wadi streams. An
nual flood of river covered a much greater area than it does today. 

the behavior of living hunting peoples 
it is not unlikely. 

The settlement system and subsis
tence strategy that prevailed were un
doubtedly fluid, since they would have 
had to be correlated with seasonal var
iations in the abundance of food. just 
as biomass output itself was linked to 
short- and long-term pulsations in rain
fall and river height. The output was 
probably spread fairly evenly over most 
or all of the year. although winter and 
spring (approximately from November 
through April) would have been the sea
sons of abundance. Much of the aquatic 
biomass. including fish. clams. oysters. 
waterfowl. turtles and hippopotamus. 
and such edible plants as water lily. wa
ter chestnut. water lettuce. water plan
tain. papyrus and other reeds. was prob
ably available in all seasons. These 
foods would have been exploited along 
the side channels during the flood peri
od from August through October and 
along the main stream at other seasons. 
Dry-land provender. including fruits. 
berries, nuts and edible gums from the 
acacia. the palm. the sycamore and oth
er trees, and perhaps melons. cucum
bers. the "Abyssinian banana" (Ensete 
edula) and various wild grass seeds. 
would have been most abundant in win
ter and spring. during and just after the 
rains. These plants would have been 
most common along the wadis but 
would also have grown on the desert 
steppe beyond them. Roots and bulbs 
should have been available throughout 
the year. 

Most of the large mammals, particu
larly the wild ox and the hartebeest (the 
principal sources of meat). would also 
have been hunted in winter and spring. 
One hunting area was the marshy flood
plain with its natural pastures beside the 
lowered river. The wadis and the grassy 
hills and plains to the east of Kom 
Ombo were a second area. The herds of 
wild cattle. unable to go for long periods 
without water. were almost certainly 
never far from the channels. pools and 
pastures of the floodplain and might 
even have been systematically culled by 
the hunters all year long. The harte
beests would have ranged more widely. 
and in the winter. when the tributary 

streams were flowing. they were proba
bly found along the wadis. Remains 
of gazelles and asses and perhaps Bar
bary sheep suggest hunting forays into 
the drier open grasslands, hills and the 
fringes of the desert. Fowling was prob
ably in the main a winter activity; many 
of the birds identified by the bones un
earthed at Kom Ombo (for example the 
crane. smew. goosander and several oth
er species of duck and goose) are mi
gratory. 

Late spring and early summer (from 
April through June) was probably a 
more difficult period of subsistence. As 
the heat and aridity increased. the Nile 
shrank to its lowest level. the grassy veg
etation diminished and some of the 
game dispersed. At this time of year the 
hunting bands may have been forced to 
split up into smaller units. each perhaps 
consisting of a few nuclear families. and 
to spread out more widely in order to 
exploit the less abundant food resources 
of the plain until the summer floods re
sumed. 

In terms of reconstructing seasonal ac
tivities on the Kom Ombo Plain. one 

of the most informative sites we exca
vated was Gebel Silsila III. near the 
northern end of the plain about four kil
ometers east of the present Nile. The 
site stands near a side channel of the 
Nile that 15.000 years ago ran a few 
hundred meters from a range of sand
stone cliffs. When we found the site in 
1962. it was almost entirely buried un
der an accumulation of hard, carbonate
rich Nilotic silt as much as a meter thick. 
deposited by river floods soon after the 
site was abandoned. Only a scatter of 
flints and bones exposed on the wind
eroded surface betrayed the site's exis
tence. With the aid of Robert Fulton. 
my assistant Morgan Tamplin and I 
spent several months excavating here 
in the winter of 1962-1963. The site 
proved to be stratified in two main lev
els: a rich Sebekian occupation. contain
ing many stone tools and animal re
mains, overlay a somewhat poorer Sil
silian one. 

Between 13 ,000 and 12,000 B.C. the 
prehistoric inhabitants of the plain had 
settled near a small depression. some 10 

meters in diameter. that held water dur
ing at least part of the year. Here they 
lived and ate. built their fires and made 
their stone artifacts. The large quantity 
of flint tools manufactured and discard
ed on the spot. the great number of bro
ken animal bones and the overall size of 
the area occupied indicate that. at least 
for the Sebekian people who lived there 
last. this may have been an important 
base camp. They hunted cattle. harte
beest and gazelle (a variety of game that 
reflects the exploitation of several dis
tinct microenvironments). ate an oc
casional hippopotamus. caught turtles. 
catfish and perch and killed at least 14 
different kinds of birds. It is possible that 
the Sebekian group occupied the site 
during more than one season of the year. 
although not necessarily the year round 
or even for very long at any one time. 
For example. the bones of migratory 
birds suggest that the Sebekian group 
was at the site at some time between 
September and April. The bones of im
mature gazelles. which presumably. like 
their modern counterparts. were born 
either in January or in late July and Au
gust. show that the group was present at 
one or both of these times. The bones of 
immature hartebeests. born at any time 
between May and December. also point 
to summer and/or fall occupancy. 

In addition to stone tools and animal 
bones two more intimate relics of hu
man presence have come from the Ge
bel Silsila III site. One. found in the low
er level. is a milk tooth from a Silsilian 
child less than seven years old. This evi
dence that children were among the ear
ly occupants of the site lends weight to 
the view that we are dealing here with a 
family group rather than. say. a tempo
rary encampment of adult hunters. The 
other relic .is a lump of hardened mud 
from the upper. Sebek ian level. It clear
ly shows impressions from the palm of a 
human hand. probably an adult's. and is 
one of the rare examples of a skin im
pression from the Paleolithic. 

Putting together the data from all the 
sites at Kom Ombo. we are able to reach 
certain tentative conclusions about oth
er aspects of the inhabitants' lives. First. 
there are no caves or sheltering rock 
overhangs in the surrounding cliffs. and 
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NILE RECESSION? 

HIGH NILE, 
MORE RAINFALL, 
WADIS ACTIVE 

HIGH NILE BUT 
LITTLE RAINFALL, 
LITTLE WADI 
ACTIVITY 

CHRONOLOGY OF CLIMATES AND CULTURES on the Kom 
Ombo Plain shows the relations between the two. The stone tools of 
the Halfan culture are characterized by flakes struck from a special
ly prepared core and by small blades with lightly retouched edges. 
The Silsilian culture specialized in micro lithic tools, many of which 
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SEBEKIAN 

SILSILIAN 

? 

HALFAN 

NO ARCHAEOLOGICAL SITES KNOWN 

are "backed," or blunted on one edge. The Sebekian culture featured 
long, narrow blades with edges lightly retouched by "nibbling." The 
Sebilian flakes, like the Halfan, were struck from a specially pre
pared core and were then often chipped into geometric shapes. The 
Menchian tools are heavy; many may have been used for scraping. 
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so all the living sites on the plain were 
in the open. At none of the sites have we 
found traces of permanent dwellings: 
stone or mud construction or postholes 
that would indicate substantial wood 
shelters. We can assume that the inhabi
tants built brush huts. windbreaks or 
light tents. shelters that would have left 
few traces. much as the modern Bush
men and Australian aborigines do. 

Second. tools made of bone or horn 
are rare. Wood was probably used more 
generally. but no trace of wood imple
ments has survived. The inhabitants of 
the plain did not have pottery. so that it 
also seems likely that they used con
tainers made of skin. basketry. bark 
or wood. They probably made nets and 
lines for fishing and perhaps fowling. 
Again. however. none of these artifacts 
have survived. Whether the bow and ar
row were present is not known. but the 
small stone points of several industries 
may well have served as arrowheads. 
Small flint blades may have been set into 
wood knife handles or fish spears. Dug
out or reed canoes and rafts would have 
been useful during the flood season. and 
perhaps for crossing to the west bank of 
the Nile. but again no evidence of such 
craft has survived. 

Like most of the other Paleolithic 
peoples of the Nile Valley (but unlike 
many contemporaneous groups else
where). the inhabitants of Kom Ombo 
seem to have shown no interest in beads. 
pendants. bracelets or other personal 
adornments. Perhaps the red and yellow 
ocher found in some of the sites was 
used for body decoration. It is also pos
sible that the spectacular plumage of 
such birds as the golden eagle. the os
prey and the black kite. whose bones are 
found at the sites. were used for decora
tive purposes. We have no good evi
dence that any of the inhabitants en
graved or sculptured bone and stone. as 
their Magdalenian contemporaries in 
Europe did. Their art. if they had any. 
may have been expressed in more per
ishable materials. Interesting scenes of 
wild animals. including cattle and hip
popotamus. are engraved on the cliffs 
near our Gebel Silsila sites. but no one 
can prove they were the work of a late 
Paleolithic group. Physically the Paleo
lithic inhabitants of the Kom Ombo 
Plain were fully modern representatives 
of Homo sapiens and were apparently 
rather robust in build. 

With the benefit of hindsight we can 
now see that many late Paleolithic peo
ples in the Old World were poised on the 
brink of plant cultivation and animal 
husbandry as an alternative to the hunt
er-gatherer's way of life. The new liveli
hood had its formal beginnings around 
the start of postglacial times in south
western Asia and perhaps elsewhere as 
well. One current hypothesis about the 
origins of agriculture is that it was re
lated to late Pleistocene population 
growth and increased pressure on food 

,/ 

o 
GRINDING STONES are associated with Sebilian and Menchian artifacts. Some were possi
bly used to process wild plant foods. Stones at left are grinding slabs; those at right are ruhbers. 

resources. This. the hypothesis con
tends. led in some cases to the greater ex
ploitation of foods that up to that time 
had been comparatively neglected. par
ticularly plants. smaller animals. birds. 
fish and mollusks. 

J. Desmond Clark of the University 
of California at Berkeley and others 
have recently argued that some evi
dence for this trend may be seen at Kom 
Ombo and elsewhere in the lower Nile 
Valley. Between 13.000 and 10.000 B.C. 
there appears to have been a general 
tendency toward population increase 
and more numerous and larger settle
ments. At some sites. particularly those 
of the Menchian and Sebilian cultures 
on the Kom Ombo Plain. we find many 
grinding stones: artifacts that suggest 
the processing of plant foods. perhaps 
even wild seed-bearing grasses. None of 
these grasses has yet been identified with 
certainty. although millets. sorghum 
and even barley have been postulated. 
At similar sites elsewhere in Egypt flint 
blades with a gloss or polish resembling 
that found on much used stone sickle 
blades have been reported. It has also 
been suggested that there may have been 
some tentative efforts at controlling or 
taming wild cattle. gazelles and other 
animals at about this time. 

If there was such a trend toward the 
manipulation and domestication of 
plants and animals in Egypt at the end of 
the Ice Age. it would seem to have been 
a false dawn. We do not know much 
about human activities at Kom Ombo 
during the interval after 10.000 B.C. that 
is sometimes called the Epipaleolithic 
or Mesolithic. We do know. however. 
that a complex series of small-scale cli
matic and environmental changes took 
place. Contrary to earlier hypotheses. 
although there was a warming trend in 
Egypt at the' end of the Pleistocene. it 
was not accompanied by either a sudden 

or a continuous perioq of desiccation. 
From about 10.000 B.C. until 3000 B.C. 
conditions fluctuated between the semi
arid and the hyperarid. But no cata
strophic drought. as some earlier ar
chaeologists had believed. forced the 
hunter-gatherers out of the hills and 
plains into the narrow confines of the 
Nile Valley. where all at once. in propin
quity with the appropriate plants and 
animals. they "invented" agriculture. In
deed. local rainfall seems actually to 
have increased for a time after 9000 B.C. 
and again about 5000 B.C. 

Nevertheless. even though the tribu
taries continued their seasonal flow. the 
hydrological budget of the Nile itself 
now tended to be reduced as a result of 
climatic changes in East Africa. The riv
er's floods were more restricted. the wa
ter table was lowered and the wetlands 
shrank in extent. Although there were 
still periodic fluctuations in the size of 
the Nile. conditions were never quite the 
same again at Kom Ombo. The plain 
seems to have become a marginal zone. 
unable to support a population as large 
as that of the late Paleolithic. Over the 
next few thousand years most of Kom 
Ombo slowly reverted to near-desert 
conditions; the ephemeral wadi waters 
gradually faded away. and sometime 
late in the third millennium B.C. the pres
ent hyperarid climate of Egypt became 
established. 

We know that in other parts of Up
per Egypt after 10.000 B.C .• and in 

Lower Nubia as well. a hunting and fish
ing way of life continued for at least 
4.000 years more. although its practi
tioners appear to have been reduced in 
numbers. At Kom Ombo too some 
hunting-gathering-fishing groups proba
bly still lived on the western edge of the 
plain near the river. The general reac
tion of the inhabitants of the Nile Valley. 

37 

© 1976 SCIENTIFIC AMERICAN, INC



HIPPOPOTAMUS JAW in a late Pleistocene deposit is cleared by autbor and a local worker. 
Presence of the animal four kilometers from today's Nile is evidence of swampy conditions. 

IMPRESSION OF THE PALM OF A HUMAN HAND appears on a lump of hardened mud 
found in a Sebekian deposit. It is a rare example of a skin impression from the Paleolithic. 
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to the changing environmental condi
tions seems to have been to place a 
greater emphasis on fishing and the 
procurement of other riverine foods 
in order to supplement the increasingly 
scarce supply of game animals and land 
plants. Possibly some of the brief hyper
arid periods after 10.000 B.C. led to a 
rapid reduction in the populations of 
these plants and animals. Unlike certain 
groups in southwestern Asia. however. 
the early Egyptians had not developed a 
sedentary way of life based on villages 
and on the collection of wild plants. 
which under conditions of demographic 
or ecological stress would have promot
ed the plants' domestication. If an indig
enous trend toward plant and animal 
domestication developed in the Nile 
Valley at all. it apparently never passed 
the incipient level. Such a trend may. 
however. have helped to preadapt the 
Egyptians to a ready acceptance of food 
production later. 

When diversified food production fi
nally arose in Egypt. perhaps around 
5000 or 4000 B.C .• or at least 2.000 years 
after its development in western Asia. it 
was evidently introduced from outside 
and utilized the familiar animals (goats. 
sheep and pigs) and cereals (wheat and 
barley) domesticated long before in 
Asia. The imported plants quickly took 
the place of those indigenous to Egypt 
because they were more productive. 
particularly after the advent of irriga
tion. They and the imported animals 
provided the economic base for Phar
aonic civilization. which emerged about 
3000 B.C. Nevertheless. it is interesting 
to note that in the earliest Pharaonic era. 
that of the Old Kingdom. the Egyptians 
showed a lively interest in domesticating 
local animals-wild cattle. gazelles. an
telopes and even hyenas-and continued 
to make use of cranes. geese and ducks 
in sacrifices and for food. The roots of 
this practice may lie in the preagricul
tural traditions of the Nile Valley. 

In recent years prehistorians working 
in many areas of both the Old World 
and the New have uncovered a great di
versity of human specializations and ad
aptations that developed in the closing 
phases of the Pleistocene. Our knowl
edge of the riparian hunters. fishermen 
and gatherers of the Nile Valley pro
vides a valuable addition to the data on 
these processes of local adaptation. Al
though we should not exaggerate the 
role of environmental change in our 
attempts to explain cultural change. 
no one denies that there are close. if 
still poorly understood. articulations be
tween the two. particularly at the hunt
ing-gathering level of cultural evolu
tion. What is being learned from the 
work on the Kom Ombo Plain and at 
other localities along the Nile should be 
of value to all prehistorians in search of 
the principles underlying the develop
ment of human behavior in the distant 
past. 
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What constitutes "publication"? 

Microfiche. Is this enough? 

Science without communication to 
colleagues might as well be sorcery 
or fantasy. "Publish or perish" says 
it another way. But publishing has 
its economics, and they can be op
pressive if the communication needs 
color but the world needs fewer than 
10,000 copies of it. Which is where 
microfiche makes its contribution. 
Professional associations have 
caught on to microfiche to the point 
that we now publish (on paper) a 
pamphlet entitled "Micropublishing 
for Professional Associations." Mi
crofiche is not comfortable to read 
lying in bed; it requires a reading 
device. A Kodak Ektalite reader 
weighs about 6 pounds. A profes
sional association that buys at least 
100 of them from us can resell them 
to its members for about $100 
apiece if it needn't turn a profit on 
them. We can make a master color 
fiche at a price of $1.50 for each 
color slide or page sent us to put on 
it, and the fiche can take up to 120 
such images. We strike off copies 
for distribution at $1.50 apiece for 
50, and we drop down by steps all 
the way to 66¢ apiece for 1700 or 
more copies. Black-and-white mi
crofiche costs less and has its place 
in reducing bulk for conveying volu
minous data or graphics that do not 
require color. (Prices, of course, are 
subject to change without notice.) 

Or does it have to be this? 

Jaded is the mind that finds no satis
faction in seeing its product com
mitted to printer's type. There is a 
bit more to it than just communi
cation. Gutenberg has had great 
impact on our sense of worth, de
spite abundant proof that a press 
can just as easily print lies and trash. 
Within these last few years (and 
with some help from Kodak tech
nology) , Gutenberg's method of 
raised letters to apply ink is rapidly 
giving way to photo offset. This has 
had the effect of broadening the 
range of price and quality that the 
industry can offer. The industry it
self ranges from the operator of an 
antiquated press tossed out by a 
plant that needed more speed and 
efficiency all the way to the fully 
integrated house that not only sets 
type (which the small operator may 
need to have done elsewhere) but 
also offers design service that sets the 
tone of the printed product in the 
reader's mind more than the reader 
realizes. An editor facing decisions 
on which way to go will find upon 
investigation that some printers are 
too small and some are too big and 
one is just right. 

And now there is this 
wonderful machine. 

Publication by means of the newly 
introduced Kodak Ektaprint l50AF 
copier-duplicator is so quick, so 
easy, so inexpensive as to be almost 
too tempting! Place as many as 50 
pages of typescript or graphics in 
the feeder box on top, press the but
tons, and before you return with 
your cup of coffee, stapled dupli
cates of the entire multipage work 
are filling the removable tray at the 
rate of 4,200 pages an hour and in 
consistently high quality, crisper 
perhaps than the typing. Editorial 
deadline could be the same after
noon as the mailing, but the mini
computer inside that takes the in
structions from the buttons-the 
number wanted, one-sided or two
sided, reduced in size or not, one 
staple or two, darker or lighter
lacks editorial judgment. In-house 
duplicating departments and com
mercial duplicating services are now 
acquiring these Ektaprint machines. 

To find out about micropublishing or 
Ektaprint duplicators, write to Dept. 
55W, Kodak, Rochester, N.Y. 14650. 
To find the right commercial printing 
house, you don't need us. 

39 

© 1976 SCIENTIFIC AMERICAN, INC



�MEASUREMENTBCOMPUTATION advances from Hewlett-Packard ------

� 
� 
� 

These are the "keys" to repeating a program: You can record a complete 
keyboard-entered program on one of these magnetic cards. Inserting it in 
the 5840A's built-in card reader reprograms the GC quickly and without error. 

Programmable GC analyzes a series 
of samples and gives you the answer 
to each analysis-automatically. 

Two years ago, HP introduced the first "smart" gas 
chromatograph-the 5830. It quickly gained wide 
acceptance for its ease of use, and because it 
automatically presented the user with a complete 
report of the analysis. Now a second-generation 
instrument, the HP 5840A, retains all its predeces
sor's advantages and introduces a new level of 

automation. 

Like the original HP Analytical Answer-Machine, the 
new HP 5840A provides an answer to an analytical 
problem completely unattended between sample in
jection and final report. Its built-in digital processor 
continuously monitors detector output; reduces it to 
peak areas and times; identifies individual sample 
components and computes their concentrations; gen
erates the chromatogram; and presents a complete 
analytical report on its own printer/plotter-all with
out operator attention. 
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In addition, through a powerful set of programming 
capabilities, the new 5840A analyzes a whole series of 
samples automatically, each according to the instruc
tions that you give it before the analysis is begun: 

• Time programming makes changes during an 
analysis in any integration or GC parameter or in 
any external device (e.g., sample injector) at pre
cisely the retention time you designate. 

• Run programming lets you designate changes to be 
made between analyses. for an entire series of 
samples, and carries them out automatically at the 
right time, (e.g .• recalibrate the instrument period
ically, using any standard sample you designate). 

• Magnetic card programming lets you record on a 
small magnetic card a complete keyboard-entered 
program for single or multiple analyses-and re
peat the program simply by inserting the card in a 
built-in card reader. Magnetic card programming 
saves the time that it takes to enter complex pro
grams manually and, especially, prevents pro
gramming errors. 

Prices for the 5840A Analytical Answer-Machine start 
at $1 1,525 * for a complete system including digital 
GC, digital processor and magnetic card reader, and 
printer/plotter with keyboard control. 
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Keystroke programmability 
plus continuous memory: 
a major advance in professional 
hand-held calculators. 

The new HP-25C combines 49 steps of keystroke 
programmability with a continuous memory. 
Whenever you switch it off, it retains all the data 
you've stored in its program memory and address
able registers. The result is a new level of capability 
you won't easily outgrow. 

The basic usefulness of a programmable calculator 
with continuous memory is immediately apparent. 
Once you've entered and debugged a program, you 
have it available for as long as you need it. 

We've made this possible by incorporating CMOS 
technology in the new HP-25C: all data in the program 
memory and the eight addressable registers are stored 
in two CMOS chips. Because they consume only 
1/80,000 of the calculator's normal operating power, 
these chips are powered continuously, even when the 
calculator is turned off, without substantially decreas
ing the operating life of the battery. U seful life between 
battery charges is in fact considerably increased , be
cause the calculator need be turned on only when it is 
actually being programmed or used for calculations. 

Continuous memory is also useful in some not-so
obvious ways: 

• You can add your own special functions to the 
calculator's preprogrammed functions-as many 
as will fit into 49 steps. You can store them as 
permanently as you wish, and recall any of them 
for immediate use with a few strokes of the 
programming keys. 

• You call add conversion constants in the storage 
registers-any constant you frequently use in your 
work-and recall them at a single keystroke no 
matter how often you switch the calculator off. 

• You can use the storage registers as a notebook to 
save data from previous problems for use in calcu
lations at another time and place, or to accumulate 
the sum of a number of data entries made during 
the course of a long-term experiment. 

HE WLETT� PACKARD 

Sales a n d  service from 1 72 offices i n  6 5  countr ies. 

For assistance call:  Washington (30 1 )  948-6370. Chicago (3 1 2) 677-0400, 

Atlanta (404) 434-4000, Los Angeles (2 1 3) 877-1 282, Toronto (4 1 6) 678-9430 

• And you can manage your time more efficiently by 
programming your HP-25C in advance of meet
ings, seminars, lab sessions, or classes. 

Except for the addition of continuous memory, the 
HP-25C is identical to the HP-25 Scientific Program
mable: 72 scientific, engineering, and mathematical 
functions and operations; 49-step programming 
memory with decision branching capability; a choice 
of display formats in fixed point, scientific, and en
gineering notations-power and flexibility enough to 
cope with the growing complexity of professional cal
culating requirements. 

The HP-25C costs $200* including comprehensive 
owner's handbook, applications programs book, a 
booklet on "Getting the most from continuous mem
ory," battery pack, recharger/AC adapter, and soft car
rying case. Price of the HP-25 without continuous 
memory is $145 * .  You can get them at quality depart
ment stores and campus bookstores, or from HP. Call 
800-538-7922 in the U.S.A. (in California, 800-662-
9862) for the name of the HP retailer nearest you. 

For more information on these products, write to us. 
Hewlett-Packard, 1503 Page Mill Road, Palo Alto, 
California 94304. 'Domestic USA prices only. 

Mail to: Hewlett-Packard, 1503 Page Mill Road,  Palo Alto. CA 94304. 

Please send me further information on 

( ) HP-25C Scientific Programmable Calcu lator 

( ) H P  5840A Programmable GC 

Name _______________ _ 

Company ______________ _ 

Address ______________ _ 

City _______ State ___ Zip ___ _ 

00646 
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SCIENCE AND THE CITIZEN 
Rules of the Game 

M
olecular biologists now have a 

detailed list of do's and don'ts 
covering their work with re

combinant DNA. a line of research with 
the potential for much benefit and a still 
uncertain degree of risk. In June the Na
tional Institutes of Health issued guide
lines for experiments in which bits of the 
genetic material DNA taken from dif
ferent sources are combined into biolog
ically viable molecules that can be intro
duced into a host and there reproduce 
themselves. The NIH action was the cul
mination of a series of events new to 
scientific history: investigators them
selves had become concerned about the 
possible consequences of novel proce
dures, had made their concern public, 
had voluntarily restricted their experi
mentation and had asked an agency that 
can effectively regulate them to formal
ize the restrictions and thus ensure their 
general application. 

The experiments in question grew out 
of the discovery in the late 1960's and 
early 1970's of various enzymes that 
could cut DNA sequences in specified 
ways and of other enzymes that could 
link DNA segments together. It became 
possible to select a carrier molecule 
(typically a virus DNA or one of the 
nonchromosomal bits of bacterial DNA 
called plasmids), to splice into it a bit of 
foreign DNA (from another virus or 
plasmid, a bacterium or a higher orga
nism) and to introduce the resulting chi
mera, or combined molecule, into a host 
cell (typically a bacterium). The chime
ra replicates itself dependably in the 
host, giving it new genetic characteris
tics that allow it to be isolated and 
cloned into a line of specifically en
dowed cells (see ''The Manipulation of 
Genes," by Stanley N. Cohen; SCIENTIF
IC AMERICAN, July, 1975). The proce
dure breaches the natural barriers 
among species, which means that it 
brings the biologist into new and untest
ed territory. 

In 1973 investigators gathered at a bi
ology conference suggested that the Na
tional Academy of Sciences consid
er whether the evolving recombinant
DNA research required some form of 
control. A National Academy commit
tee was formed, and in 1974 it proposed 
that certain potentially hazardous re
combination experiments be deferred, 
that the NIH set up a committee to eval
uate recombinant research and establish 
guidelines and that an international 
meeting of investigators be convened to 
review progress in the field and consid
er the technique's potentialities. Such 
a meeting was held at Asilomar in 
California early in 1975. The partici
pants agreed that recombinant research 
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should go forward but that specific 
kinds of precaution should be taken, 
matched to the potential hazard of par
ticular procedures, and that some re
combinations should not be carried out 
at all. An NIH Recombinant DNA Mol
ecule Program Advisory Committee 
then drafted a set of guidelines, which 
went through several changes before be
ing approved and published. 

The guidelines are intended to protect 
people engaged in the experiments, the 
general public and the environment. 
Five kinds of experiment are "not to be 
initiated": cloning of DNA's from dis
ease-causing organisms or from tumor 
viruses; recombinations involving genes 
for the synthesis of potent toxins; re
combinations that might increase the 
virulence or range of plant-disease 
genes; deliberate release of hosts con
taining recombinants; transfer of a 
drug-resistant trait to an organism that 
does not acquire it naturally, if the 
transfer could compromise control of 
disease. As for permissible experiments, 
four levels of physical containment are 
described, ranging from ordinary labo
ratory conditions to the sterile, sealed
off conditions hitherto required only in 
facilities handling the most dangerous 
microorganisms. Various host catego
ries are also established, graded accord
ing to the degree of "biological contain
ment" they provide by reason of muta
tions that make them unlikely or unable 
to survive except in the laboratory. Fi
nally, combinations of physical-con
tainment levels and permissible hosts 
are prescribed for various categories of 
experiments. 

The NIH rules follow the principles 
outlined by the Asilomar report but are 
far more specific, and they are more rig
orous in that they req uire particular pro
cedures and documentation. A few in
vestigators in the field apparently feel 
that the regulations are not sufficiently 
restrictive. Others believe that, by call
ing public attention to DNA recombina
tion and cloning as a more hazardous 
procedure than other procedures in biol
ogy, investigators may have occasioned 
more public concern than is warranted. 
In any case the guidelines are likely to be 
reviewed and revised frequently as new 
experimental results reveal special haz
ards or (more likely) demonstrate that 
certain procedures are safer than had 
been expected. 

Teravolt Territory 

Enrico Fermi once drew a sketch of the 
ultimate particle accelerator: a ma

chine that circled the globe at the Equa
tor. At a recent meeting in Serpuk
hov, near Moscow, physicists from 
the U.S.S.R., Western Europe, the U.S. 

and Japan discussed the desirability of 
building a "world machine," somewhat 
smaller than Fermi's but nonetheless its 
symbolic equivalent. The world ma
chine would be roughly 10 miles in di
ameter and would be capable of acceler
ating protons to 10,000 gigavolts (GeV), 
or 10 teravolts (TeV). A few days before 
the Serpukhov meeting the world's larg
est accelerator at the Fermi National 
Accelerator Laboratory ("Fermilab") in 
Illinois, with a ring 1.25 miles in diame
ter, for the first time accelerated protons 
to 500 GeV. A similar machine just 
completed near Geneva for the Europe
an Organization for Nuclear Research 
(CERN) has reached 400 GeV. The 
physicists at Serpukhov were of the 
opinion that the world machine, also 
dubbed VBA (very big accelerator), is 
beyond the resources of a single country 
or even a small group of countries. The 
VBA would probably cost between $1 
billion and $2 billion, from three to six 
times more than the large machines at 
Fermilab and CERN. 

Like the Fermilab and CERN acceler
ators, the VBA will be a proton synchro
tron with a fixed target. Because essen
tially all the accelerated particles collide 
with other particles in the target, fixed
target machines have a high "luminosi
ty" and thus are capable of generat
ing intense beams of secondary parti
cles, such as mesons and neutrinos. 
Much higher effective energies can be 
achieved by machines in which beams 
of particles, countercirculating in stor
age rings, are made to collide, but the 
luminosity, or number of collisions per 
cycle, is far lower than it is in fixed-tar
get machines. Three large electron-posi
tron colliding-beam facilities are under 
construction: PEP at the Stanford Lin
ear Accelerator Center in the U.S., 
PETRA in West Germany and VEPP-
4, a somewhat smaller facility, in the 
U.S.S.R. In PEP and PETRA electrons 
accelerated to 18 Ge V will collide with 
positrons of the same energy. The colli
sion energy, measured in the center-of
mass system, is the sum of the energies 
of the colliding particles, or 36 GeV. 
(To achieve the same energy release in a 
fixed-target machine the impinging par
ticles would have to be accelerated to an 
energy of about 600 GeV.) 

Plans for large proton-antiproton col
liding-beam facilities have been laid at 
the Brookhaven National Laboratory 
and at CERN. In the Brookhaven unit. 
ISABELLE, the colliding beams would 
each have an energy of 200 GeV; in the 
CERN unit, LSR. each beam would 
have an energy of 400 GeV. The respec
tive center-of-mass energies of the two 
facilities would therefore be 400 and 
800 GeV. (To achieve a center-of-mass 
energy of 800 GeV a fixed-target ma-
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The control center of the Mercedes-Benz 280 - the most copied sedan in the world. 

What does it feel like 
to drive the most copied sedan 

in the worl3? 
Eight of the world's major automo

bile makers have either compared 
their cars to the Mercedes-Benz 280-
or have actually tried to copy it. Your 
first drive will show you that no one 
has copied the 280 at all. 

When you take the wheel of a 280 
Sedan, the automobile states its own 
case. Listen to the engine. It's a sophis
ticated overhead camshaft six. 

Press the 280 into a tight tum. Fully 
independent suspension gives you un
canny road adhesion. And, because 
every wheel has its own separate sus
pension system, bumps or potholes 
can affect only one wheel. 

It's a different story with most of 
the imitators. Their rear axles are single 
rigid units. So a jounce on one wheel 
produces a bounce on its mate. 

You get what you pay for 
Others have copied the 280's lines and 
many of its dimensions. But few have 
attempted to copy the completeness of 
its standard features. And none has 
matched all of its engineering features. 
Features that give you greater safety, 
comfort and performance. Features 
that account for the 280 Sedan's price. 

Finally, consider this financial fact. 
Based on the average official used car 
prices over the past five years, a 
Mercedes-Benz holds its value better 
than any make of luxury car sold in 
America. And even among the 
Mercedes-Benz models listed, the 280 
Sedan's figures are outstanding. 

You get what you pay for in the 
280; a unique driving experience that 
is the sum of all the reasons 

(6) why the 280 is the most copied 

. sedan in the world. 

Mercedes--Benz 
Engineered like no other car 

in the world. 

The 280 Sedan: Rewards you may never have experienced in an automobile. 
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chine would need a beam of 320.000 
GeV.) If the U.S. goes ahead with ISA
BELLE. as seems likely. CERN will 
probably decide to cancel LSR. 

Meanwhile Fermilab is well along 
with the "doubler." the installation of a 
second ring of magnets (superconduct
ing) in the tunnel of the 500-Ge V syn
chrotron. The second ring will raise the 
500-GeV beam to 1.000 GeV. Fermilab 
has also proposed the construction of a 
storage-ring facility. POP AE (protons 
on protons and electrons). in which a 
1.000-GeV beam of protons would col
lide either with a proton beam of equal 
energy or with an electron beam of 20 
GeV. The Russians. whose largest accel
erator is the 70-GeV proton synchro
tron at Serpukhov. are working on plans 
for UNK. a fixed-target machine of 
2.000 GeV. to which storage rings could 
be added to generate center-of-mass col
lision energies of 4.000 GeV. or 4 TeV. 

Nuclear Power Abroad 

In the midst of the current debate over 
the appropriate role of nuclear pow

er in the future U.S. energy budget it is 
easy to lose sight of the fact that else
where in the world the commitment of 
nations to the generation of electricity 
from atomic fission is proceeding apace. 
According to the latest available statis
tics. compiled by the Atomic Industrial 
Forum. there are at present 18 countries 
other than the U.S. where nuclear power 
plants are generating electricity. The 
combined capacity of the 1 12 operating 
power reactors in those 18 countries is 
rated at 35.882 megawatts of electricity. 
The U.S .. in comparison. has 60 nuclear 
power plants licensed to operate. with a 
capacity of 4 1.954 megawatts. 

In terms of the nuclear share of each 
country's total electrical supply the 
U.S .. which has the capacity to produce 
more than 8 percent of its electricity 
from nuclear power. ranks behind sev
eral western European countries. in
cluding Switzerland ( 18 percent). West 
Germany ( 15 percent). Sweden ( 13 per
cent). the United Kingdom ( 10 percent) 
and France ( 10 percent). In addition Ja
pan can now produce about 8 percent of 
its electricity from nuclear energy. 

• 

More to the point. however. is the fact 
that the number of foreign countries 
that have nuclear power plants under 
construction. on order or planned has 
risen sharply in recent years and now 
stands at 4 1. The nuclear-plant commit
ments made by those 4 1  countries as of 
mid-1976 total 454 reactors with a com
bined capacity of 343.355 megawatts. 
This last figure represents an increase of 
more than 17 percent from 1975. when 
commitments totaled 294.278 mega
watts. and more than 56 percent from 
1974. when they totaled 220.575 mega
watts. 

After the U.S .. France leads in total 
nuclear-plant commitments: 47 reactors 

with a projected total capacity of 39,345 
megawatts. Other countries with large 
projected nuclear-generating capacities 
include Spain (35.845 megawatts). West 
Germany (28.683 megawatts). Iran 
(27.200 megawatts). Italy (2 1.386 mega
watts) and Japan (20.002 megawatts). 
At the last count the U.S. was commit
ted to a total of 228 reactors with a com
bined capacity of 226.189 megawatts. 

Naked Charm 

The quark model of elementary parti
cles has often seemed an exercise in 

pure reason: the quarks were invented to 
explain the internal structure of parti
cles that were not known to have an in
ternal structure. A celebrated adden
dum to the theory. the "charm" hypoth
esis. went on to explain the structure of 
other particles whose very existence was 
in doubt. These audacious conjectures 
are now being substantiated. The quark 
model as a whole is deemed to be a suc
cess. and a few particles discovered in 
recent months give every indication of 
possessing the new property of matter 
called charm. 

The new particles were observed with 
the SPEAR particle-storage ring. the 
machine at the Stanford Linear Acceler
ator Center (SLAC) in which electrons 
and positrons collide head on and anni
hilate each other. SPEAR is one of the 
laboratories where the psi. or J, particle 
was first seen two years ago. It was im
mediately proposed that the psi consists 
of a charmed quark bound to a charmed 
antiquark. and that explanation of it has 
been supported by the subsequent dis
covery of several related states. The 
psi, however. is a particle that hides 
its charms: the property cannot be ob
served because the charm of the quark 
and that of the antiquark cancel out. 
The newly discovered particles are not 
so modest. 

Like the psi, the new particles are me
sons. members of the class of particles 
that consist of a quark and an antiquark. 
The prevailing interpretation is that 
only one of these quarks has charm. so 
that the property can be displayed overt
ly. The mesons were discovered by a 
group of 4 1  physicists from the Law
rence Berkeley Laboratory of the Uni
versity of California and from SLAC. 
who report their results in Physical Re
view Letters. They have postponed nam
ing the new states until all their impor
tant properties have been determined. 
Many of the same investigators partici
pated in the discovery of the psi. 

The new mesons decay too quickly 
for them to be observed directly; they 
were found as enhancements at particu
lar energies in the production of K me
sons and pi mesons, which are interpret
ed as being the decay products of some 
new state of matter. The first particle 
detected was an electrically neutral one 
that decays into one K meson and one pi 

IntroducingThe 
Christian Brothers 
Select Napa Valley 

Napa Fume. 
A UNIQUE ESTATE BOTTLING 

OF SAUVlGNON BLANC GRAPES 

We are still a bit old-fashioned 
about many of the steps in making 
our wines here in our Napa Valley 
winery. But through the years. we. and 
others. have added immensely to 
our knowledge and methods. 

We are now pleased to introduce 
a wine we believe draws on the best of 
the old and the new: our Napa Fume. 

This is a pale gold wine. made 
wholly from Sauvignon Blanc grapes 
grown in our own vineyards. These 
grapes. among the first to ripen. have 
a delightful fresh taste and fragrance. 

To capture this quality. we fer
ment the juice in special temperature
controlled cooperage at 500This cold 
fermentation keeps the fruitiness and 
aroma in the wine. It also enhances 
the trace of "fuming" or smokiness 
that inspired the descriptive name. 

Afterward Napa Fume is ma
tured and then bottle aged in our 
own tradition until it is ready for 
your table. 

I believe you 
will find our Napa 
Fume one of the 
great white wines 
of the Napa Valley 
and an ideal com
panion to light meats. omelettes. fish. 
fowl, and cheese dishes. If your wine 
merchant does not have it available. 
you may write to me. 

��.JSC. 
CELLARMASTER 

THE CHRISTIAN BROTHERS 
NAPA VALLEY, CALIFORNIA 94558. 
Worldwide Distributors: Fromm and Sichel,Jnc., 

San Francisco, California 
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meson or into one K meson and three pi 
mesons. It has a mass of 1.865 GeV. 
(The mass of a particle is usually given 
in terms of its equivalent energy in elec
tron volts; 1 GeV is a billion electron 
volts.) It is always created in pairs con
sisting of a particle and an antiparticle, 
and one of these is apparently formed in 
an excited state that has a mass of 2.0 1 
GeV. 

More recently a second particle has 
been found that decays into one K me
son and two pi mesons. This particle is 
electrically charged, and its mass is 
slightly greater than that of the neutral 
particle. If the new states are charmed 
mesons, they consist of charmed quarks 
in combination with other quarks desig
nated u and d; these are the commonest 
quarks, the constituents of the protons 
and neutrons in ordinary matter. 

Evidence of suspected charmed parti
cles was detected earlier in the debris 
produced by the bombardment of pro
tons and neutrons with high-energy neu
trinos. Nevertheless, the observation of 
the particles at SPEAR had been await
ed with some anxiety. If charmed me
sons exist, the theory holds that they 
must be produced in electron-positron 
annihilations. Moreover, some proper
ties of the particles can be determined 
more conveniently by one technique 
than by the other. The neutrino experi
ments give an excellent measure of life
time, which is difficult to determine at 
SPEAR; on the other hand, electron
positron annihilation gives a much more 
precise measurement of mass. 

The search for charmed particles was 
begun at SPEAR soon after the psi was 
found. It is now apparent that they were 
not seen sooner only because the signal 
of their presence is exceedingly faint. In 
an analysis of 29,000 electron-positron 
collisions only about 200 could be at
tributed to the new particles. (A few 
hundred more have since been record
ed.) In order to help isolate these few 
events the detector at SPEAR was modi
fied so that pi mesons and K mesons 
could more readily be distinguished. In 
this way collisions that gave rise only to 
pi mesons or to K mesons could be ex
cluded from consideration. Still, an 
elaborate statistical analysis was needed 
before the signal could be seen clearly. 

All the properties of the new particles 
that have been determined so far are 
those expected of charmed mesons. 
Their decay into K and pi mesons had 
been predicted; that is why enhance
ments in the production of those parti
cles were searched for at SPEAR. The 
particles are made only in pairs, and 
they are not made at all below a thresh
old energy. That is the behavior expect
ed of a particle bearing a new property 
of matter such as charm. Finally, the 
mass of the least massive charmed me
son was calculated theoretically more 
than a year ago by Sheldon L. Glashow 
and his colleagues at Harvard Universi-
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ty. They predicted a value of 1.83 GeV, 
which is in good agreement with the ob
served mass of 1.865 GeV. The authors 
of the SPEAR report stop short of de
claring their discovery to be a charmed 
meson, but any other explanation would 
now seem farfetched. 

Hot and Heavy 

The celestial X-ray sources that were 
studied in the five years after the first 

source was discovered in 1962 either ra
diated steadily, like the Crab Nebula 
and other supernova remnants, or var
ied regularly, like Her X-I in the con
stellation Hercules. In 1967 the first 
transient X-ray source to be detected 
flared up in Centaurus; since then scores 
of X-ray novas have been identified 
from such X-ray satellites as Uhuru, Co
pernicus, Ariel-5, ANS (the Astronomical 
Netherlands Satellite) and SAS-3 (the 
third Small Astronomy Satellite). Re
cently five members of still another class 
of celestial X-ray sources have been dis
covered: highly variable and extremely 
massive objects at the center of globular 
clusters of stars. 

Some of the regularly varying X-ray 
sources appear to be members of eclips
ing binary systems; others vary so rapid
ly (from less than a second up to 10 sec
onds) that they appear to be pulsars. The 
transient X-ray sources, like visible no
vas, tend to flare up and remain ex
tremely bright in the X-ray sky for days 
and weeks before they fade back to nor
mal. Some of them may emit their radia
tion when gas they eject is heated by 
shock waves traveling through it. Others 
may be energized when matter falls onto 
a rapidly rotating, magnetized, col
lapsed object similar to the object that 
may account for some of the nontran
sient sources such as Her X- 1. 

The new type of object has a pattern 
of variability that is completely unlike 
the pattern of any of the previously 
known variable X-ray sources. The 
brightest of the new sources, 3U 1820-
30 in the globular cluster NGC 6624, is 
described in The Astrophysical Journal by 
a group of American and Dutch work
ers (J. Grindlay, H. Gursky, H. Schnop
per, D. R. Parsignault, J. Heise, A. C. 
Brinkman and J. Schrijver). The source 
emits powerful bursts lasting less than a 
second and then returns to its normal 
energy output some eight seconds later. 
There appears to be no regular period 
between bursts: the object is highly vari
able on a time scale ranging from min
utes to months. 

The pattern of variability and the na
ture of the spectrum of 3U 1820-30 
could be explained if in the center of 
NGC 6624 there were a black hole 
about the size of Saturn, 1,000 times 
more massive than the sun and sur
rounded by a cloud of hot gas some 
three million kilometers deep. The gas 
would normally be in equilibrium with 

the black hole, either surrounding it as 
an atmosphere or rotating around it as a 
disk of matter accreting to it. Occasion
ally some kind of instability might arise 
that would temporarily alter that equi
librium, generating a quick burst of X 
rays. The X rays would propagate out
ward through the hot gas. Some of them 
would get through the gas unhindered; 
others would first be absorbed by atoms 
or ions of gas and then be reradiated a 
short time later. An observer would thus 
see an initial sudden burst of X rays that 
would gradually trail off as the delayed 
radiation was reemitted by the hot gas. 

The new class of X-ray sources could 
be important to astrophysics in two ma
jor ways. First, the previously known X
ray sources seem to be largely confined 
to the plane of our galaxy, indicating 
that they may be very young objects em
bedded in the galaxy's spiral arms. The 
fact that objects of the new class have 
been found within globular cl usters, 
which are among the oldest objects in 
the galaxy, indicates that at least one 
kind of X-ray source is also very old. 

Second, the lack of similarity between 
the new class of objects and the previ
ously known variable X-ray sources im
plies that the new objects are themselves 
very different from the common binary 
X-ray stars. In fact, the way in which the 
new objects emit short, sharp bursts of 
X rays is reminiscent of the mysterious 
objects that emit short, sharp pulses of 
gamma rays. Grindlay, Gursky and 
their colleagues remark: "We cannot ex
clude a possible relation between these 
events and the 'Y-ray bursts . . .  which 
have yet to be identified with known cos
mic objects." 

Errant Eddies 

The Gulf Stream is the swiftest and 
most energetic current in the North 

Atlantic. About 100 kilometers wide, it 
meanders up the coast of North Ameri
ca from Cape Hatteras to the Grand 
Banks like a long, twisting ribbon. This 
is only its average path, however; recent 
research indicates that the structure of 
the Gulf Stream is considerably less sta
ble than had been supposed. 

The vagaries of the current were first 
quantitatively measured in the mid-
1950's, when the pioneering studies of 
Frederick C. Fuglister showed that the 
Gulf Stream is not homogeneous but 
consists of several narrow bands of rap
id flow separated by countercurrents. 
Occasionally an individual band wan
ders off its usual course in a broad loop 
some 500 kilometers long. The loop 
then pinches off from the main current, 
forming a ring of swiftly moving Gulf 
Stream water around a core of seawater 
of different origin. 

Although the existence of Gulf 
Stream rings has been known for 25 
years, the details of their formation, 
movement and decay are only now be-
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The Black Watch Kit $29.95 
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The Black Watch by 
Sinclair is unique. Controlled 
by a quartz crystal ... 
powered by two hearing aid 
batteries. Styled in under
stated elegance the Sinclair 
way. No knobs or buttons. 
To see the exact time or date 
just touch the face of the 
case. A re-set control is on 
the back. 

Correctly assembled 
watches are guaranteed for 
a full year ... Accuracy within 
a second per day. 

The kit contains: 
1. Printed Circuit Board. 
2. Unique Sinclair 

Designed IC. 
3. Encapsulated Quartz 

Crystal. 
4. Trimmer. 
5. Capacitor. 
6. LED Display . 
7. 2-Part Case with 

Window in Position. 
8. Batteries and Clip. 
9. Black Strap. 

10. Full Instructions. 
All you provide is a fine 
soldering iron and wire 
snips. 

Build Your Own Scientific Calculator 
in 3 Hours for $14.95 

Ei 

Designing the Sinclair 
Scientific was no small feat 
of engineering. You don't 
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ing revealed. In Oceanus, the quarterly 
review of the Woods Hole Oceano
graphic Institution, Philip Richardson 
and Peter Wiebe discuss the importance 
of ring eddies in redistributing water 
and marine life in the western North At
lantic. 

Perhaps half a dozen rings, analogous 
to the cutoff highs and lows created by 
jet streams in the atmosphere, break off 
on each side of the Gulf Stream every 
year. Those forming to the south or east 
of the main current trap cold water from 
the continental slope and are called 
cold-core rings. They are huge struc
tures, extending horizontally from 150 
to 300 kilometers and vertically from 
2,500 to 3,500 meters. Carrying some 10 
trillion tons of subarctic water in their 
core, they move slowly south or south
west, decaying as they go. They have 
been known to persist as physically 
identifiable structures, however, for two 
years or longer. Data recently gathered 
suggest that at any given time there may 
be as many as 15 of them wandering 
across the Sargasso Sea west of Bermu
da. The warm-core rings that form 
north or west of the Gulf Stream are 
shallower structures (about 1,000 me
ters deep) and generally last only about 
six months before they coalesce with the 
main current near Cape Hatteras. 

For the marine biologist cold-core 
rings are of great interest because their 
formation isolates zooplankton and oth
er organisms of subarctic waters within 
the core structure. Since many of the 
subarctic species are distinct from those 
indigenous to the Sargasso Sea, the 
southward movement of the rings re
sults in the large-scale invasion of one 
community by another. On the basis of 
his studies of the species distribution of 
the shrimplike euphausiids in migrating 
Gulf Stream rings, Wiebe observes that 
the formation and decay of a cold-core 
ring is a kind of natural ecological ex
periment in which an oceanic communi
ty is transplanted from one environment 
to another and also exposed to biologi
cal interactions with the community 
adapted to the second environment. 

Cold-core rings may also have evolu
tionary significance. Some of them are 
known to coalesce with the Gulf Stream 
after a period of weeks or months, re
uniting expatriated organisms with sim
ilar forms in their home range. If, as 
seems to be the case, populations of sub
arctic species living in the rings are ex
posed to increasing environmental stress 
as they are carried southward, that 
stress may provide a progressive selec
tion mechanism. Cold-core rings may 
thus be a means by which genetically 
altered populations are introduced into 
the parent population, thereby increas
ing the overall adaptability of the spe
cies and extending its range. Since the 
Gulf Stream has been flowing in its pres
ent course for millions of years, ring for
mation and decay over a similar time 

period may be at least partly responsible 
for the well-defined biogeographic dis
tribution of oceanic populations in the 
western North Atlantic. 

Sa It- Water Cereal 

The development of crops that can 
tolerate a high level of salt would 

open two large new opportunities for 
food production: irrigation with seawa
ter and the growing of crops on land 
where salinity has prevented or driv
en out farming (see "Salt-Water Agri
culture," by Hugo Boyko; SCIENTIFIC 
AMERICAN, March, 1967). By screening 
barley for salt tolerance and selecting 
about a dozen strains that appeared like
ly to be successful in a salty environ
ment, Emanuel Epstein of the Universi
ty of California at Davis and his asso
ciate Jack Norlyn have succeeded in 
growing to maturity barley that was 
planted in a sandy plot and irrigated 
with seawater. They are now developing 
a salt-tolerant tomato and planning a 
similar venture with wheat. 

Epstein and Norlyn began with bar
ley because it was known to be more 
resistant to salt damage than most other 
crops. Having ascertained that tolerance 
to salt is inherited and that barley plants 
could be selected for that trait, they ob
tained seed of a composite cross repre
senting a reservoir of genetic variabil
ity derived from 6,200 strains from all 
over the world. Using this seed, they 
embarked on their program of screen
ing and breeding. The most promising 
strains were planted in an experimental 
plot near the Bodega Marine Laborato
ry in California. Water for irrigation 
was drawn from Bodega Bay. Since sea
water contains most of the nutrients a 
plant needs for growth (potassium, cal
cium, magnesium, sulfur and a number 
of trace elements), the experimenters 
supplied only nitrogen, phosphorus and 
potassium. (The potassium was not 
needed but was contained in the com
mercial fertilizer the experimenters em
ployed.) Most of the plants matured and 
developed grain. 

The results, Epstein said, represent 
"the beginning of a new system of crop 
production based on seawater, which 
provides both irrigation and nutrients." 

Vaults of the Toreadors 

The skill and nerve of the modern 
bullfighter are impressive, but they 

seem commonplace compared with the 
performance of his Bronze Age prede
cessors. In the latter half of the second 
millennium B.C. unarmed and unpro
tected acrobats in Crete and on the 
Greek mainland ritually baited bulls 
into charging; then they leaped over the 
bull's horns, landed on its back and 
vaulted to the ground. The ritual cap
tured the imagination of the Bronze Age 
society; artists depicted the bull-baiters 
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in seal engravings, sculpture and fres
coes. Heinrich Schliemann uncovered 
one such fresco at Tiryns in the 1880's, 
and Sir Arthur Evans found others at 
Knossos in the 1920's. 

As with so many other Bronze Age 
discoveries in Crete, the first definitive 
description of the ritual to be published 
in English was written by Evans. De
pending for his interpretation primarily 
on one miniature bronze sculpture of a 
bull and an acrobat, Evans recreated the 
action as follows. First, as the baited 
bull charged with its head down the ac
robat seized the animal's horns. Aided 
by the upward thrust of the horns as the 
bull raised its head, the acrobat did a 
handstand on the horns and a back flip, 
so as to land upright on the bull's back at 
or near the rump. The maneuver was 
completed by jumping lightly to the 
ground behind the moving bull. 

John G. Younger of Duke University 
recently reviewed the 60-odd most legi
ble authentic depictions of Greek bull
leaping now available. Writing in Ameri
can Journal 0/ Archaeology, he notes first 
that unless the Greeks had carefully 
trained the bulls that participated in the 
ritual. the style of leaping proposed by 
Evans would have been virtually impos
sible. When a charging bull encounters 
its target, it does not lift its head straight 
up; it rotates its head so as to hook one 
horn upward. Such a motion not only 
would have made the acrobat's postulat
ed handstand precarious but also would 
have hindered rather than helped his 
subsequent back flip. 

Younger found that 19 of the acrobat
ic depictions, most of them on seals, in
dicate a different approach to bull-leap
ing. The leaper, Younger suggests, never 
grasped the bull's horns but sprang, as if 
diving, over the head of the advancing 
animal with his arms extended. The 
leaper's forearms absorbed the force of 
his headfirst landing on the charging 
bull's back. Then, as the leaper's mo
mentum carried his legs up and over his 
head, he pushed downward with his 
arms, thereby completing the back flip 
that carried him safely over the bull's 
tail to the ground. 

Significantly, Younger also finds evi
dence that the ritual had a relatively 
short vogue. Seventeen of the later de
pictions show the leaper in a "stat
ic . . .  pose above the bull. The leaper 
seems to float there horizontally. " These 
lifeless treatments of the subject suggest 
to Younger that although the artists 
may have seen depictions of bull-leap
ing or may have had the practice de
scribed to them, they had never wit
nessed an actual performance. The in
terval when representations were made 
that imply eyewitness familiarity with 
bull-leaping can be narrowed down to 
the four centuries between 1700 and 
1300 B.C. Thereafter there may well 
have been no more bull-leaping (or bull
leapers). 
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Hot Spots on the Earth's Surface 
These regions of unusual volcanic activity record the passage 
of plates over the face of the earth. They may also contribute 
to the fracturing of continents and the opening of new oceans 

by Kevin C. Burke and]. Tuzo Wilson 

Scattered around the globe are more 
than 100 small regions of isolated 
volcanic activity known to geolo

gists as hot spots. Unlike most of the 
world's volcanoes, they are not always 
found at the boundaries of the great 
drifting plates that make up the earth's 
surface; on the contrary, many of them 
lie deep in the interior of a plate. Most 
of the hot spots move only slowly, and 
in some cases the movement of the 
plates past them has left trails of extinct 
volcanoes. The hot spots and their vol
canic trails are milestones that mark the 
passage of the plates. 

That the plates are moving is now be
yond dispute. Africa and South Ameri
ca, for example, are receding from each 
other as new material is injected into the 
sea floor between them. The comple
mentary coastlines and certain geologi
cal features that seem to span the ocean 
are reminders of where the two conti
nents were once joined. The relative mo
tion of the plates carrying these conti
nents has been reconstructed in detail. 
but the motion of one plate with respect 
to another cannot readily be translated 
into motion with respect to the earth's 
interior. It is not possible to determine 
whether both continents are moving (in 
opposite directions) or whether one con
tinent is stationary and the other is drift
ing away from it. Hot spots, anchored in 
the deeper layers of the earth, provide 
the measuring instruments needed to re
solve the question. From an analysis of 
the hot-spot population it appears that 
the African plate is stationary and that it 
has not moved during the past 30 mil
lion years. 

The significance of hot spots is not 
confined to their role as a frame of refer
ence. It now appears that they also have 
an important influence on the geophysi
cal processes that propel the plates 
across the globe. When a continental 
plate comes to rest over a hot spot, the 
material welling up from deeper layers 
creates a broad dome. As the dome 
grows it develops deep fissures; in at 
least a few cases the continent may rup-

46 

ture entirely along some of these fis
sures, so that the hot spot initiates the 
formation of a new ocean. Thus just as 
earlier theories have explained the mo
bility of the continents, so hot spots may 
explain their mutability. 

Plate Tectonics 

The modern theory of plate tectonics 
divides the superficial regions of the 
earth into two layers. The lithosphere, 
the outermost layer and the only one 
directly accessible to us, is cold and rig
id. Below it is the asthenosphere, which 
is white hot and capable of being slowly 
deformed. The asthenosphere is not liq
uid, although there is a small amount of 
melted rock in the earth's interior. The 
asthenosphere is a solid, but one that 
flows under stress. It is not unlike ice, 
which seems brittle in the form of an 
ice cube but is quite plastic in a glacier 
flowing down a mountain valley. 

The distinction between lithosphere 
and asthenosphere is based on rigidity 
and to a large extent reflects differences 
in temperature. An older distinction, 
based on chemical composition, divides 
the upper earth into the crust and the 
mantle. The boundary between these 
layers does not correspond to that be
tween the lithosphere and the astheno
sphere. The crust is the upper portion of 
the lithosphere, and the lithosphere also 
contains the topmost part of the mantle. 
The asthenosphere usually lies entirely 
within the mantle. 

Under the oceans the crust is com
posed primarily of basalt; the conti
nents, on the other hand, are made 
largely of granitic rock. Granite is light
er than basalt, and the continents are 
considerably thicker than the oceanic 
crust, with the result that the continents 
float well above the ocean floor. It was 
once proposed that the continents move 
through the ocean floor like ships, but 
that hypothesis had to be abandoned. 
Actually the continents are carried by 
the lithosphere like rafts locked in the 
ice of a frozen river. 

The lithosphere is broken into about a 
dozen plates, in which the continents 
are firmly anchored. The plates sepa
rate from one another at the crests of 
the mid-ocean ridges, where new lith
osphere is created. The ridges wind 
through all the world's oceans and con
stitute the largest mountain system on 
the earth. At the crests of the ridges un
dersea volcanism adds new material to 
the plates, pushing them apart. The 
opposite process-the consumption of 
lithospheric plates-is observed where 
the plates converge and overlap. In 
those regions, called subduction zones, 
one plate plunges under another and is 
reabsorbed into the mantle. 

The movement of the lithospheric 
plates is thought to be associated with 
large-scale convection currents in the 
mantle. The currents may actually drive 
the plate movements, but too little is 
known about convection in the mantle 
to warrant firm conclusions. 

Hot Spots and Plumes 

Almost all volcanic activity is con
fined to the margins of the plates. Along 
the full length of the mid-ocean ridges 
there is undersea volcanism in which the 
lava erupted is predominantly basalt. At 
convergent plate boundaries lavas are 
formed by the melting of lighter constit
uents of the subducted plate. The up
welling lava can create an island arc, 
such as the arcs of the Philippines, Ja
pan and the Aleutians, or a volcanic 
mountain system, such as the Andes and 
the Cascade Range of the Americas. 
The lavas associated with convergent 
plates differ from the basalts of the mid
ocean ridges. They are called andesite 
lavas and they contain more silicon, cal
cium, sodium and potassium than basalt 
and less iron and magnesium. 

Volcanism that is not associated with 
plate margins accounts for a small pro
portion of the world's volcanic activity, 
probably much less than 1 percent. It is 
these few isolated volcanoes that have 
been named hot spots. They are distin-
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HOT SPOT in North Africa is an isolated group of volcanic moun
tains surrounded hy the Sahara. The group is called Tibesti, and it 
lies in northeast Chad, near the Libyan border. The photograph was 
made from an altitude of about 920 kilometers by the LANDSAT 
earth.resources satellite. Dark blotches on the landscape are rela· 
tively recent lava flows. Two large, recent volcanic craters are visi· 

ble; the one at the lower right is Emi Koussi, which has an elevation 
of 3,415 meters and is the highest peak in the region. Some older cra· 
ters are recognizable, but they have been severely eroded. At Tibesti 
and at other African hot spots lavas of different ages are piled on top 
of one another, suggesting that the continent is stationary with reo 
spect to the hot spots and probably has been for 30 million years. 
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MOVEMENT IN THE EARTH is described by the theory of plate 
tectonics. The lithosphere, the cool and rigid layer that includes the 
crust of the earth, is broken into about a dozen large plates. These 
plates move over the asthenosphere, a layer that is hotter and capa
ble of slow deformation. The crust is the top of the lithosphere; the 
rest of the lithosphere and all of the asthenosphere are parts of the 
mantle. Lithospheric plates move apart as new material is added to 
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SOURCE OF A HOT-SPOT VOLCANO is thought to be a "plume" 
rising from deep within the mantle. Differences in composition be
tween the lavas ejected at hot spots and those characteristic of plate
margin volcanism suggest that the two kinds of lava come from dif
ferent parts of the mantle; indeed, the source of the hot-spot lavas 
may have been isolated for as long as two billion years. Much of the 
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them along mid-ocean ridges. Where two plates come together one 
dives under the other and is reabsorbed; this process, called subduc
tion, results in extensive volcanic activity. Hot spots are small volcan
ic regions typical of neither mid-ocean ridges nor subduction zones. 
Unlike most other volcanoes, they are often found far from plate 
margins, and even when they are near a plate margin, they can be dis
tinguished by the volume of lava they eject and by its composition. 

MID-OCEAN RIDGE 

mantle is probably stirred by convection currents, so that the plumes 
must originate in some region isolated from this circulation. For ex
ample, they might come from a stagnant zone in the middle of a con
vection cell, or from a layer below the reach of the mantle currents. 
A lithospheric plate moving over a plume leaves a trail of volcanoes 
that grow older with distance from present site of volcanic activity. 
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guished by their very isolation: in the 
middle of a rigid lithospheric plate, far 
from centers of seismic activity, a hot 
spot may be the only distinctive feature 
in an otherwise monotonous landscape. 
Almost all hot spots are regions of 
broad crustal uplift, and this swelling is 
distinct from the smaller-scale moun
tain-forming or island-forming activity 
characteristic of all volcanoes. Finally, 
the lavas associated with hot spots differ 
from those found both at the mid-ocean 
ridges and at subduction zones. The hot
spot lavas are basalts, like those of the 
ocean ridges, but they contain larger 
amounts of the alkali metals (lithium, 
sodium, potassium and so on). Alkali
rich lavas are rare at plate margins. 

The mechanism that generates hot 
spots must be sought in the mantle. 
They may be surface manifestations 
of "plumes": rising, columnar currents 
of hot but solid material. The plumes 
might well up from below the astheno
sphere, at a phase-change boundary a 
few hundred miles inside the mantle. 
The distinctive composition of the hot
spot lavas argues that their source is iso
lated from the general circulation pat
tern of the mantle. For example, plumes 
might be generated in stagnant regions 
in the center of a circular convection 
current, or they might come from a very 
deep layer of the mantle, below the re
gion that is effectively stirred by convec
tion. The circulation of the mantle is still 
poorly understood, however, and for the 
moment any attempt to explain the ori
gin of hot spots must remain specula
tive. Here we are concerned mainly with 
surface manifestations, which are not 
strongly dependent on the exact source 
of the magma. It is possible to formulate 
a consistent interpretation of hot spots 
even without a detailed model of the 
earth's interior. 

Island Chains 

Perhaps the most prominent and most 
easily recognized hot spot is the one that 
has formed the Hawaiian Islands. On an 
expedition to the South Seas in 1838, 
James Dwight Dana, an American geol
ogist, noted that these islands become 
progressively older as one proceeds 
northwest from Kilauea and Mauna 
Loa, the active volcanoes on Hawaii it
self. (Dana estimated the ages of the is
lands from the extent to which they had 
been eroded.) 

It is now apparent that all the islands 
in the Hawaiian chain were created by a 
single source of lava, over which the Pa
cific plate has passed on a course pro
ceeding roughly toward the northwest. 
The plate has carried off a trail of volca
noes of increasing age, in much the same 
way that wind passing over a chimney 
carries off puffs of smoke. 

Dana also called attention to two oth-

er chains of Pacific islands whose trend 
is parallel to that of the Hawaiian chain. 
These are the islands of the Austral 
Ridge and the Tuamotu Ridge: the latter 
group includes Pitcairn Island. Like the 
Hawaiian Islands, these chains become 
older toward the northwest, and in each 
of them the most recent volcanic activi
ty is near the eastern terminus. It would 
be difficult to ignore the inference that 
all three chains were generated as a re
sult of the same plate motion. Indeed, 
from the configuration of the islands 
the apparent course of the plate can be 
mapped. 

Leonhard Euler, the 18th-century 
Swiss mathematician, proved that on 
the surface of a sphere the only possible 
motions are rotations. It is therefore al
ways possible to describe the movement 
of a lithospheric plate as a rotation 
around a pole. (The pole does not have 
to pass through the plate itself. ) W. Ja
son Morgan of Princeton University has 
been able to show that the Hawaiian, 
Austral and Tuamotu chains could all 
have been generated by the rotation of 
the Pacific plate around the same pole. 
Employing a somewhat different ap
proach, Jean-Bernard Minster and his 
colleagues at the California Institute 
of Technology have deduced from ob
served rates of sea-floor spreading that 
if the African plate has been stationary, 
then the Pacific plate must have moved 
along the trajectory defined by the Ha
waiian chain. 

At the western end of the Hawaiian 
Islands a string of submerged moun
tains, the Emperor Seamounts, strikes to 
the north, It is appealing to consider the 
entire system of islands and seamounts 
as a single chain that has changed direc
tion, and age determinations support 
that interpretation. The oldest of the 
Hawaiian Islands, near the bend, are 
about 40 million years old. The Emper
or Seamounts continue the age sequence 
without interruption, beginning near the 
bend with an age of 40 million years and 
continuing to an age of about 80 million 
years where the chain ends off the Kam
chatka Peninsula. Morgan has found he 
can account for the formation of the 
seamounts by the rotation of the Pacific 
plate around a different pole, suggesting 
a remarkably simple sequence of events: 
about 40 million years ago the motion 
of the Pacific plate shifted to a new pole 
of rotation and thereby changed its di
rection of migration, causing an abrupt 
kink in the Hawaiian chain. 

Another tantalizing inference from 
geography suggests a possible confirma
tion of this theory. The Austral and the 
Tuamotu island chains also seem to 
bend sharply at an age of about 40 mil
lion years, and each is continued in a 
line of seamounts. These seamounts are 
parallel to the Emperor system, and 
they could have been formed by the ro-

tat ion of the plate around the same pole. 
For this conclusion to be accepted. how
ever. it must be shown that the sea
mounts become progressively older to 
the north. As yet there are few dates es
tablished for the seamount series: those 
that have been obtained suggest a more 
complex interpretation. 

The reconstruction of plate motions 
from the tracks of hot-spot volcanoes 
depends ultimately on the belief that the 
hot spots themselves are immobile or 
nearly so. This assumption appears to 
be justified. Minster and his colleagues 
have made accurate maps of relative 
plate motions by methods that do not 
rely on the hot-spot positions. Their 
work shows that prominent hot spots 
throughout the world have not moved in 
relation to one another during the past 
10 million years. Other investigators 
have compared the positions of hot 
spots over much longer periods. Those 
determinations seem to show that 
groups of hot spots in one ocean have 
moved with respect to groups in other 
oceans over the past 120 million years
since the supercontinent Pangaea broke 
apart. This wandering of groups of hot 
spots, however. is slow compared with 
the shifting of the lithospheric plates. 

The Population of Hot Spots 

A census of the world's hot spots sug
gests that at least 122 have been active in 
the past 10 million years. Most of them 
meet all the particulars of the definition 
and can be classified without ambiguity. 
They are centers of volcanism that are 
not associated with plate boundaries 
and that form elevated domes with a 
diameter of up to about 200 kilometers. 
Also counted in the census. however. 
are several regions that lie on mid-ocean 
ridges or close to them: prominent 
among these are Iceland, the Azores and 
Tristan da Cunha, a small group of is
lands in the South Atlantic. The reason 
for the inclusion of these areas is that 
they seem more characteristic of hot 
spots than of normal mid-ocean ridges. 
The volume of material they have eject
ed greatly exceeds the norm for mid
ocean ridges: that is why they have been 
built up into islands while the rest of the 
ridge crest has remained submerged. 
More important. the lavas of these re
gions are the alkali-rich basalts that are 
rare at plate margins but that are typi
cal of hot spots. 

Our census probably underestimates 
the number of hot spots. There are 
domes or rises on some plates that are 
not capped by volcanoes: in spite of sim
ilarities in shape and geophysical prop
erties we have not included them. There 
are probably also small. active volca
noes on the ocean floor that remain to 
be discovered. Finally. we have not at
tempted to include hot spots on con-
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PACIFIC ISLAND CHAINS can be interpreted as tracks formed by the movement of the sea 
floor over stationary hot spots. The Hawaiian Islands grow older toward the northwest, begin
ning with Hawaii itself. Two other chains parallel to the Hawaiian Islands display a similar pat
tern of ages. They are the Austral group, which begins with the MacDonald Seamount, and the 
Tuamotu group, which begins with Pitcairn Island. All three chains could be generated by the 
same clockwise rotation of the Pacific plate. The age sequence of the Hawaiian Islands is con
tinued in the Emperor Seamounts, which strike northward from a bend formed 40 million 
years ago. The change in direction implies that until then the rotation of the plate was cen
tered on a different pole. Seamounts also extend to the north from the Austral and Tuamotu 
groups (broken lines), but there is no convincing evidence their ages form a linear sequence. 

verging plate margins. In these areas 
volcanic activity is both abundant and 
complex. and it would be difficult to iso
late the contribution of hot spots from 
other sources of volcanism. It should be 
noted. however. that basalts rich in alka
li metals are found in some converging
plate zones. 

Of the 122 hot spots we. have identi
fied. 53 are in ocean basins and 69 are on 
continents. Among the oceanic hot spots 
there is a tendency to congregate on 
mid-ocean ridges: 15 lie on the crests of 
ridges and nine others are near the 
crests. The greatest concentration. how
ever. is in Africa. The African pll}te has 
25 hot spots on land. eight at sea and 10 
more on or near the surrounding ocean 
ridges. for a total of 43. 

Even allowing for possible errors in 
our census. the inhomogeneity is strik
ing. The African plate constitutes 12 
percent of the world's surface area, but 
it has 35 percent of the hot spots. The 
large-scale topography of the African 
continent is also unusual. It is character
ized by basins and swells. and in recent 
epochs South and East Africa have been 
greatly uplifted to produce highlands 
and the Great Escarpment. The topog
raphy and the abundance of hot spots 
are almost certainly related. Both can be 
explained by the hypothesis that Africa 
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has come to rest over a population of 
hot spots. 

The most compelling evidence that 
Africa is stationary is that at some hot 
spots lavas of several ages are super
posed. If the continent were moving. of 
course. these lavas would be spread out 
in a chronological sequence. A few hot 
spots in the vicinity of Cameroon seem 
at first to be aligned like the island 
chains of the Pacific. It has been found. 
however. that these volcanoes are not 
arranged in chronological sequence. 
Their alignment is presumably a coinci
dence; it cannot have been caused by the 
motion of the plate. 

Africa's basin-and-swell topography 
and the uplifting of large regions could 
be a direct result of the continent's im
mobility. Seismic studies have shown 
that the mantle is not homogeneous. and 
if there are variations in composition. 
there may be local concentrations of ra
dioactive elements. The decay of these 
elements. which contributes a major 
part of the heat generated in the interior 
of the earth. would heat and expand 
some parts of the mantle more than oth
ers. The effects of the expansion might 
uplift regions of a stationary continent. 
but on a moving continent the uplift 
would be smeared out and would not be 
detected. 

It is tempting to generalize from these 
observations. and it does seem there is 
a relation between the number of hot 
spots on a continent and the speed with 
which the continent is moving over the 
mantle. Antarctica. China and South
east Asia. like Africa. have relatively 
large numbers of hot spots on land. 
Rates of sea-floor spreading imply that 
if Africa is stationary. these other re
gions are moving only slowly. In con
trast. on rapidly moving plates. such as 
the North and South American ones. 
hot-spot volcanism is uncommon. 

Opening of the Atlantic 

Dated sequences of rock imply that 
Africa had numerous active volcanoes 
until the breakup of Gondwanaland 120 
million years ago. The volcanic activity 
then ceased. and it did not resume until 
30 million years ago. The two periods of 
activity and the long intermission be
tween them can be read as signposts in
dicating the stages in the formation of 
the Atlantic Ocean. 

The earlier episode of volcanic activi
ty suggests that when Africa was a com
ponent of Gondwanaland. it was sta
tionary over the mantle. When the su
percontinent fractured along the present 
line of the Mid-Atlantic Ridge. Africa 
moved east. The motion over the mantle 
extinguished the volcanism for the next 
90 million years. It is convenient to as
sume that the developing mid-ocean 
ridge was then stationary and that the 
two continents spread symmetrically 
away from it. They rotated in opposite 
directions around a pole near Cape 
Farewell on the coast of Greenland. 

About 30 million years ago the Afri
can plate came to rest; volcanic activity 
on the continent resumed, and it has 
continued to the present. Although the 
African plate had stopped. sea-floor 
spreading had not. As a result the Mid
Atlantic Ridge was forced to begin drift
ing west. The relative motion of Africa 
and South America was unchanged. but 
the speed of the South American plate 
with respect to the mantle was doubled. 
When the Mid-Atlantic Ridge began its 
migration. the hot spots on the crest 
were left behind. Today a row of hot 
spots. which includes Tristan da Cunha 
and Ascension Island. is found a few 

ATLANTIC HOT SPOTS also record the 
passage of the lithospheric plates. Several of 
these hot spots are on or near the Mid-Atlan
tic Ridge; a notable example is Iceland, which 
has been built up from the massive eruptions 
of volcanoes on the ridge crest. From some 
hot spots transverse ridges of volcanic rock 
extend back to the continental margins, indi
cating that the mid-ocean ridge developed 
over these volcanoes and that they were al
ready active when the continents separated. 
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hundred kilometers east of the crest 
on lithosphere 30 million years old. 

The evidence for the mobility of the 
Mid-Atlantic Ridge lies on the sea floor. 
From Tristan da Cunha a range of vol
canic debris called the Walvis Ridge ex
tends to the northeast. It is believed to be 
the track of the hot spot during the earli
er part of the expansion (when the crest 
was fixed and Africa was moving). since 
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,.- - - --
.. ",' . 

• 

• 

it extends to lavas on the African coast 
that date from the disintegration of 
Gondwanaland. On the other side of the 
Mid-Atlantic Ridge another line of vol
canic debris. the Rio Grande Ridge. ex
tends to the Brazilian coast. There is no 
hot spot at its seaward terminus. which 
is separated from the mid-ocean ridge 
by a gap equivalent to 30 million years. 

The disposition of these surface fea-

• 
PACIFIC PLATE 
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+ SOUTH 
• 

ANTARCTIC PLATE 

tures can be explained by assuming that 
when the Atlantic was born. Tristan da 
Cunha was already an active volcano 
lying directly on the rift that opened to 
form the ocean. Lava from the hot spot 
overflowed onto both sides of the ridge 
and was rafted away by the spreading 
plates; continued eruption formed a V
shaped pair of tracks. When the mid
ocean ridge began to move west. the hot 

• 
• 
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POPULATION OF HOT SPOTS includes at least 122 that have 
been active in the past 10 million years. They are found on all the ma
jor plates and on both oceanic and continental crust, but their distri
bution is decidedly nonuniform. There is a concentration along mid
ocean ridges, and in particular along the Mid-Atlantic Ridge; what is 
even more conspicuous, of the 122 hot spots 43 are on the African 

plate. Together with other evidence, this abundance of hot spots sug
gests that the African plate is stationary over the mantle. If the Afri
can plate is adopted as a frame of reference, other areas that have 
many hot-spot volcanoes, such as Antarctica and Southeast Asia, are 
found to be moving only slowly; on fast-moving plates hot-spot vol
canism is rare. The map is based on one prepared by W. S. F. Kidd. 
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spot was left behind on the stationary 
African plate. It could no longer pro
duce a lateral ridge; instead its succes
sive lava flows simply piled up. one on 
top of the other. Today at Tristan da 
Cunha young volcanic rocks are found 
along with lavas at least 18 million years 
old. Since lava was no longer deposited 
on the American plate. the Rio Grande 
Ridge was also terminated. 

Because hot spots are particularly 
common along ridges and seem to exer
cise some control over their location. it 
is reasonable to suppose that the crest of 
the Mid-Atlantic Ridge will someday 
jump back to the hot spots it has aban
doned. If it does. the 30-million-year 
gaps in the Walvis Ridge and the Rio 
Grande Ridge will remain as a record of 
the interlude. 

In the North Atlantic a somewhat dif
ferent history can be read from the sea 
floor. The North Atlantic formed by 
the rotation of the Eurasian and North 
American plates around a pole in the 
Arctic Ocean. As we noted above. how
ever. the American plate was already 
rotating around a pole in Greenland. 
near Cape Farewell. as a result of its 
separation from Africa. A single plate 
cannot rotate around two poles that are 
both fixed. and in this case the Arctic 
pole was itself in motion. The result was 
a shift in the position of the northern 
Mid-Atlantic Ridge. 

When the North Atlantic began to 
open 80 million years ago. the locus of 
sea-floor spreading was west of Green
land. Spreading continued there until 50 
million years ago and created Baffin 
Bay. An extinct hot spot left a pair of 
lateral ridges that trace this movement. 
extending to Disko Island in Greenland 
and to Cape Dyer on Baffin Island. 
Meanwhile 60 million years ago a 
new mid-ocean ridge developed east of 
Greenland. The continents have contin
ued to diverge along that line since then. 

Motion at Subduction Zones 

We have seen that hot spots provide a 
method for translating the relative mo
tion of lithospheric plates into motion 
with respect to the mantle. This frame of 
reference has been employed in clarify
ing an important aspect of the behavior 
of the plates that had been imperfectly 
understood. 

When an oceanic plate collides with a 
continental one. the oceanic plate usual
ly dives toward the mantle and is sub
ducted. That is because the continental 
plates are thicker and more buoyant. 
The partial melting of the sinking plate 
leads to volcanic activity above the sub
duction zone. but this activity can have 
two quite different surface expressions. 
In some cases an island arc forms off
shore. The most prominent examples 
of this process are in South Asia. where 

MID-ATLANTIC 

GONDWANALAND 

J 
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A 
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OPENING OF THE SOUTH ATLANTIC began 120 million years ago, when the great 
southern continent Gondwanaland broke apart. Until then hot-spot volcanoes had been abun
dant in Africa, suggesting that the continent was stalled over the mantle. When a fissure sepa
rated the continents, they receded symmetrically from the developing mid-ocean ridge and the 
motion of the African plate extinguished the hot spots. About 30 million years ago Africa 
came to rest and the present era of volcanism on the plate began. Because sea-floor spreading 
continued at the Mid-Atlantic Ridge, the ridge itself was forced to move west and the speed of 
South America was doubled. The ridge formed along a line that included several hot spots 
(only one is shown). As long as the ridge was stationary these hot spots generated trails of vol
canic rock that extended back to the continental shores. When the mid-ocean ridge began its 
migration, the hot spots "fell off" the ridge crest and are now isolated on tbe African plate. 
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RIDGES IN THE NORTH ATLANTIC and Arctic oceans suggest tbat tbe locus of sea-floor 
spreading in tbis region sbifted

' 
between 50 and 60 million years ago. Initially tbe continents 

separated along a ridge west of Greenland, opening Baffin Bay. An extinct bot spot bas left a 
record of tbis movement in trails of volcanic rock tbat extend from tbe dormant ridge to Cape 
Dyer on Baffin Island and to Disko Island in Greenland. About 60 million years ago sea-floor 
spreading began at tbe present site of tbe Mid-Atlantic Ridge, wbicb passes east of Greenland. 
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CONVERGENT PLATE MARGINS can assume two different forms. Wbere an oceanic 
plate is advancing on a stationary continent, tbe tbin and flexible sea floor buckles offsbore in 
a cbaracteristic arcuate pattern; tbe volcanoes rising above tbe subduction zone create an is
land arc like tbe arcs of Japan and Indonesia. Wben a moving continent overrides a stationary 
oceanic plate, tbe descending slab of Iitbospbere is forced to bend at the coastline; as a re
sult tbe volcanoes rise tbrougb tbe continent, forming a mountain system sucb as tbe Andes. 
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the subduction of the Indian-Australian 
plate has generated the Indonesian ar
chipelago, and in East Asia, where the 
sinking Pacific and Philippine plates 
have produced the islands of Japan and 
the Philippines. In other cases the vol
canic activity appears on the continen
tal landmass. The Andes, for example, 
were thrown up by the subduction of the 
Nazca plate, and the Sierra Nevada of 
California and the Coast range of Brit
ish Columbia derive from the subduc
tion of the Pacific plate. 

It has not been clear why the same 
process should have two dissimilar 
manifestations. By referring the plate 
motions to the hot spots we have at
tempted to resolve the question. Island 
arcs form when the continent is station
ary over the mantle and the ocean floor 
moves under it; coastal mountain ranges 
are raised up when the continent over
rides a stationary oceanic plate. 

The only plausible explanation for the 
regular shape of island arcs has been 
proposed by F. C. Frank of the Univer
sity of Bristol. He has pointed out that a 
flexible but inextensible thin spherical 
shell can bend in on itself only along a 
circular bend or fracture. This can read
ily be demonstrated by denting a ping
pong ball. It is suggested that where the 
ocean floor is moving and free to adopt 
the preferred shape offshore islands are 
formed in the characteristic arcuate pat
tern. When the continent is advancing, 
on the other hand, the oceanic plate is 
submerged before it can develop an off
shore arc. The known motions of the 
plates in the Pacific region support this 
conjecture. The oceanic plates of the Pa
cific are advancing on Eurasia and un
derthrusting it, but they are being over
taken by the Americas. 

Doming and Rifting 

So far we have considered hot spots 
mainly as indicators of plate motion. 
They may also act to initiate cycles of 
tectonic activity. 

When a continent comes to rest. the 
dome that swells up over a hot spot is 
subject to fracturing. When a rift ap
pears, it very often has a characteristic 
three-armed pattern. Forty years ago 
Hans Cloos, a German geologist, rec
ognized the prevalence of such three
armed rifts and showed that they are 
often related to doming of the continen
tal crust. We would suggest that these 
rifts are often the seed from which an 
ocean grows. It follows that the ultimate 
cause of the rupturing of a continent 
may be the continent's coming to rest 
over the mantle. The hot spots appear 
to guide the fracturing, although they 
are not necessarily its only cause. 

The observed concentration of hot 
spots on mid-ocean ridges would be ac
counted for if this mechanism is com-
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DOMES AND RIFTS associated with hot spots may be involved in 
the fracturing of continents and the opening of oceans. A dome, of
ten capped with volcanoes (1), forms on a continent that is at rest 
over the mantle. Rifts develop in the dome (2), frequently in a three
armed pattern. Two of the arms widen and eventually become the 
basin of an ocean (3), but the third arm fails to develop further. This 
failed rift may become a major river valley draining the continent 
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and transporting sediments to the new sea (4). Later another conti
nent approaches the site of the original rift and closes the ocean (5). 
The collision pushes up a belt of folded mountains, reversing the 
drainage pattern and carrying sediments back into the failed arm of 
the rift. Eventually the rift is filledJ what remains is a trough of 
deep sediments roughly perpendicular to the mountain belt (6). Nich
olas Shatsky of the U.S.S.R. has named such features aulacogens. 
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PREVALENCE OF THREE-ARMED RIFTS is revealed by reassembling the continents 
surrounding the Atlantic. In most cases two of the arms were incorporated into the Atlantic 
while the third remained a blind rift. A similar process can be observed today where the Ara
bian Peninsula is splitting away from Africa (upper left). The Gulf of Aden and the Red Sea 
form two branches of a rift; the third extends from the Afar Triangle into Ethiopia and Somalia. 
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monly involved in the formation of 
oceans. The breakup of Gondwanaland 
accords well with this interpretation; it 
will be remembered that Africa was sta
tionary until the disintegration began. 

Typically two arms of the rift open to 
form an ocean basin. but the third arm 
fails and remains as a fissure in the 
continental landmass. By restoring the 
margins of the Atlantic Ocean to their 
positions before Pangaea split apart. 
an abundance of three-armed rifts is re
vealed. The successful arms merged to 
create the ocean. whereas the unsuCcess
ful ones remained as rifts extending into 
the continents. The best example of such 
a failed rift on the Atlantic coasts is the 
Benue Rift, which strikes away from the 
Gulf of Guinea into equatorial Africa. 

A much more recent and more con
spicuous example can be observed to
day where the Arabian Peninsula is 
splitting away from Africa. The Red Sea 
and the Gulf of Aden both represent 
arms of a three-armed rift. The third, 
dry arm strikes into Ethiopia from the 
Afar Triangle. The symmetry of the pat
tern is remarkable. The fact that Africa 
has been stationary over the mantle for 
30 million years and that it bears exten
sive evidence of doming and rifting sug
gests that we could be witnessing the 
early stages in the disintegration of the 
African continent. 

Aulacogens 

The present cycle of tectonic activity, 
which dates from the breakup of Pan
gaea, is not the only one in the earth's 
history. The recognition that hot spots. 
domes and rifts form a sequence in the 
fragmentation of continental landmas
ses has led to the discovery of a clue that 
could prove valuable in attempts to re
construct the earlier wanderings of the 
lithospheric plates. 

In 1941, as German forces threatened 
the main oil-producing area of the 
U.S.S.R. , Nicholas Shatsky, a Russian 
stratigrapher, began a search for sedi
mentary basins that might contain new 
oil reserves. From the stratigraphic se
quences compiled by Shatsky and his 
colleagues a previously unrecognized 
pattern emerged. Over much of the Rus
sian and Siberian platforms the sedi
mentary layer is about a kilometer 
thick. but they found several narrow 
troughs up to 800 kilometers long where 
the sequence is three times the normal 
thickness. They named these formations 
aulacogens, from Greek words meaning 
"born of furrows." Aulacogens are 
rifts that extend from belts of folded 
mountains into continental platforms. 

Aulacogens can now be recognized as 
failed arms of three-armed rift systems. 
When the two successful arms opened to 
form an ocean, the failed arm remained 
as a rift valley running inland from the 
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new seacoast. The rift became a fea
ture of the drainage pattern of the con
tinent. accumulating a thick deposit of 
sediments. Later another continent ap
proached the coast. closing the ocean 
and blocking the rift. Compressional 
forces generated by the collision pushed 
up a chain of folded mountains. The 
remnant of the rift was a deep bed of 
sediments striking almost perpendicu
larly to the mountain chain. 

The aulacogens that Shatsky recog
nized in the U.S. S.R. were of Paleozoic 

age (between 225 and 600 million years 
old). Paul Hoffman of the Geological 
Survey of Canada has since described a 
formation called the Athapuscow aula
cogen that is two billion years old; it 
underlies the eastern arm of Great Slave 
Lake in northern Canada. Shatsky him
self recognized what is probably the 
best-developed aulacogen in North 
America. It is a bed of sediments 15 
kilometers deep in southern Oklahoma. 
parallel to the Texas border. It formed 
as a rift 600 million years ago when 

an ocean opened up roughly where the 
North Atlantic is today. The closing of 
that ocean was responsible for the build
ing of the Caledonian. Appalachian and 
Ouachita mountain.s. 

These ancient aulacogens are evi
dence that the cycle of continental disin
tegration and reassembly has been going 
on for at least two billion years. The 
development of domes and rifts in conti
nents that come to rest over hot spots 
may have been a part of the process 
throughout this period. 

AULACOGEN in southern Oklahoma is a remnant of an earlier cy
cle of continental drift. The photograph is a false-color image made 
in December, 1972, by the LANDSAT satellite. The aulacogen starts 
in the belt of flatland in the lower half of the photograph and extends 
another 400 kilometers to the west. To the north are the Ouachita 

Mountains. When a sea opened up to the south and east 600 million 
years ago, the aulacogen was the failed arm of a three-armed system 
of rifts. The closing of that sea raised up the Ouachita range as well as 
the Appalachians. Erosion of the Ouachitas has added to sediments 
already in the rift to form a layer of sediments 15 kilometers deep. 
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- ?!l'f:aroid Type 105 Positive/Negative Film is ��: a preservative agent: The Royal Photo
graphic Society of Great Britain chose it to copy over 
12,000 rare masterpieces (like the one below) from 
its Archives. Type 105 provides instant 3!4 x 4!4 

inch positives for reference purposes. And negatives 
of superb quality for high fidelity reproductions. 
The negatives' high resolution permits great enlarge
ment without loss of detail. And their wide tonal 
range reproduces every shading nuance of the orig-

FROM WE ARCHIVES OF THE ROYAL PH07IJGRAPHIC SOCIEJ'Y OF CREAl' BRIJ:4IN. 

'IT 00 rn S) 00 0 
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inal prints. Furthermore, since the Polaroid prints 
and negatives are produced in only 30 seconds, the 
original photographs can lie, untouched, under the 
camera until the archivist knows he has satisfactory 
copies. The irreplaceable originals can then be re-

moved to safe storage under optimum conditions 
with no further handling risks. Thus, in a manner of 
speaking, some of the great pioneers in the history 
of British photography will owe their lasting repu
tations to a film made by Polaroid Corporation. 

REPRODUCED FROM A POLAROID TYPE 105 NEGATIVE (3�'X 41.4') 

llMJ � rn [R{ S)o 
\TINUM PRINT) 
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LIVING OOCYTE of the South African clawed frog Xenopus laevis 
is microinjected with a foreign messenger RNA. The messeuger codes 
for rabbit globin, and ·the unspecialized oocyte, a precursor of the 
frog egg, will synthesize rabbit hemoglobin, which is ordinarily pro
duced only in specialized red blood cells of a very different animal. 
The large, bicolored oocytes are about a millimeter in diameter; the 
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smaller pale cells are immature oocytes. The sharpened glass needle 
(top left) with a tip about 20 micrometers (thousandths of a millime
ter) in diameter, connected by oil-filled tubing to a syringe, can accu
rately deliver volumes of fluid as small as 10 nanoliters (billionths 
of a liter), and it is possible to inject more than 200 oocytes an hour. 
The photomicrograph was made by the author and Neil Papworth. 
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Rabbit Hemoglobin 
from Frog Eggs 

Messenger RNA from a specialized cell of one species is translated 

by the egg of another species. Such molecular biology experiments, 

done in living cells, give information on control of gene expression 

What happens if a frog egg is giv
en instructions. in the form of 
a particular molecule of the 

nucleic acid RNA. to make rabbit he
moglobin? The egg makes rabbit hemo
globin. What if the frog egg is supplied 
with the RNA molecule that specifies 
honeybee venom? It makes honeybee 
venom. Such results are not merely bi
zarre biochemical anomalies. They pro
vide significant information about the 
expression of particular genes in partic
ular cells. The control of gene expres
sion is central to normal animal devel
opment and to such abnormal processes 
as cancer. birth defects and metabolic 
disorders of genetic origin. The experi
ments I shall describe are attempts to 
gain an understanding of that control by 
doing molecular biology in living cells. 
We inject various components of differ
entiated cells back into embryonic cells 
in order to study the molecular mecha
nisms involved in development. 

The fertilized egg contains. encoded 
in the nucleotide sequences of DNA 
molecules. all the genetic information 
that has been passed from one genera
tion to the next and that will specify the 
nature of the many different specialized 
cells of the adult organism: blood cells. 
muscle cells. skin cells and dozens of 
other cell types. each with a distinct rep
ertory and schedule of protein synthesis 
and therefore of functions. How do all 
those specialized cells arise? It is not 
that each cell type is allocated only the 
particular genetic information it re
quires to become its specialized self; all 
the cells of a given organism have the 
same complement of DNA as they em
bark on differentiation. If each cell con
tains a complete set of genes. it must be 
that different genes are expressed in dif
ferent cells and at different times. How. 
then. is the expression of genes con
trolled? 

Many of the early triumphs of molec
ular biology stemmed from the purifica
tion and structural analysis of such large 
molecules as those of DNA. which car-

by Charles Lane 

ries the genetic information. the various 
RNA·s. which mediate the translation of 
the information into proteins. and some 
of the proteins thus produced. Next the 
function of such molecules was studied 
in cell-free systems: laboratory solu
tions whose chemistry is nicely adjusted 
to support many of the reactions that 
take place in living cells. Knowledge of 
the structure and behavior of molecules 
in laboratory glassware does not yield 
unequivocal information. however. on 
their nature and function in the normal 
living cell. It is better to work. if possi
ble. in the cell itself. For example. the 
most dramatic confirmation that spe
cialized cells contain a complete set of 
genes. and hence a full set of DNA mol
ecules. was produced in 1962 by John B. 
Gurdon of the University of Oxford. 
who extracted nuclei taken from the in
testinal epithelial cells of tadpoles and 
transplanted them into frog eggs from 
which the nuclei had been removed [see 
"Transplanted Nuclei and Cell Differ
entiation." by J. B. Gurdon; SCIENTIFIC 
AMERICAN. December. 1968]. Some of 
the eggs developed into normal. fertile 
adult frogs. which meant that epithelial 
cells must contain all the genes required 
for normal development. 

Those nuclear-transplantation experi
ments were the technical and intellec
tual starting point for the microinjec
tion experiments with which this article 
deals. Whereas transplanting nuclei into 
eggs establishes variable gene activity as 
the key to differentiation, injecting vari
ous purified macromolecules (primarily 
different kinds of information-bearing 
RNA) explores the means by which the 
normal living cell brings about this se
lective expression of genetic informa
tion. 

There are many stages at which con
trol might be exerted. The flow of 

information from the genes in the cell 
nucleus to the protein-synthesizing ma
chinery in the cytoplasm is a complex 
process involving a multitude of molec-

ular components, and the flow could be 
regulated, both qualitatively and quan
titatively, at many points [see illustration 
on next page). The transcription of the 
gene's DNA coding sequences into 
RNA provides one obvious opportunity 
for control. The RNA molecules that 
are initially transcribed (heterogeneous, 
or premessenger, RNA) are probably 
larger than the information-bearing 
messenger-RNA molecules that reach 
the synthesizing machinery; both the 
cleaving of messenger-RNA sequences 
from their longer precursors and their 
passage out of the nucleus might be sub
ject to control. Thereafter specific com
ponents could combine with particular 
messenger RNA's and "mask" them; the 
genes coding for such RNA's would be 
expressed when the RNA was somehow 
unmasked. Certain elements of the sys
tems that translate messenger RNA into 
protein-perhaps the transfer-RNA 
molecules that deliver the appropriate 
amino acid units, or the ribosomes (with 

• their associated protein factors) on 
which the amino acids are assembled 
into polypeptide chains-could be re
stricted. in particular cell types, in their 
ability to read particular messengers. In 
the absence of absolute restriction the 
rate of protein synthesis could be de
termined by differences in the relative 
efficiency of translation of particular 
RNA's. Frequently the completed poly
peptide chain does not become a func
tional gene product until after second
ary modification of the amino acid 
sequence or assembly into a multiple
chain structure or even incorporation in 
a subcellular organelle; such modifica
tion and assembly could also be con
trolled to modulate the expression of 
genes. 

We have been testing many of these 
possible control points by injecting ma
terial into the eggs or oocytes (egg pre
cursors) of the South African frog Xeno
pus laevis. They are easy to obtain in 
large numbers. They are enormous; a 
fully grown oocyte, just before it is 
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transformed by a hormonal stimulus 
into an egg, is more than a millimeter in 
diameter, some 10,000 times larger than 
a frog liver cell. And it is resilient 
enough to withstand the injection of an 
amount of fluid equal to 5 percent of its 
volume. 

In 1963 Gerard Marbaix, A. Burny 
and H. Chantrenne of the Free Universi
ty of Brussels purified an RNA species 
they believed to be the messenger speci
fying globin, the protein component of 
hemoglobin. It was the expected size 
(nine Svedberg units) and was found 
linking polyribosomes, or groups of ri
bosomes, in rabbit reticulocytes: imma
ture red blood cells that make hemoglo
bin and little else. Six years later the Bel
gian workers had still not been able to 
demonstrate biological activity in their 
9S fraction, but that year Raymond E. 
Lockard and Jerry B. Lingrel of the Uni
versity of Cincinnati managed to trans
late a similar 9S fraction in a cell-free 
system, a lysate of red blood cells. At 
that time Gurdon and I were experi
menting with the injection into oocytes 
of reticulocyte polyribosomes. Marbaix 
joined our laboratory at Oxford, and we 
undertook to inject the purified 9S frac
tion. 

We dissolved the 9S RNA in a sim
ple buffer solution and injected about 50 
nanoliters (billionths of a liter) into each 
of 20 oocytes. The oocytes were incu
bated overnight with a radioactively la
beled amino acid. Then an extract of the 
oocytes, to which unlabeled rabbit he
moglobin had been added as a marker, 
was passed through a column of Sepha
dex, which separates molecules accord
ing to size. The same things were done 
with control oocytes, which had been 
injected with buffer lacking globin 
RNA. The extract from RNA-treated 
oocytes turned out to contain radioac
tive molecules that were in the same 
Sephadex fraction-were the same size 
-as the unlabeled rabbit hemoglobin 
molecules (which were identified by 
their color); the extract of the control 
oocytes did not contain those radio
active molecules [see illustrations on 
next two pages]. In other words, the 
RNA-treated oocytes appeared to be 
synthesizing spectacular amounts of he
moglobin. 

What kind of hemoglobin was it? Was 

it really the injected rabbit messenger 
RNA that was directing the synthesis or 
could the dormant hemoglobin genes of 
the oocyte itself have been awakened? A 
hemoglobin molecule is a complex of 
two pairs of globin chains, usually 
called the alpha and the beta chains, and 
four heme groups. The two kinds of glo
bin chains can be separated from each 
other by ion-exchange chromatogra
phy; moreover, globin chains of differ
ent animal species can be resolved into 
distinct, identifiable peaks on the chro
matogram. We isolated globin messen
ger RNA from duck and mouse red 
blood cells as well as from rabbit cells 
and repeated the first experiment with 
each kind of messenger-injected the 
RNA into oocytes, cultured the oocytes 
with radioactive amino acids and added 
marker globin from the appropriate spe
cies-and put the extracts through a 
Sephadex column to partially purify the 
hemoglobin and then through an ion
exchange column to separate the globin 
chains. In each case the radioactive oo
cyte-derived chains chromatographed 
with the appropriate marker globin 
chains; in the case of control oocytes 
into which messenger RNA had not 
been injected there was no synthesis of 
radioactive globin chains of any kind 
[see illustration on page 66]. In other 
words, the response to an injected globin 
messenger depends on the species of the 
messenger: rabbit messenger directs the 
synthesis by frog oocytes of rabbit alpha 
and beta globins, duck RNA specifies 
the production of duck globins and so 
on. The machinery of the unspecialized 
frog oocyte can translate the biological 
information contained in messenger 
RNA from the highly differentiated, 
specialized rabbit, duck or mouse red 
blood cell; therefore at least some of the 
translation systems of the oocyte can 
handle messenger RNA from both an
other cell type and another species; they 
are neither "cell type-specific" nor "spe
cies-specific ... 

It was just conceivable that the pres
ence of a messenger from an alien spe
cies had broken down normal restric
tions on the translation of a messenger 
from another cell type. We needed to 
rule out the possibility that there are cell 
type-specific translation restrictions that 
are themselves species-specific. Michael 

FLOW OF INFORMATION from nucleus to cytoplasm, the pathway leading to gene expres
sion, might be subject to control at a number of points (colored stars). All genes are present 
in almost all cells, but different genes are expressed in different specialized cells: the genes 
for alpha gIobins and beta globins in red blood cells (le/t), for instance, and the gene for vitel
logenin in liver cells of the female frog (right). The nucleotide sequences of the DNA (the 
genes) are transcribed into similar sequences of RNA. The initial transcript is probably into a 
precursor to which a string of adenylic acid nucleotides (A) is added; this premessenger RNA 
is processed to form messenger RNA, which leaves the nucleus and-if it is not masked or 
degraded-becomes attached to ribosomes and is translated into a polypeptide chain. The com
pleted chain may be modified in various ways, as in the case of the proteins whose formation 
is illUstrated. Two alpha and two beta globin chains are combined with one another and with 
four heme groups to form hemoglobin; the large vitellogenin chain is modified chemically and 
assembled into the yolk platelets in the oocyte, where it is cleaved to form two yolk proteins. 

Berridge, Hugh R. Woodland and I pre
pared messenger RNA's for frog globin, 
frog egg-yolk protein and frog albumin, 
extracting and partially purifying the 
last two from the liver, where yolk pro
tein and albumin are synthesized. When 
we injected them into frog oocytes, the 
liver messenger directed the synthesis of 
either yolk protein or albumin and the 
red-cell messenger brought about hemo
globin synthesis. It was now strictly logi
cal to conclude that some of the transla
tion systems of the oocyte are not cell 
type-specific. 

I f messenger RNA's from vertebrates 
as different as the mouse and the 

duck could function in the amphibian 
oocyte, was it possible that RNA from 
even a different phylum could function 
there? Together with Ingela Kindas
Mugge and Gunther Kreil of the Austri
an Academy of Sciences, we decided to 
test an insect RNA: the messenger for 
honeybee venom. The venom gland of 
the honeybee, Apis melli/era, synthesizes 
promelittin, a polypeptide of 34 amino 
acids that is subsequently cleaved to 
form the toxin melittin. Since the ami
no acid sequence of promelittin was 
known, the faithfulness of translation of 
an injected messenger could be rigor
ously tested. We isolated messenger 
RNA from venom glands and injected it 
into frog oocytes. After incubation 
overnight we made an oocyte extract 
from which we were able to purify a 
protein with the characteristics of pro
melittin. Apparently the translation ma
chinery of the oocyte is-again at least 
in part-not even phylum-specific. 
Moreover, the vertebrate system trans
lates the arthropod RNA faithfully: 
most of the amino acid sequence of the 
oocyte product was determined, and it 
was found to perfectly match the known 
sequence of the venom-gland product 
[see illustration on page 67]. The oocyte 
does, however, appear to lack posttrans
lation modification systems that are 
present in the venom gland. An amino 
group (NH2) is added to the amino acid 
(glutamine) at one end of the promelit
tin from honeybees, but the oocyte 
product does not undergo this amid a
tion. And the oocyte promelittin, unlike 
the bee protein, is not cleaved to form 
melittin. 

Workers in several laboratories have 
now tested a diverse spectrum of mes
sengers, and the results indicate that any 
messenger RNA from a eukaryotic cell 
(a cell with a membrane-bounded nucle
us) can be translated by the oocyte. It is 
difficult to prove that a particular RNA 
cannot be translated, since negative re
sults could be the consequence of mes
senger instability before injection, of 
degradation, modification or loss of the 
translation product or of other factors; 
it does seem, however, that only eu
karyotic RNA's function in the oocyte. 
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For example, synthetic polymers con
sisting of repeated single nucleotides or 
repeating polynucleotide sequences do 
not seem to be translated. Neither do 
viral RNA's if they are from viruses 
that infect bacteria (the latter are pro
karyotes and lack nuclei) rather than 
plants or animals. 

The very general nature of this trans
lation system suggests, if it does not 
prove, that any of the oocyte's protein
manufacturing assemblies can be pro
grammed by any eukaryotic messenger 
RNA. One can, of course, argue that cell 
type-specific messengers req uire specific 
translation factors, and that the frog cell 
contains a complete set of such factors. 
Since promelittin has never been found 
in any vertebrate tissue, however, the 
idea that a factor specific for promelittin 
messenger RNA preexists in the oocyte 
seems farfetched. The oocyte might pos
sibly contain factors that are specific for 
classes of messenger RNA's, and pro
melittin messenger might happen to fall 
in one such class. The generality of 
translation by the oocyte is most simply 
explained, however, by the lack of any 
requirement for translation factors spe
cific to particular messenger RNA's. 
This is not to say that message-specific 
factors might not exist in more special
ized cell types. 

The oocyte provides more than a set 
of nonspecific translation systems. 

The translation machinery is not isolat
ed in a test tube but is part of the living 
cytoplasm and is influenced by it; the 
polypeptide chains formed under the di
rection of a foreign messenger are ex
posed to the enzyme systems present in 
the cytoplasm of the injected cell. When 
we programmed oocytes with messen
ger RNA from lens cells of the calf eye, 
we were surprised to see not only that 
the lens protein crystallin was synthe
sized in the oocytes but also that an ace
tyl group (CH3CO) was added at the 
amino (NH2) end of the protein chain. 
This is the same modification that crys
tallin undergoes when it is made in the 
calf lens cell itself. The secondary-mod
ification reaction that results in the 

HEMOGLOBIN is synthesized in Xenopus 
oocytes injected with messenger RNA from 
rabbit red blood cells. The messenger is ex
tracted from reticulocytes, immature red cells, 
and is injected into oocytes that have been re
moved from the ovary. The injected cells are 
incubated with a radioactive amino acid (col
ored dots), thus labeling the proteins that are 
synthesized. An extract of the cells, to which 
rabbit hemoglobin has been added as a mark
er, is passed through a Sephadex column. The 
column separates the various proteins accord
ing to size: radioactive frog-oocyte proteins 
(colored circles), rabbit hemoglobin (black 
disks) and also a radioactive protein (colored 
disks) that subsequent analysis shows is he
moglobin (see illustration on opposite page). 
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OOCYTE-SYNTHESIZED HEMOGLOBIN is identified by Sepb
adex chromatograpby. Tbe various fractions, separated by size, are 
examined for radioactivity and for optical density, or color intensity. 
Tbe charts show the results for oocytes microinjected with rabbit 
messenger (left) and for control oocytes that were injected with buf
fer solution only (right). In both cases a major peak in the optical-
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density curve (black) identifies the red rabbit hemoglobin added as 
a marker. Both radioactivity curves (color) have peaks for newly syn
thesized frog proteins and for unincorporated amino acid. The radio
activity curve for RNA-injected oocytes, but not the one for control 
oocytes, has another peak that coincides with the hemoglobin peak: 
the RNA-injected oocytes appear to have synthesized hemoglobin. 

acetylation of crystallin is not. in other 
words. confined to the highly differenti
ated lens cell. That some proteins are 
acetylated and others are not must stem 
from the specificity of the acetylating 
enzyme for particular amino acid se
quences; provided only that those se
quences appear (in this case on a poly
peptide chain specified by a foreign 
RNA). the enzyme does its work. Sec
ondary modifications of this type ap
pear to be a consequence rather than a 
cause of cell differentiation. So far there 
has been no exception to the general 
finding that the secondary-modification 
reactions occurring in the specialized 
cells of vertebrates also occur in 00-
cytes. for example acetylation. hydroxy
lation. phosphorylation and polypep
tide-chain cleavage. We expect to find 
certain exceptions. however. The inabil
ity of oocytes to cleave insect promelit
tin into the secreted product melittin 
probably stems not from the inverte
brate origin of the molecules but from a 
general lack in the oocyte of the enzyme 
systems that are associated with exter
nal secretion. 

The cytoplasmic milieu supports as
sembly processes as well as enzymic re
actions. For example. the globin chains 
made under the direction of injected 
messenger RNA go on to combine with 
newly synthesized oocyte heme; there 
is indirect evidence that some of the 
chains assemble. within the oocyte. to 
form four-chain hemoglobin molecules. 
Injected messenger RNA for frog egg
yolk protein programs the synthesis of 
the giant polypeptide vitellogenin. The 
polypeptide is incorporated into yolk 
platelets and is cleaved by an enzyme 
into the main constituents of egg yolk. 
the proteins phosvitin and lipovitellin. 

Vitellogenin is normally made in the liv
er of the adult female frog and is then 
transported to the oocyte; the experi
ment shows that the subcellular destina
tion and processing of yolk proteins do 
not depend on the oocyte's having ab
sorbed vitellogenin from the blood
stream. 

All this information narrows down 
Il. the range of levels within which con
trol must be mainly exerted. We have 
found that in the oocyte the interaction 
between an available "free" messenger 
and the living cytoplasm leads automat
ically to translation. to secondary modi
fication and even to assembly into multi
ple-chain proteins and into subcellular 
organelles. Other living cells may differ 
from the oocyte in the precise nature of 
the controlling step. although many ap
pear to be similar in that the flow of 
genetic information seems to be con
trolled at some level prior to the appear
ance of free messenger RNA; in the oo
cyte. once the messenger is available the 
expression of genetic information fol
lows as an automatic consequence. 
Qualitative regulation. then. implies the 
modulation of such mechanisms as tran
scription. the selection of particular 
molecules of pre messenger RNA. the 
movement of messenger RNA out of the 
nucleus and the unmasking of stored 
messengers. The oocyte and egg systems 
can be exploited for identifying and ana
lyzing the critically important control 
elements that must operate at one of 
these pre translation levels or more. 

We found that the injection of either 
reticulocyte polyribosomes or complex
es of messenger RNA with its attendant 
proteins leads. as the introduction of pu
rified messenger RNA does. to the syn-

thesis of globin chains. Tracing the pos
sible control stages back toward the 
hemoglobin gene itself. the next logical 
question is whether or not the large mes
senger-RNA precursor has a globin-syn
thesizing capability. When Sau-Ping 
Kwan and I tested the globin-forming 
activity of precursor preparations de
rived from mouse and duck cells. the 
oocytes did synthesize mouse and duck 
globins. The difficulty is that the oocyte 
system detects minute amounts (less 
than a picogram. or a trillionth of a 
gram) of globin messenger. and so the 
precursor preparation must not be con
taminated with even a trace of ma
ture messenger. Contamination is hard 
to discern. because small messenger 
RNA's might aggregate to form what 
seems to be a large precursor molecule. 
We therefore mix in some rabbit-reticu
locyte polyribosomes containing ma
ture globin messenger; if what is intend
ed to be a mouse or a duck messenger
precursor preparation makes any rabbit 
globin. it must be contaminated with 
mature messenger. Unfortunately that 
has been the case in all the experiments 
to date. and so we can only say it is 
probable that the information in mes
senger-RNA precursors can be translat
ed by the oocyte. The point remains to 
be proved. 

The mass of evidence accumulated 
from other developing systems suggests 
that control of gene expression at the 
level of messenger-RNA synthesis is of 
primary importance. Microinjection ex
periments. by showing the lack of quali
tative control once messenger is avail
able. also point to events occurring 
within the nucleus. The unmasking of 
preformed messengers. however. may 
also play an important regulatory role. 
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particularly during early development. 
Oocytes probably contain a stockpile 
of inactive messengers in addition to the 
ones that are actively engaged in the syn
thesis of proteins. 

The fact that there are nonspecific 
translation systems within eggs and 

oocytes does not in itself prove that the 
machinery of more specialized cell 
types is equally general; the differentiat
ed state could be stabilized, or even cre
ated, by selectivity at the level of the 
translation machinery. However, in an 
elegant experiment Gurdon, Woodland 
and Lingrel have produced muscle cells 
that make hemoglobin and have thus 
gone some way toward showing that 
even highly specialized cells can trans
late any messenger. In their experiment 
fertilized eggs are injected with mouse 
or rabbit globin messenger. Many of the 
eggs develop normally, right up to the 
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swimming-tadpole stage. If radioactive 
amino acids are supplied at any stage of 
development, one can detect the synthe
sis of globin chains. Moreover, the 
response is species-specific: tadpoles 
raised from eggs injected with mouse 
messenger make mouse globin and tad
poles raised from eggs containing rabbit 
messenger make rabbit chains. At least 
some of the injected messengers must 
be stable and functional in developing 
cells. 

How are globin messengers segregat
ed, or apportioned as the cells divide, in 
the growing embryo? This question was 
answered by dissecting tissues out of a 
tadpole that was raised from an RNA
injected fertilized egg and then culturing 
the tissue fragments in a medium con
taining radioactive amino acids. Wood
land, Gurdon and Lingrel found that 
several different tissues and regions of 
the tadpole made globin chains at simi-
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lar rates. That is to say, the messenger 
injected into the frog egg seems to be 
divided roughly equally during the 
course of development, a finding that is 
not easily accommodated by theories of 
cell differentiation that rely on the un
equal distribution of an original stock
pile of egg RNA's. 

More important, even muscle tissue 
isolated from tadpoles that were raised 
from eggs injected with messenger RNA 
from rabbit or mouse cells respectively 
made rabbit or mouse globin chains. 
More than 85 percent of the cells in 
these bits of tissue were either special
ized muscle, nerve or backbone cells. 
and yet their rate of globin synthesis was 
comparable to that of less specialized 
regions of the tadpole. One might argue 
(but not without invoking complex se
lection mechanisms) that in the egg or 
during the formation of the embryo the 
globin RNA's had picked up specific 
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ABILITY OF OOCYTE to translate the information encoded in a 
foreign RNA was established by repeating the experiment with 
RNA's from three different species and by breaking down the hemo
globin into globin chains, which can be identified by species. After in
jection with either duck, rabbit or mouse messenger RNA and incu
bation with radioactive amino acid, the oocytes were mixed with the 
appropriate hemoglobin and an extract was made and passed down a 

Sephadex column. The partially purified hemoglobin thus obtained 
was subjected to ion-exchange chromatography. Radioactivity (col
or) and optical-density (black) curves showed that injected oocytes 
produced globin chains that chromatographed with the appropriate 
marker chains; when no foreign RNA had been injected, there was 
no synthesis of globin. chains (chart at bottom right). Note that ducks 
have two kinds of alpha chain, certain rabbits two kinds of beta chain. 
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One of a series of reports on the first hundred years of the telephone. 

Why the cost of telephone service 
has gone up less 

than the cost of alO1ost anything else. 
In the late 1920's, 

in a Chicago factory, 

the history of indus

trial relations reached 

a turning point. T he 

plant, the Hawthorne 

Works of the Western 

Electric  Company, 

made telephones and 

telephone equipment 

for the Bell System. 

And in 1927 its man

agers had a puzzle. 

they were trying to do, 

and requested their 

cooperation. Over a 

period of twenty-six 

m o n t h s ,  t h e  r e 

searchers added rest 

periods and snacks to 

t h e  g r o u p' s  w o r k 

schedule, shortened 

the work day, and then 

returned to the orig

inal schedule. T he The Hawthome Works of the westem Electric Company, scene of 
what one economist called "the most exciting and important study of 
factory workers ever made." group showed an al

most unbroken rise in average hourly pro

duction and also in total weekly production, 

even when the week was five hours shorter 

than at the start. At the end, their production 

was 30 percent above the beginning level. 

For more than two years the company 

had been studying plant lighting and its 

relation to efficiency. (It was the era of the 

"efficiency expert" and "scientific manage

ment.") Increases in illumination were fol

lowed by increases in production, as 

expected. But decreases in light levels were 

also followed by increases in production. 

Two young women even maintained good 

production under light no brighter than 

moonlight. 

It became clear that light had only a 

minor effect, and that there were many other 

variables to be identified. To solve the puzzle, 

the company undertook a further study, 

carried on jointly with the Harvard Gradu

ate School of Business Administration. T he 

researchers selected a group of six compe

tent, experienced women, explained what 

T he Hawthorne Experiments made it 

clear that the "scientific management" 

theory of the day relied too heavily on 

methods borrowed from the physical 

sciences. Two major conclusions are widely 

accepted now, but then their application to 

factory work was new: 

People work better when they feel they are 
part of a team. 

People work better when they feel what 
they are doing is important. 

Today most businesses are aware of 

"group dynamics" and " job enrichment." 

But the lessons of Hawthorne have shaped 
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policy for many years, not just in Western 

Electric factories but in all parts of the Bell 

System. And the Bell System is still a leader 

in the exploration of factors affecting indus

trial productivity. 

The prices of most telephone equip

ment made by Western Electric currently 

average 20 percent below the prices of other 

suppliers. W hy? 

New products for the Bell System are 

usually designed at Bell Laboratories, the 

research and development arm of the Sys

tem. Bell Labs also sets quality standards. 

But at an early stage manufacturing engi

neers from Western Electric sit down with 

the designers and look for ways to save. All 
companies know that's the best time to cut 

costs; in the Bell System, that knowledge 

guides practice. The search for reduced costs 

continues after production begins. Every 

aspect of manufacturing is under constant 

reexamination. Western Electric's engineer

ing cost reductions alone totaled $198 mil

lion in first-year savings in 1975. 

An early illlprovement in Bell's 1876 laboratory //lode! 
phone was the addition of a bell. 

Yet none of these achievements would 

take place unless the people involved were 

convinced that it is important to produce 

good telephones at low cost. Phillip S. Babb 

of McKinsey and Co., management con-

668 

sultants, made this analysis in an interview 

published in the journal International 
Management: 

Western Electric has succeeded in making 
cost-cutting a central part of the ethos, the value 
system, by which their people live. Driving costs 
down-with retained high quality-is what they 

spend their working lives at. It is what they take 

their pride in. It is their way to the corporate top. 

To put it another way, the business of 

the Bell System is providing good telephone 

service at reasonable cost; Western Electric's 

activities are directed toward that service 

goal, rather than toward simply making 

products. 

That service goal characterizes all parts 

of the Bell System, including the twenty

three regional operating companies and the 

Long Lines Department. All the parts work 

closely together to achieve that goal, and all 

benefit as a result. The operating companies 

provide telephone service and report, 

through AT&T, to Bell Labs and Western 

Electric their needs and the needs of tele

phone users. Bell Labs and Western Electric 

design and manufacture equipment to meet 

known needs as well as the best estimates of 

expected needs. And the local companies are 

assured of having the products customers 

want. To use the vocabulary of the econ

omist, vertical integration with organiza

tional feedback enhances productivity 

throughout the Bell System. 

Touche, Ross & Co., acting as consul

tants for the staff of the Federal Communi

cations Commission, made a study of how 

this corporate structure affects costs for 

telephone service. According to their report, 

written in 1974: 
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Western Electric's efficient performance 
has resulted in lower costs than otherwise would 

have been incurred. Because of Western's pricing 
policies and practices, these lower costs have not 
increased profits, but have been passed on to 
oper ating companies in the form of lower 

western Electric's first commercially successful vacuum tube (left) 
was used in 1915 in the amplifiers that made possible the first 
transcontinental telephone call. Solid-state electronics, begun at Bell 
Labs, makes it possible for tiny integrated circuits (right) to do the 
work of many vacuum tubes. 

prices .... The effect of the interrelationship 
between Bell and Western Electric is to operate 
Western, not as a manufacturing concern, but as 
an integral part of a vertically integrated com
munications firm. These interrelationships result 
in a favorable impact upon Western's costs, prices 
and service to operating companies. 

Another major factor affecting pro

ductivity is investment in new technology

in research a n d  d e v e l o p m e n t .  B e l l  

Laboratories is recognized worldwide as one 

of the leading development and research 

institutions anywhere. The achievements of 

Bell Labs people have won two Nobel 

prizes, one for the demonstration of the 

wave nature of matter, and the other for the 

invention of the transistor. 

The search for new and better tech

nology has always been a part of the tele

phone industry. On March 10, 1876, 

Alexander Graham Bell and Thomas A. 

Watson achieved that famous first telephone 

message, "Mr. Watson, come here. I want to 

see you:' At once they began to improve the 

instrument, and make it more usable. The 

goal, then as now, was to provide good 

telephone service at a price almost every 

American could afford. 

The effect of research and engineering 

on costs can be seen most readily by consid

ering how it has changed methods of trans

mitting calls. Bell Labs scientists found ways 

to send many conversations simultaneously 

through a pair of wires, and later through 

coaxial  c a b l e s .  T h e y  i n c o r p o r a t e d  

microwave radio into transmission systems 

for long distance calls. 

In just the last quarter century, such 

improvements have reduced the average 

cost per circuit mile of the Bell System 

nationwide long distance network from $60 

to $16. (See graph.) The cost of the newest 

coaxial cable system is less than $2 per 

circuit mile. 

Average cost per circuit mile 
of interstate transmission facilities. 

$60��---------------------------

$40------���-------------------

$20------------------��--------------$16 
01 I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I I I I 
1950 '55 '60 '65 '70 '75 

But Bell engineers are not satisfied. 

Already they are preparing the technology 

for even greater economies and capacities 

when call volumes reach a level to justify 

using it. The new Comstar domestic satel

lite-being used jointly by the Bell System 

and GTE Satellite Corporation-in addition 

to standard communications traffic will 
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beam experimental signals to an extraordi

narily precise antenna so that Bell Labora

tories scientists can investigate super-high 

frequencies that could provide increased 

satellite capacity in the future. And new 

systems, using millimeter waveguides or 

laser light and glass fibers, are expected to 

reduce transmission costs and add new 

capacity also. 

Another simple way to measure how 

technology improves productivity is to look 

at the number of Bell System people 

required to serve each 10,000 telephones. In 

1925.it took 246. In 1958 it took 148. Today it 

takes 65. 

Finally, the Bell System seeks to 

improve productivity by improving the 

methods used to manage the telephone 

business. For instance, the teamwork of 

Western Electric and Bell Labs people was 

cited earlier. To facilitate their interaction, 

some Bell Labs people work adjacent to 

Western Electric plants. A significant reduc

tion has resulted in the time required to get a 

new design from drawing board to actual 

production. 

The Bell System is placing greater 

emphasis on computerized information 

retrieval for the mountain of data connected 

with serving 118.5 million telephones. It is 

moving toward a standardized format for 

recording and storing data, to make more 

efficient use of computers. 

The Bell System is placing greater 

emphasis on new methods of employee 

training, on the restructuring of jobs, and on 

The Bell Systems's Telstar® satellite demonstrated the feasibility 
of using space satellites for communications. 

efforts to build more responsibility, chal

lenge and satisfaction into jobs at all levels. 

Experience to date indicates that these 

changes help people do a better job, reduce 

employee turnover, and consequently 

improve productivity as well. 

That is exactly the result one would 

expect, on the basis of the 1927 Hawthorne 

findings. The Bell System has changed a lot 

since 1927. But it still emphasizes people, 

research, manufacturing efficiency and an 

organizational structure that fosters team

work. 

Data issued by the federal Bureau of 

Labor Statistics show that overall the pro

ductivity of the telephone industry has 

increased 50% since 1965. T hat is two-and

a-half times the productivity increase of the 

United States economy as a whole. 

In that same decade, the cost of living 

rose 7 5%. Telephone rates for local service 

went up only 40%. And interstate long 

distance rates went up about 4%. Now 95% 

of all American homes have telephones. 

One Bell System. It works. 

@ 
Bell System 
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factors that allowed them to be translat
ed in the muscle cell. The simplest ex
planation, however, is that normal mus
cle cells are able to translate globin mes
senger if the globin RNA is available. It 
therefore seems likely that even special
ized cells can translate any messenger. 
Taken in combination with the oocyte 
and egg data, this result suggests that 
any cell can be programmed by any 
messenger. 

The qualitative selection of genetic in
formation thus seems to involve 

controlling the supply of available mes
senger-RNA species rather than select
ing, at the translation level, among a 
population of freely available messen
gers. The possibility should not be dis
missed, however, that the efficiency of 
RNA translation can be varied to pro
vide quantitative control. 

The oocyte and egg are excellent sys
tems for investigating control at the lev
el of translation and for assaying either 
minute quantities of messenger or, more 
important, putative translational con
trol elements. When small amounts (less 
than five nanograms) of globin messen
ger are injected into oocytes, there is an 
approximately linear response, as mea
sured by the incorporation of a radioac
tive amino acid, histidine, into hemoglo
bin: the more RNA, the more radioac
tive hemoglobin. This means that the 
oocyte can be used as an assay system. It 
also implies that the supply of messen
ger is one of the factors limiting the rate 
of synthesis of a particular product. 
Nevertheless, the overall rate of protein 
synthesis in the oocyte cannot be severe
ly limited by the supply of messenger. 
Injected messengers seem to compete 
with the cell's own messengers: the in
jection of messengers that were purified 
from the oocyte back into the oocyte 
raises the overall rate of protein synthe
sis by less than 20 percent. 

The sensitivity of the oocyte system is 
quite remarkable. One can calculate 
that each injected beta-globin messen
ger is translated about once every two or 
three minutes at 19 degrees Celsius, or 
almost as fast as it would be translated 
in a red blood cell at the same tempera
ture. Synthesis proceeds at about that 
rate as long as the oocytes stay alive in 
culture. (Some oocytes injected with 
globin messenger have lived for more 
than two weeks, and one might predict 
survival times of months when better 
conditions for long-term oocyte culture 
are defined.) The efficient synthesis in 
oocytes, over a long period of time, of a 
stable, highly radioactive product in ef
fect enormously magnifies the activity 
of the injected material and hence en
ables one to assay minute quantities of 
messenger-less than a trillionth of a 
gram of beta-globin messenger RNA. If, 
on the other hand, extreme sensitivity is 
not required, it can be more conve
nient to assay messenger RNA in a cell-
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HONEYBEE VENOM is syntbesized by frog cells. Venom glands were removed from boney
bees and a messenger-RNA fraction was isolated. Tbe messenger was injected into frog 00-
cytes, wbicb syntbesized promelittin, tbe precursor of tbe venom component melittin. Tbe 
amino acid sequence of tbe oocyte-syntbesized promelittin (right) was compared witb tbe se
quence of tbe boneybee protein itself, removed directly from tbe venom gland (left). To tbe ex
tent tbat it was determined, tbe sequence of tbe oocyte promelittin was tbe same as tbe boney
bee version. Secondary modifications sucb as addition of NH2 were not carried out in oocyte. 
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SPECIALIZED CELLS can also translate foreign messenger. At the 
Laboratory of Molecular Biology in Cambridge, Hugh R. Woodland, 
.John B. Gurdon and .Jerry B. Lingrel raised tadpoles from normally 
fertilized eggs into which messenger RNA for mouse or rabbit globin 
had been injected. Muscle tissue was dissected from tadpoles and in
cubated with a radioactive amino acid; mouse hemoglobin was add-
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ed as a marker. Ion-exchange chromatography shows that chains 
synthesized in the tissue correspond to the species of the injected mes
senger: chains made under the direction of mouse RNA form radio
active peaks that coincide with mouse marker peaks (le/t); chains 
programmed by rabbit messenger yield peaks characteristic of rabbit 
globin and hence not coincident with the mouse marker peaks (right). 
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free system. where the confusing back
ground of frog-protein products is not 
present. For assaying putative transla
tional control elements. however. the 
oocyte is best because what happens in it 
is likely to be relevant to what happens 
in normal living cells. For such purposes 
one can mix possible regulatory mole
cules with a messenger RNA and inject 
the combination or else inject the mes
senger and. once it is established. intro
duce the regulator. 

The approach is illustrated by an ex
periment to determine the role of 

heme in controlling the translation of 
globin messenger. Crude globin messen
ger contains just a little more alpha mes
senger RNA than beta messenger RNA 
and programs the synthesis of roughly 
equal amounts of the two chains in a 
cell-free system. In contrast. oocytes in
jected with mouse or rabbit messenger 
make at least five times as much beta 
globin as alpha globin. If heme is mixed 
with the messenger or is injected after 
the messenger is established. the transla
tion of alpha messenger is enhanced so 
that the alpha/beta ratio approaches 
unity. This effect does not necessarily 
imply that there are elements of the 
translation system that interact with 
only one messenger. Rather. the heme 
probably increases the supply of factors 
that initiate polypeptide synthesis and 
thus preferentially affects the alpha 
messenger. which has a lower affinity 
for these initiation factors than the beta 
messenger. 

The fertilized egg is also a good medi
um for studying translational control el
ements. Components injected into a fer
tilized egg end up in the rapidly dividing 
and differentiating-and hence biologi
cally interesting-cells of the growing 
embryo. In one experiment of this kind 
the injected messenger served as a probe 
for the appearance of particular factors 
during the course of early development. 
We introduced mouse or rabbit globin 
messenger and measured the alpha/beta 
ratio at various developmental stages. 
Mouse messenger yields the characteris
tic excess of beta chains. So does rabbit 
messenger. in the egg and during the ini
tial cleavage stages. but just before the 
stage called gastrulation the synthesis of 
alpha chains increases. and it remains at 
an elevated level at least until the swim
ming-tadpole stage [see illustration on 
page 71] .  Some factor. similar to heme 
in effect. that specifically stimulates the 
translation of rabbit alpha-chain mes
senger appears to be formed at a partic
ular developmental stage. 

Whole-cell assay systems present an 
excellent opportunity for studying mes
senger stability. The lifetime of a mes
senger in a cell-free system sheds little 
light on what its life expectancy would 
be in a normal living cell; yet to study a 
cell in which the messenger is being syn
thesized is difficult. since at any given 
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LENGTH OF POLY·A TAIL 

FUNCTIONAL STABILITY in oocytes of globin messenger molecules with poly-A tails of 
different lengths was tested by a Belgian-Israeli group. By treating globin messenger RNA 
with the enzyme polynucleotide phosphorylase for varying periods they produced messenger 
species with tails of different lengths; the species were purified by chromatography and then 
injected into oocytes. After 44 hours of incubation a radioactive amino acid was added and the 
rate of hemoglobin synthesis was compared with the rate in oocytes programmed with native, 
or unshortened, globin messenger. Some 30 adenylic acids are required to stabilize messenger. 

time the messenger population reflects a 
balance between synthesis and decay. 
By injecting a known messenger into an 
egg or an oocyte one can study the decay 
process alone. Messenger stability is rel
evant to the control of gene expression 
because instability could be a means of 
changing the population of proteins as 
cells differentiate. In this regard results 
obtained with fertilized eggs are likely 
to be of particular interest. since here 
one can look at messenger stability in a 
developing embryo. So far only rabbit 
and mouse globin messengers have been 
tested in this way. and they both appear 
to be stable at least until the swimming
tadpole stage. after more than 20 cell 
divisions. Rabbit globin is also stable in 
the oocyte. and injected oocytes will 
synthesize globin for several weeks. 
Two frog-liver messengers. those coding 
for albumin and for the enormous vitel
logenin molecule. are also stable. show-

ing that stability is not an artifact arising 
from the introduction of foreign mes
senger. (All the messengers so far tested 
code for differentiated products and are 
stable in their normal cellular milieu; 
messengers with a short half-life have 
not been injected into eggs or oocytes, 
and it is possible that they would retain 
the characteristics expressed in the cell 
type from which they were derived.)  

Perhaps the most elegant e�ploit�tion 

of the oocyte system for InvestIgat

ing messenger-RNA stability has been 

the work of a group of investigators 

from the Free University of Brussels (0 . 
Huez. Marbaix. E. Hubert and .M

. Le

clercq) and the Weizmann Institute of 

Science in Israel (Uri Nude!, Her":l0na 

Soreq, R. Salomon. B. Lebleu. Michel 

Revel and Uriel Z. Littaue�) ,  who stu
.
d

,� 

ied the part played by the poly-A. t�il 

of the messenger RNA in determInIng 
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the life expectancy of the whole mole
cule. One of the most distinctive fea
tures of most kinds of messenger RNA 
is the presence at one end of the mole
cule of a long string of a single kind of 
nucleotide. adenylic acid. Yet the func
tion of these rather striking poly-A tails 
remained a mystery . not least because it 
was known that messengers lacking tails 
could be translated normally in certain 
cell-free systems. The Belgian-Israeli 
group injected into oocytes rabbit glo
bin messenger RNA with and without 
poly-A tails. They found that messen
gers without tails are translated well 
enough at first but do not function effi
ciently for very long: after 48 hours the 
RNA with poly-A was making about 2 5  
times a s  much globin a s  the tailless 
RNA. The poly-A is thus implicated in 
preserving the functional stability of 
messenger RNA. The tailless messen
gers are actually destroyed by the oo
cyte; they can hardly be detected physi
cally 48 hours after injection. Since the 
tails were removed by stepwise degrada
tion with the enzyme polynucleotide 
phosphorylase. one might argue that the 
enzyme also affected some other part 
of the globin messenger. for example 

80 

the region adjacent to the tail. The in
vestigators went on. however. to re
store poly-A tails to the RNA with the 
enzyme adenyl transferase . and they 
found that stability was restored. In oth
er words. it really is the presence of the 
tail that confers stability on the messen
ger molecule. 

When polynucleotide phosphorylase 
is used to shorten the tail rather than to 
remove it completely . a critical tail 
length of about 3 0  adenylic acid units 
turns out to be required before a mes
senger molecule is stabilized [see illus
tration on page 69] . One can speculate 
that in cells that. unlike the oocyte, re
quire a rapidly changing population of 
messengers the life expectancy of a 
"stabilized" molecule may depend on 
how much longer the tail is than the crit
ical length, given that many such cells 
contain enzymes that shorten poly-A 
tails. Although many of the above re
sults could be peculiar to the oocyte sys
tem.  careful reexamination of data from 
cell-free systems has confirmed the 
tendency of messenger without poly-A 
to be less stable. With their combination 
of sophisticated chemistry and simple 
microinjection experiments the Belgian-

RABBIT 

Israeli group may well have solved the 
mystery of the poly-A tail. 

Experiments in the microinjection of 
RNA demonstrate the advantages of 
combining the unrelated disciplines of 
biochemical analysis and micromanip
ulation. The approach is not limited to 
amphibian eggs and oocytes.  The egg of 
the fruit fly Drosophila is several hun
dred times smaller than the Xenopus oo
cyte and the mouse egg is several thou
sand times smaller, yet both of these 
small eggs can be microinjected. Ordi
nary cells growing in culture have also 
been injected, and the technique is not 
limited to the injection of RNA. Gur
don, Alan Colman, Christopher Ford 
and Woodland have already injected 
eggs and oocytes with eukaryotic and 
viral DNA and with histones , antibod
ies and other proteins. Some synthetic 
and naturally occurring DNA's are tran
scribed, and the DNA replicates in 
the egg cytoplasm . Introducing specific 
genes into living frog cells could im
prove our understanding of develop
ment. The raw materials for such exper
iments might be provided by recently 
developed techniques for cloning re
combinant DNA molecules. 

I' � V ---� 60 

I 
.. r---r--

z 0 
� I--N 

I 
-' 
� a: w LL 

t=' z w u a: w 
� 
0 
� 40 
a: 
� w 

..IE.. « I a. -' « j /\  � \ � � V - -20 ,... 
o 

o 1 0  20 30 40 50 60 70 80 

HOURS AFTER FERTILIZATION 

OYA!NY M!LAj -

GA�ULA Ii' OOCYTE
I I 

UN FERTILIZED 
EGG BLASTULA NEURULA 

POST-NEURULA 

CONTROL OF TRANSLATION at various developm ental stages 
is studied by injecting mouse or rabbit globin m essenger into fertilized 
eggs and analyzing the globin synthesized by the embryos for its cou
tent of alpha and beta chains. Eggs injected with mouse RNA produce 
about a fivefold excess of beta chains (gray curve), that is, the alpha/ 

EARLY TAILBUD HEARTBEAT 
SWIMMING 
TADPOLE 

beta ratio is about 20 percent (as it is also in injected oocytes). In eggs 
programmed with rabbit globin messenger the alpha/beta ratio is 
about the same at first (black curve), but production of alpha chains 
increases suddenly just before gastrulation; som e factor that stimu
lates alpha-chain synthesis is formed at that stage of development. 
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The Photographic Lens 
New optical materials (both glasses and plastics), antireflection 

coatings, laborsaving computer programs and new production 

methods yield high-performance lenses at increasingly low cost 

Designing a lens can be compared 
to playing chess. In chess a play
er tries to trap his opponent's 

king in a series of moves. In creating a 
lens a lens designer attempts to "trap" 
light by forcing all the rays arising from 
a single point in the subject to converge 
on a single point in the image, as a con
sequence of their passing through a se
ries of transparent elements with pre
cisely curved surfaces. Since in both cas
es the ultimate goal and the means by 
which it can be attained are known, one 
is tempted to think there will be a single 
best decision at any point along the way. 
The number of possible consequences 
flowing from any one decision is so 
large, however, as to be virtually, if not 
actually, infinite. Therefore in lens de
sign as in chess perfect solutions to a 
problem are beyond reach. Although 
this article will be concerned only with 
the design of photographic lenses, the 
same principles apply to all lenses. 

The lens designer has one enormous 
advantage over the chess player: the de
signer is free to call on any available 
source of help to guide him through the 
staggering number of possibilities. Most 
of that help once came from mathemat
ics and physics, but recently computer 
technology, information theory, chem
istry, industrial engineering and psycho
physics have all contributed to making 
the lens designer's job immeasurably 
more productive. Some of the lenses on 
the market today were inconceivable a 
decade ago. Others whose design is as 
much as a century old can now be mass
produced at low cost. With the develop
ment of automatic production methods 
lenses are made by the millions, both 
out of glass and out of plastics. Today's 
lenses are better than the best lenses 
used by the great photographers of the 
past. Moreover, their price may be low
er, in spite of the fact that 19th-century 
craftsmen worked for only a few dollars 
a week and today's lenses are more com
plex. The lens designer cannot fail to be 
grateful for the science and technology 
that have made his work easier and his 
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creations more widely available. but he 
is also humbled : it is no longer practical 
for a fine photographic lens to be de
signed from beginning to end by a single 
human mind. 

What kind of lens was the first to be 
used in photography is not known 

because the inventor of photography, 
Joseph Nicephore Niepce, left no writ
ten record of his experiments. It is be
lieved. however, that Niepce's first pic
ture (which is lost to history) was made 
in 1822 with a meniscus lens in a camera 
obscura. "Meniscus" (from meniskos, 
the Greek diminutive for moon) de
scribes the cross-sectional shape of the 
simplest practical photographic lens: 
a crescent moon, formed by two arcs 
of different radii. Simple eyeglasses for 
reading are meniscus lenses. 

The camera obscura (the Latin for 
dark room) had been known from antiq
uity. Leonardo da Vinci described a 
simple form of camera obscura in which 
light entered the room through a small 
hole and formed a faint image on the 
opposite wall. In the 16th century the 
hole was replaced by a meniscus lens, 
which made the image many times 
brighter. The camera obscura was a 
popular tool of artists, who used it to 
trace the outlines of their subjects. 

If Niepce made his first photographs 
with a camera obscura and a meniscus 

lens, he soon sought something better. It 
is reported that Charles Louis Cheva
lier, of a firm of engineers and instru
ment makers in Paris, provided him 
with a two-element achromatic lens. 
Such lenses, designed to minimize the 
chromatic aberration. or color fringes. 
produced by simple meniscus lenses. 
had been introduced to astronomy in 
1758 by the English optician John Dol
lond, but they were still novelties early 
in the 19th century. At about the same 
time that Chevalier was adding an ach
romat to Niepce's camera, Joseph Jack
son Lister and Giovanni Battista Amici 
intr,oduced achromatic lenses to micros
copy, thereby removing chromatic aber
ration from microscopes and for the first 
time making bacteria visible. 

Chromatic aberration results from 
the phenomenon in which a prism dis
perses white light into a spectrum of col
ors. In a vacuum all colors, or wave
lengths, of light travel at the same veloc
ity. In a material medium the velocity of 
light is always reduced. and the velocity 
of the shorter wavelengths is reduced 
more than that of the longer ones. Thus 
when light leaves one medium and en
ters another at an angle, its path is sharp
ly refracted, or bent, either toward or 
away from a line perpendicular to the 
interface between the two mediums, de
pending on whether its velocity in the 
second medium is lower or higher. 

LENS ABERRATIONS can be studied by magnifying the images formed at the focal plane 
when a point light source is beamed at the lens. In the micrographs on the opposite page, made 
by Norman Goldberg, technical director of Popular Photography, the images are magnified 
600 diameters. Ideally the image should itself be a point (a), but the ideal is usually achieved, as 
in this case, only when the light source is in line with the axis of the lens. Image b exhibits one 
of the most common lens defects, spherical aberration. (The sources of the various aberrations 
are illustrated schematically on page 75.) Another common defect, astigmatism, accounts for 
the strong horizontal line in image c, which also exhibits coma and chromatic aberration. As
tigmatism shows up in purer form in image d. If the focus of the lens were moved slightly 
either forward or back, the astigmatism would produce either a sharp horizontal line or a sharp 
vertical line. Coma, a familiar type of aberration that arises when the light source is off axis, is 
depicted in image e. The final image if), which combines a complex mixture of coma, astigma
tism and chromatic aberration, is typical of the off-axis images produced when fast, modern 
lenses are used at full aperture. After allowance has been made for the great magnification of 
the image, however, it is evident that the lens focuses most of the light energy within a very 
small "blur disk," which in this particular case is a circle with a diameter of .03 millimeter. 
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The susceptibility of light to refrac
tion is the cornerstone of refractive op
tics, or the theory of lenses. Some 60 
years before Isaac Newton took up the 
study of optics the phenomenon of re
fraction was described and graphically 
depicted by the Dutch mathematician 
Willebrord Snell van Royen. Thereafter 
Rene Descartes formulated the precise 
law of refraction, which became known 
as Snell's law: the sine of the angle of 
incidence times the index of refraction 
of the first medium is equal to the sine of 
the angle of the refraction times the in
dex of refraction of the second medium. 
Snell's law is still the lens designer's sin-

gle most useful formula. It tells him how 
to bend light to his will. 

When a beam of white light strikes 
glass at an angle, the bl ue-violet 

wavelengths are bent the most and the 
red wavelengths the least. It is for this 
reason that the edges of the emerging 
beam appear to be fringed with color. 
From his work with prisms Newton was 
the first to perceive that white light is a 
mixture of colors. His first proposition 
in Opticks states that "Lights which dif
fer in Colour differ also in Refrangibili
ty." He was swept too far, however, by 
the force of his perception. He incor-

SIMPLE MENISCUS LENS, a crescent-sectioned element with two spherical surfaces, was 
probably in camera with which Joseph Nicephore Niepce took the first photograph in 1822, 

AIR GLASS 

LIGHT IS REFRACTED, or bent, when its velocity is changed as a result of passing from one 
medium to another, Because short wavelengths of light travel more slowly in glass than long 
wavelengths, white light is dispersed into its spectral colors, The degree of dispersion differs ac
cording to the composition of the glass (or composition of some other transparent medium), 

WHITE LIGHT 

CHROMATIC ABERRATION can be corrected by combining glasses with different disper
sions, In this example of a simple two-element lens first element is made from low-dispersion 
glass, The second element, of opposing power but weaker, is made from high-dispersion glass, 
Dispersion is canceled out but focusing power remains, Dispersion of colors is exaggerated. 
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rectly jumped to the conclusion that 
since chromatic aberration is inherent 
in lenses, nothing can be done about it. 
(Whereupon he invented the reflecting 
telescope, which does away with lenses 
and the troublesome problem of refran
gibility.) 

What Newton failed to observe is that 
in passing through glasses of different 
compositions colors exhibit different de
grees of refrangibility, or, as we would 
say today, glasses can have different dis
persions. This is the weapon with which 
the lens designer can combat chromatic 
aberration. The trick is to make a lens 
with at least two elements. The first ele
ment is a convex lens made of a glass 
that disperses the colors to a minimum 
degree. The second is a concave lens 
made of a glass that disperses the colors 
to a maximum degree. In optical termi
nology a positive lens of lower disper
sion is combined with a negative lens 
of higher dispersion. If everything is 
planned just right, the dispersion almost 
cancels out but the compound lens can 
still refract substantially [see bottom il
lustration at left]. 

That roughly describes the standard 
landscape photographic lens of the 19th 
century. In fact, the two-element photo
graphic lens is still in production today, 
both as a low-cost lens for simple cam
eras and as a fairly expensive telescopic 
lens for nature and sports photography. 
In such lenses a long focal length is 
needed to bring objects closer, and a 
small field of view is acceptable. Good 
as the original two-element recipe was, 
it was still only a recipe. The early ach
romats were empirical lenses. There was 
no exact theory of how to match up the 
variables. 

Part of the solution came in 1841, 
when Carl Friedrich Gauss published 
his theory of lenses. The theory concep
tually simplified a lens to ignore all rays 
except those that lie in a plane either 
through the lens axis or close to it. Such 
rays are called paraxial. Even though 
the Gauss model is simplified, it in
cludes fOCal length (the distance from 
the optical center of the lens to the plane 
in which the rays are brought to a focus), 
magnification, the location of the princi
pal points of the lens and the location of 
the image. Gauss's theory was to lens 
design what trigonometry was to navi
gation. Paraxial ray tracing served for 
several decades as the principal tool of 
photographic lens designers. The sim
plification implicit in Gauss's proce
dures does, however, exact a penalty: 
the plane of the sharpest image usually 
does not coincide precisely with the 
plane defined by the Gaussian rules. 
Nevertheless, as a first cut the analysis 
comes very close to the bone. 

The Gaussian image plane also serves 
as a benchmark for measuring the 

entire range of aberrations with which 
the lens designer must contend, even if 
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SPHERICAL ABERRATION is an inherent characteristic of any 
lens whose surface is a section of a sphere. Light originating from the 
same object point comes to a focus at slightly different points (P and 
r), depending on whether the rays pass through the center of lens or 
the periphery. Distance separating P from r varies with aperture. 

CURVATURE OF FIELD results when an oblique beam of light 
is brought to a focus closer to the lens than an axial beam of light is. 
This type of aberration gives rise to an image surface that is curved. 

ASTIGMATISM is another common defect of off-axis images cre
ated by lenses. Light from an off-axis point that passes through the 
lens along the axis a,b is focused at S, whereas light from the same 
object point that passes through the lens along axis c,d is focused at 
T. S, which is known as the sagittal, or radial, focus, is a line image 
that is perpendicular to the optical axis; T, the tangential focus, is 
a line image that is tangent to a circle centered on the optical axis. 

COMA is produced when light from a point off the axis of the lens 
passes through the perimeter of the lens and comes to a focus in 
a ring displaced radially from the focus of light that has passed 
through the lens center. Coma appears as a bright core of light with a 
spreading tail. Word is derived from the Greek for flowing hair. 

OBJECT 

DISTORTION is a lens aberration in which the magnification of 
the image varies with the obliquity of the entering rays. The conse
quence of this aberration is that straight lines appear curved in image. 

ENTERING RAY 

y LENS 

I 
I 
IS 
I 
I 

\ 
\ 
\ 
\ 

ABBE SINE CONDITION, formulated by Ernst Abbe, specifies the 
condition for simultaneous correction of spherical aberration and 
coma. When the rays entering the lens and the rays leaving the lens 
are extended, they intersect at a surface, S, defined as the locus of 
the points at which all rays from an infinitely distant point source on 
the axis of the lens appear to be refracted. The dual correction is 
achieved when y is equal to f· sin 8; therefore surface S is spherical. 
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ABBE NUMBER 

PROPERTIES OF OPTICAL GLASSES are commonly character
ized by their refractive index, n, which measures the light-bending 
power of the glass, and by their Abbe number, v, which measures the 
extent to which the glass disperses white light into its spectral colors. 

y 

The lower the Abbe number, the greater the dispersion. Each point 
on the chart represents a different optical glass. The rare-earth 
glasses (area tinted in color) combine high refractive index with low 
dispersion. Optical plastics lie in hatched area below optical glasses. 

h 

h 

-.�------------������--------�------------�� y 

TRANSVERSE SPHERICAL ABERRATION, h, of a given lens, 
L, is a measure of the failure of light rays originating at 0 to 
converge at the Gaussian image point, I. The aberration varies with 
lens aperture y in a manner described by a series expansion, h = ay3 + 
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by5 + cy7 + . . . .  Plotted curve of h against y shows such an equation 
fitted to a few traced rays. The aberrations of other rays passing 
through lens may be interpolated from curve or calculated from 
equation, after solving for a, b, c • • •  , without further ray tracing. 
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his lens is to be used only for photogra
phy in light of one color. The primary 
monochromatic aberrations, which were 
defined mathematically by Ludwig Sei
del in 1856, are spherical aberration, 
coma, astigmatism, curvature of field 
and distortion. 

Spherical aberration arises because 
lens surfaces are sections of spheres, and 
light passing through the edge of a lens 
comes to a focus at a point different 
from that for light passing through the 
center of the lens. Coma also involves 
the spherical nature of lens surfaces; 
images formed off the central axis of 
the system tend to be asymmetrical. 
"Coma" has the same root as "comet": 
the Greek for flowing hair. Because of 
coma the point of focus seems to have a 
cometlike tail. 

Astigmatism means not coming to a 
point; it is from the Greek a-, not, and 
stigma, mark or spot. It is also due to the 
asymmetry of off-axis images, but its ef
fect is to cause light to be spread along a 
line either in a plane through the image 
point and the lens axis or at right angles 
to that plane. It has the curious effect of 
blurring horizontal lines and sharpening 
vertical lines, or vice versa. 

Curvature of field arises if the locus of 
the sharpest points in the image lies on a 
curved surface instead of on a plane. It is 
this aberration that accounts for photo
graphs that are sharp in the center and 
blurred around the edges. In certain 
types of large telescopes the aberration 
is left uncorrected and the photographic 
plate is curved to compensate for it. The 
last of the principal aberrations, distor
tion, gives the appearance of a curved 
object projected onto a flat surface, or 
vice versa. It is analogous to the effect 
that makes Greenland so large in' a map 
made on Mercator's projection. 

The early 1840's saw not only the gen
esis of scientific lens design based on 
Gaussian principles but also the birth of 
two men who were to make the next 
great contributions to the lens-design 
problem: Ernst Abbe and John William 
Strutt, later Lord Rayleigh. Born in 
1840, Abbe became the chief physicist 
and lens designer for the famous optical 
firm of Carl Zeiss. Among his many con
tributions were the Abbe number, which 
is used in the classification of optical 
glasses, and the Abbe sine condition, 
which defines a lens that is free of coma. 
The Abbe number is the reciprocal of 
the degree of dispersion; it incorporates 
the difference in refraction of two wave
lengths that are widely separated in the 
spectrum. Guided by the Abbe number, 
the lens designer can cancel out chro
matic aberrations for any two wave
lengths of light. The Abbe number was 
the lens designer's answer to Newton. 

In selecting glasses for a new lens the 
designer consults a chart of glass prop
erties in which the horizontal axis is 
marked off in Abbe numbers [see top i/-

lustration on opposite page]. The scale on 
the vertical axis shows the index of re
fraction for light of a specified color in 
the middle region of the spectrum. With 
the chart the designer can see at a glance 
the interaction between the available 
glasses and light of the primary colors. 

The Abbe sine condition states that 
coma is eliminated when the distance 
from the axis of the lens to the point 
where a ray enters the lens, traveling 
parallel to the axis, is equal to the focal 
length of the lens times the sine of the 
angle the ray makes with the axis at the 
point of focus [see illustration at bottom 
right on page 75]. Today nearly every fine 
camera lens meets the Abbe sine condi
tion. 

Lord Rayleigh, two years younger 
than Abbe, presented lens designers 
with the ultimate challenge by stating 
the conditions that must be met by a 
perfect lens. He showed mathematically 
that an image formed by an optical sys
tem will not differ sensibly from a per
fect image only if all the rays travel over 
optical paths of equal length. Rayleigh 
found that in practice the perfect image 
is attained if the difference between the 
shortest path and the longest does not 
exceed a quarter of a wavelength of 
light. Such a lens is said to be diffrac
tion-limited. Ideally a lens should be at 
the Rayleigh limit for light of all wave
lengths. If this goal is to be closely ap
proached, the glasses in the lens must all 
have the same partial dispersion even 
though their individual dispersions may 
vary. (Partial dispersion is the rate of 
change of dispersion with wavelength. 
Dispersion proper is the rate of change 
of the index of refraction with wave
length.) 

During the 19th century and early in 
the 20th J6zef Miksa Petzval, Henry 
Coddington and A. E. Conrady, among 
others, derived mathematical relations 
and developed techniques for evaluat
ing the magnitude of specific aberra
tions on the basis of the smallest possi
ble amount of data, in order to reduce 
the crushing burden of calculation. 
Petzval, the inventor of the Petzval por
trait lens, discovered that the curvature 
of field of a lens, in the absence of astig
matism, is a relatively simple function 
of the index of refraction of the lens 
elements and their radii of curvature. 
Coddington is credited with the deriva
tion of simple formulas for the calcula
tion of astigmatism for small lens aper
tures. Conrady is considered by many to 
be the father of modern optical design, 
through his application of the concept 
of optical-path difference to the primary 
aberrations, both monochromatic and 
chromatic . 

At the end of a century of photograph
£\. ic-Iens development, say by the 
mid-1920's, the creation of lenses was 
no longer a cookbook operation. but 

lens design still remained more of an art 
than a science. Confronted with a lens
design problem. a few men with a genius 
or a knack could sense the direction to 
take. Then it was a matter of the labori
ous application of Snell's law over and 
over again as designs were checked out 
by tracing the paths that rays of light 
might take from the object to the image. 
Few outside the profession could com
prehend the magnitude of the task. The 
only tools available were a six-place ta
ble of common logarithms and by the 
1930's a desk-top mechanical calcula
tor. A difficult lens could absorb several 
man-years of computation. The key to a 
successful outcome was persistence. 

For all the inelegance of such brute
force methods. nearly all the fundamen
tal types of lenses on the market to
day were pioneered during that period. 
Some of them. such as the Zeiss Sonnar 
111.5. were impressive for their speed. 
Others. such as the Cooke triplets. were 
remarkable for their simplicity. (The 
designation 111.5 means that the focal 
length of the lens is 1.5 times the maxi
mum aperture of the lens. The smaller 
the I ratio is. the more light a lens can 
gather in a given time. Light-gathering 
power. or speed. is inversely proportion
al to the Inumber squared.) 

A brief excursion into geometric op
tics will help to explain the unique posi
tion of the Cooke design. first described 
in 1893 by H. Dennis Taylor of the Brit
ish optical house of Cooke and Sons. 
Geometric optics. unlike the more gen
eral field of physical optics. ignores all 
the known facts about light except those 
affecting the path of its propagation. 
Consider the spherical aberration of 
the hypothetical lens depicted at the 
bottom of the opposite page. The de
signer would like the lens (L) to bring 
all the rays from a point of origin (0) 
to a point of focus (/). One can see 
that lens L fails badly in this respect. 
Although some of the rays do converge 
at l, most of them do not. 

Any failure of a ray to strike point I 
can be measured in the same way a miss 
in target practice can be measured. by 
finding the distance from the bull's-eye 
to the striking point. In optics such a 
deviation is called a transverse aberra
tion. a distance measured perpendicular 
to the path of the light ray. In the dia
gram for lens L the transverse aberra
tion from the aiming point I is designat
ed as the magnitude h (for height above 
or below the axis). Inspection of the dia
gram tells us that h is a function solely of 
the point where the ray enters the lens; 
that point will be designated as a magni
tude along dimension y. In other words. 
the transverse spherical aberration of 
rays from any point is a function of the 
aperture of the lens. This is a general 
characteristic of lenses. which is why 
most of them achieve their maximum 
sharpness when they are used at less 
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COOKE TRIPLET LENS, originally conceived in 1893 by H. Dennis Taylor, is probably the 
most studied and refined type of photographic lens in service today. Its three elements provide 
the simplest arrangement that enables the lens designer to eliminate all seven basic aberrations 
out to third order. Terms of higher order tend to be small. The seven are spherical aberra
tion, coma, astigmatism, distortion, curvature of field and chromatic aberration along two axes. 

REFLECTIONS FROM LENS SURFACES hampered lens design before the development 
of antireflection coatings in the late 1930's. When many elements were desirable for high per
formance, designers were limited to systems in which 'several of the elements were cemented 
together (top) to eliminate the reflections that normally occur at air-to-glass surfaces. Be
cause the cemented surfaces had to have the same curvature, the designer had fewer degrees of 
freedom with which to reduce aberrations. The lenses were also costly to manufacture. For 
many purposes Gaussian designs with fewer elements (middle) were nearly as satisfactory. 
Today antireflection coatings make air-spaced systems of many elements feasible (bottom), so 
that highly corrected, large-aperture (fast) photographic lenses are available at moderate cost. 
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than their full aperture. Spherical aber
ration applies only to the images of ob
ject points lying on the optical axis of a 
lens. It may vary with the distance from 
the lens of the object point 0. 

The exact position of any of the infi
nite number of possible aberrant rays 
on dimension h is found by solving the 
equation h = ay3 + by5 + cy7.... The 
coefficients a, b, c. . .  are found by trac
ing several rays at various apertures, y, 
to calculate the specific values of h, then 
solving the resulting simultaneous equa
tions in a, b, c . . . . The values differ with 
each lens design. Once the values are 
derived for a few magnitudes of y, they 
hold for all intermediate magnitudes of 
y, and therefore they comprehensively 
describe all the aberrant light in the im
age. 

The reader may wonder why only 
odd-numbered exponents appear in the 
equation. The first-order exponent, yl. 
is absent because it represents nonaber
rant light that converges exactly at I. 
All even-numbered terms are absent be
cause regardless of whether y is positive 
or negative. y2. y4 and so on would all 
be positive. Image formation. however. 
is symmetrical. Even-numbered terms 
drop out because they implicitly contra
dict symmetry. 

For lenses of small aperture and small 
field the higher-order terms tend to be 
small. If the aberrations represented by 
the third power of the aperture and the 
field are corrected. most of the light en
ergy is concentrated in the image point. 
The first practical formulas for calculat
ing the third-order values of the primary 
aberrations were published by Seidel 
120 years ago. Canceling out lower
order aberrations does not necessarily 
reduce aberrations of higher order. but 
they nonetheless tend to be reduced. 
And if they are reduced. a very good 
lens results. 

The great virtue of the Cooke triplet is 
that it contains the smallest number of 
elements by means of which all seven of 
the third-order aberrations can be elimi
nated. The seven are spherical aberra
tion. coma, astigmatism. distortion. cur
vature of field and two chromatic aber
rations (along two axes. longitudinal 
and lateral). Besides controlling these 
aberrations the lens designer must deal 
with one more variable. the focal length 
of the lens. which determines the magni
fication. 

Faced with eight dependent variables 
(seven aberrations and the focal length), 
the designer must have at least that 
many independent variables under his 
control or he is helpless to effect a so
lution. For a given selection of glasses 
the independent variables, or degrees of 
freedom. available to the designer of a 
three-element lens are as follows. There 
are two separations; the distance from 
the first element to the second and from 
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the second to the third. For each of the 
three elements the designer can choose 
the power. or magnification. Finally. 
each lens element has one independent 
surface of curvature. (The other is fixed 
by the choice of the first curvature and 
the power.) Thus. given enough experi
ence and time. the designer can in princi
ple find some combination of the eight 
variables in a Cooke triplet that will 
eliminate all third-order aberrations. 

The second century of the photo
graphic lens has seen a different line 

of progress. In 1927 George W. Morey 
of the Geophysical Laboratory of the 
Carnegie Institution of Washington re
alized that the formulation of optical 
glass was a field dominated by tradition. 
He was convinced that many potentially 
interesting formulations remained to be 
explored. although he was not sure what 
new properties might be most useful. He 
approached Charles W. Frederick. the 
chief lens designer of the Eastman Ko
dak Company. Frederick was interest
ed. To answer Morey's question Freder
ick's department designed a number of 
lenses incorporating hypothetical (and 
unobtainable) glasses. Morey and Fred
erick came to the conclusion that what 
was really needed was a glass with both 
low dispersion and a refractive index 
much higher than that of any glass then 
available. 

Toward the end of 1932 Kodak signed 
a contract with Morey. He was to exper
iment in the basement of his home to try 
to make glass of the required type. Mo
rey's samples showed that he was mak
ing progress in the right direction. but 
his glass was much too dark for lenses. 
Although he was unable to reduce the 
coloration. he did arrive at the sought
after values of refraction and dispersion. 
To make his all but opaque glass Mo
rey used boric oxides and the rare-earth 
element lanthanum. 

The Kodak Research Laboratories set 
up a small pilot plant to determine the 
cause of the coloration and to eliminate 
it. Analysis indicated that it was due to 
impurities. mostly metal oxides. intro
duced in the making of the glass. Using a 
platinum crucible to make the glass 
eventually reduced the coloration to 
yellow. which was bad for many lenses 
but was quite acceptable for the lenses 
used by the U.S. in aerial-reconnais
sance cameras during World War II. 
The yellow eliminates some of the ef
fects of atmospheric haze. 

Continued research on chemical puri
fication removed the last vestige of color 
by reducing the impurities in the glass to 
the level of less than one part per billion. 
For some glasses this required a gold 
crucible rather than a platinum one. 
These glasses came to be known as EK 
glasses after their prefixes in the Kodak 
catalogue. The hypothetical lens designs 

"ZOOM" LENSES, which can vary the magnification of the image over a considerable range, 
also became practical with the advent of antireflection coatings. The seven-element zoom lens 
at the top, designed in the early 1960's for eight-millimeter motion-picture cameras, has a rel
ative aperture of/11.9 and provides a continuous range in focal lengths from 10 to 30 mm. The 
first and third components move together to achieve the threefold change in focal length while 
simultaneously keeping the image focused on the film. The zoom lens at the bottom provides a 
20-to-one range in focal length, a range widely used in television. The second and third groups 
of elements are moved in opposite directions nonlinearly to produce the zoom and maintain 
focus. Large number of elements are required to control lens aberrations over long zoom range. 

had been prophetic. Today all manufac
turers of optical glass make rare-earth 
glasses. At least one lens element of such 
glass

' 
is employed in practically every 

high-performance photographic objec
tive made in the world. 

Almost predictably. the new rare
earth glass created a new problem even 
as it solved many old ones. Since inter
nal reflection in a lens increases with the 
lens's refractive index. the new lenses 
were more susceptible to flare. or non
image light. Flare has more effect on 
photography than one might think. It 
destroys information and is therefore 
analogous to noise in a communica
tions system. 

It had been known since 1936 that a 
thin coating of transparent material on 
the surface of a lens could counteract 
flare. and that for any one wavelength 
such a coating could in fact eliminate 
flare entirely. The coating materials had 
to have a refractive index equal to the 
square root of the refractive index of the 
lens and had to be applied with a thick
ness of a quarter of the given wave-

length. Such a coating not only cancels 
out reflection of that wavelength but 
also increases the transmission of light 
through the lens. 

Repeated attempts to coat the surface 
of glass chemically with a thin film were 
inconsistent and unsatisfactory. The key 
was turned in 1936 when John D. Strong 
of the California Institute of Technolo
gy reported success in evaporating a film 
of fluorite (calcium fluoride) on glass in 
a vacuum. The first fluorite coatings did 
not adhere well. however. They were 
soft and rubbed off easily. The problem 
was solved by heating the lens during 
the deposition of the coating to drive off 
impurities. For virtually all applications 
fluorite has now been supplanted by 
more durable coatings of magnesium 
fluoride. 

Among the lenses that lens coating 
and rare-earth glass made practical was 
the "zoom" lens. which had first ap
peared in the early 1930·s. (The Busch 
Vario-Glaukar of 1931 was the first.) 
Zoom lenses have grown from the ear
ly seven-element configurations with a 
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zoom ratio of three to one to today's 20-
to-one lenses used in telecasts of sports 
events to carry the viewer from the tee 
to the green or from a close-up of the 
quarterback to a view of the entire play. 
These lenses contain 20 or more ele
ments and are equipped with motor
driven zoom. focus and aperture con
trols. 

Given relative freedom from flare. 
designers of high-performance lenses 
could abandon an expensive path they 
had long trod. To avoid flare they had 
been creating lenses with many elements 
and perfectly mated surfaces that were 
cemented together to minimize interfac
es between glass and air. They could 
now design lenses of the Gauss type. 
which exploit glass-air interfaces. A 
Gauss lens may have as few as four ele
ments but it has at least eight such inter
faces. No mating is required because air 
conforms perfectly to any curved sur
face. Moreover, for every two elements 

separated the lens designer acquires 
another independent variable to work 
with. Today practically all the fastest 
camera lenses (of 1!2 or lower) use air
spaced elements. 

New process-control techniques have 
made it possible to deposit high-efficien
cy antireflection coatings consisting of 
multiple layers to minimize reflection 
over the entire visible spectrum. For 
several years devices and techniq ues de
veloped by the Optical Coating Labo
ratory. a California company, have 
been widely used in Japan to make mul
tiply coated camera lenses. 

Once a water white rare-earth glass 
was achieved. attempts to make low-dis
persion glasses with a high index of re
fraction were not forgotten. Whereas in 
the 1930's the aim was to get a low-dis
persion glass with a refractive index of 
1. 75 (as compared with a value of 1.62 
for high-index crown glass). in the 
1970's optical-glass manufacturers suc-

NEW HIGH-INDEX GLASSES enable designers to reduce the number of elements needed 
to achieve a given level of freedom from aberration, The two lens configurations shown here 
are bothf!1.9 and yield images of equivalent quality. In the six-element Gaussian lens the re
fractive index of the elements ranges from 1.6 to 1.75. In the four-element Tessar lens the re
fractive index of elements ranges from 1.9 to 1.95. An added benefit of the compact Tessar de
sign is that the aperture stop, or the diaphragm, of the camera can be located in front of the 
lens, thus making it possible to align the four elements of the lens precisely in a single mount, 
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ceeded in making experimental glass 
with a refractive index of 2.0 1 and rela
tively low dispersion. 

The Kodak glass plant is now able to 
make economical production melts of 
water white, relatively low-dispersion 
glass with an index of 1.95 to 2.0. This 
unique material has given lens designers 
the freedom to create more effective 
lenses without incurring prohibitively 
high manufacturing costs. One applica
tion lies in increasing the aperture of a 
camera lens to make it possible to take 
color pictures at light levels that are 
lower than those currently practical 
without long exposures or flash. A lens 
aperture of 11 1.9 is desirable. Hereto
fore 11 1.9 lenses of suitable quality re
quired at least six elements. The new 
glass makes it possible to produce an 
11 1.9 lens of the same quality with four 
elements [see illustration on this page]. 
Many more people should be able to 
afford the four-element lens when it 
reaches the market in the near future 
than can now afford a six- or seven-ele
ment lens. 

In an early effort to reduce costs cam
era-lens manufacturers experiment

ed in the 1930's with lenses made of 
plastics. With the compression-molding 
techniques of that time it was not possi
ble, however. to achieve the mirror
smooth surfaces required. Although 
satisfactory lenses could be made by 
casting. the process was too slow and ex
pensive. Ultimately injection molding 
proved to be more promising than either 
of the other methods. In 1952 viewfind
er lenses made of molded transparent 
plastic were introduced in box cameras. 
This success led by 1957 to the use of 
plastic for some of the simplest camera 
lenses. and by 1959 triplet lenses were 
being made by injection molding. That 
was no mean achievement, since several 
difficult problems had to be overcome. 

One problem with plastic lenses is 
thermal change. The lenses are less 
dense and their index of refraction is 
lower in warm weather than it is in cold. 
At Kodak we puzzled over this for some 
time. We found we could design the 
lenses so that as one element changes 
with the heat to shift the focus to the 
rear. a compensating element changes 
with the heat to shift the focus forward 
by an exactly corresponding amount. 

A more insidious problem was that 
of achieving a strain-free lens element. 
Strain in a lens has unwelcome optical 
properties. What is more. the strain in 
plastic is eventually relieved by thermal 
cycling (as happens. for example. in 
cold weather when a camera is moved 
from indoors to outdoors and back 

'again). As the strain diminishes with 
many such cycles. the dimensions of the 
lens change enough to ultimately de
grade its image. 
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We tried every kind of steel mold. 
None would yield a strain-free product. 
Finally we found a special ceramic that 
can be polished to the required high lus
ter and has heat-transfer characteristics 
that make it possible to fabricate a lens 
element that is free of strain. This tech
nique has also made it practical to coat 
plastic lenses to reduce reflections, just 
as is done with glass lenses. 

Meanwhile we have continued to 
study the molding process and have 
modeled it mathematically with the in
tention of getting closer tolerances. We 
are now able to hold tolerances through 
the center of a lens of 11 1,000 inch and 
across the diameter of a lens of 1 I 
10,000 inch. We can also hold surface
contour tolerances of 1/200,000 inch 
during 30,000 molding cycles. Since as 
many as 16 lenses are molded in each 
cycle, we can produce 500,000 lenses 
before a mold has to be reconditioned. 

The spherical surface of a lens is only 
an approximation of the ideal sur

face. In a reflecting telescope the ideal 
mirror has a parabolic section. Perfect 
lenses would have a surface of rota
tion slightly more complex than that. 
Aspheric, or nonspherical. refraction 
optics have been in use since Bernhard 
Schmidt somewhat accidentally discov
ered in 1930 a manual technique for 
making an aspheric correcting lens to 
work in conjunction with a spherical 
telescope mirror. The process, still in 
service today, uses the surface tension of 
glass to retain a smooth polish when a 
plate is heated and allowed to sag into a 
mold. The surfa<;e that goes against the 
mold will be poor and is subsequently 
ground and polished flat, but the free 
surface retains its original high polish 
in its "sagged" contour. The result was 
the wide-field Schmidt telescope. Apart 
from this application, however, aspher
ic lens elements are available commer
cially only in certain professional mo
tion-picture camera lenses and in some 
half a dozen lenses for 35-millimeter 
cameras. The 35-mm. camera lenses, 
one made in West Germany and the oth
ers in Japan, have speeds of up to 11 1.2 
and retail for about $ 1,000. High cost 
has put aspheric lenses out of reach 
for most nonprofessional photographic 
purposes. 

Aspheric molds for plastic lenses 
promise to change that. We have now 
developed practical techniques of mak
ing aspheric molds for plastic lenses 
with the precision and repeatability re
quired for photographic lenses. So far 
lenses with one aspheric surface on a 
plastic element are able to gather twice 
as much light (that is, they are one fulll 
stop larger) as an all-spherical lens com
parable in quality and number of ele
ments. The testing of aspheric surfaces 
has required the development of new 

OPTICAL NULL CORRECTOR ASPHERIC SURFACE 

TESTING OF ASPHERIC SURF ACES, recently introduced in some lenses, creates special 
problems. One testing scbeme uses an optical null corrector, wbicb converges an entering par
allel beam of ligbt (one witb a plane wave front) into a beam witb an aberrated wave front tbat 
conforms to tbe aspberic surface. Hence ligbt reflected from tbe aspberic surface retraces tbe 
incoming patb and emerges from tbe null corrector as a plane wave again. Tbe unit is placed in 
one arm of an interferometer. Any departure of tbe aspberic surface from tbe desired sbape 
sbows up in tbe interferometer image as a deviation of tbe emerging wave front from a plane. 

techniques. In one such technique a lens 
called an optical null corrector converts 
a parallel beam of light into an inten
tionally distorted, or aberrated, wave 
front that is directed at the aspheric lens 
surface to be tested. If the test surface 
has the proper aspheric curvature, it re
flects the aberrated incident light in such 
a way that when the light passes through 
the optical null corrector, the parallel 
plane wave front is restored. Placed in 
an interferometer, the aspheric surface 
can now be tested in the same way that a 
spherical or plane surface is. 

With injection molding we have 
found it possible, and sometimes prefer
able, to mold a plastic mount directly 
onto a ground, polished and coated glass 
lens element. Mounting problems pre
sent some of the severest trials of glass 
lens manufacture. Injection molding 
provides a degree of exactness and re
peatability in lens assembly that is not 
otherwise economic. 

As matters now stand, glass is supe
rior to plastic in dimensional stability. 
elasticity, hardness and refractive index. 
Optical plastics are still limited to a 
few types of polymer, mainly acrylic, 
styrene and styrene-acrylonitrile. Plas
tic camera lenses, which we now confi
dently predict can be mass-produced 
with aspheric surfaces, will require few
er elements for the same results and will 
offer the possibility of higher-order cor
rection. 

An alternative to aspheric surfaces 
for correction of the limitations of 
spherical surfaces is gradient-index 
glass. As we have seen, spherical aberra
tion is typical of these limitations. The 
spherical surface is too strong at the 
edge. This may be overcome by aspher
izing one surface to make it weaker 
toward the edge, or alternatively lower
ing the refractive index toward the edge. 
Research on gradient-index glass is be-

ing actively pursued at the Institute of 
Optics of the University of Rochester in 
cooperation with Bausch & Lomb Inc. 
At the Kodak Research Laboratories 
gradient-index plastics are under devel
opment, and research on the mathemat
ics required for the design of gradient
index lenses is in progress. Since light in 
a gradient-index medium does not travel 
in a straight line, the mathematical cal
culation of the light path and the wave
front contour becomes significantly 
more complex. Attending these devel
opments is the need for specifications, 
tolerances, testing techniques and the 
manufacturing control of the gradients. 
Although this field is now in its infan
cy with respect to photographic lenses 
there seems to be room in the future for 
both aspheric surfaces and gradient re
fractive index. 

My predecessor as the manager of the 
Optical Design Department at 

Kodak, Rudolf Kingslake, has often re
marked that lens designers may have 
benefited more than anyone else from 
the introduction of computing machin
ery. We certainly would be hard put 
to calculate our aspheric surfaces and 
zoom lenses without them. 

By 1950 ray-tracing programs had 
been written for a number of computers, 
including the IB M card-programmed 
calculator, the National Bureau of Stan
dards Eastern Automatic Computer and 
the Harvard Mark I. By 1954 work was 
under way on the automatic design of 
lenses at Harvard, at the University of 
Manchester and at the Bureau of Stan
dards. In 1956 Kingslake hired Donald 
P. Feder to develop a practical automat
ic-design program for Kodak. In the be
ginning we shared the company's busi
ness computer, but in time the demand 
for scientific computing warranted sepa
rate facilities. These have been brought 
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up to date several times through the 
years. 

Feder had developed a program at the 
Bureau of Standards to analyze lens de
signs for the Air Force. It cost about 
$2.000 to analyze a lens by this method 
in 1956. In 195 7  Feder wrote a more 
ambitious program for Kodak that per
formed the analysis for $ 100. A 197 1 
program written by Philip E. Creighton 
at Kodak was able to produce a com
plete set of analyses for eight focal 
planes. five wavelengths and five field 
angles of a lens with up to 12 surfaces. 
The analyses cost less than $ 5 .  

The real strength of the computer. 
however. lies not in analysis but in its 
ability to improve a lens design. The aim 
is to reduce lens errors to an acceptably 
small amount. We should like in fact to 
reduce the errors to their mathematical 
minimum. but that is not possible be
cause to do so would require solving a 
large number of simultaneous nonlinear 
equations with a large number of un
knowns. The task is beyond the reach of 
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modern mathematics. What we can do 
with the powerful assistance of a com
puter is to arrive at a series of succes
sively closer approximations to a flaw
less lens. 

That this could be done in short order 
was publicly demonstrated during a 

symposium on optics at the University 
of Rochester in 1962. when- Feder and 
his colleagues designed a four-element 
lens from beginning to end during an 
evening session. The job took two and a 
half hours of machine time. and the de
sign became known as the "symposium 
lens." Feder estimates that present-day 
computers working with the same pro
gram would take a couple of minutes. 
When it was applied later that year to 
the improvement of a high-quality mi
crofilm lens that had been designed by 
hand. the program provided a more pre
cise optical system that was cheaper to 
manufacture. The day of automatic op
tical design had arrived. 

Since the early 1960's lens-design 
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computer programs have been devel
oped at the University of Rochester and 
other universities. at lens-manufactur
ing companies throughout the world 
and by independent consulting firms 
such as David Grey Associates. Inc . .  of 
Waltham. Mass. There is no longer any 
doubt that the best of the computer pro
grams will produce results superior to 
those that can be achieved by pre com
puter methods. It is estimated that the 
use of computers has increased the pro
ductivity of lens designers tenfold. 
Moreover. designers are now much 
more confident than they were in the 
reliability of their predictions regarding 
lens performance and manufacture. 
Part of this confidence stems from a 
Monte Carlo technique for analyzing 
the sensitivity of a lens design to cumu
lative manufacturing variations within 
the limits of normal process control. 
The technique makes it possible to de
cide whether or not a lens can be effec
tively manufactured. 

Professional and advanced amateur 
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MODULATION TRANSFER FUNCTION of a complete photo
graphic system involves the modulations, or losses, introduced at 
each step. In this analysis fine details in an image are regarded as 
variations in light intensity in space in the same way that variations 
in signal strength with time are regarded by a radio engineer when he 
is evaluating the performance of radio equipment. At each step in a 
photographic system fine details (high spatial frequencies) are re
produced with loss of contrast (that is, modulated). These curves are 

calibrated with the performance of the eye normalized to show peak 
response (100 percent relative contrast) at a relative spatial frequen
cy of 1. Unlike a lens, the eye degrades the contrast of images that are 
both lower and higher than 1 in relative frequency. The image seen 
by the eye is the product of the first four modulation curves (lens 
times film emulsion times enlarging lens times paper emulsion). The 
quality of image transmitted to the brain is proportional to area un
der last curve, which is the product of modulation curves of all stages. 
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photographers used to argue vigor
ously over the merits of various lenses, 
particularly the high-performance len
ses made for expensive 3 5-mm. cameras. 
Although lenses could be tested objec
tively with resolution charts, it was gen
erally recognized that resolving power 
alone (defined as the number of high
contrast lines per millimeter that a lens 
can resolve in various parts of the image 
field at various apertures) is a surpris
ingly unreliable guide to the quality of 
pictures a lens might produce. Much of 
the mystery surrounding lens "quality" 
was cleared up in 195 1 when Otto H. 
Schade , Sr., of the Radio Corporation of 
America described his investigations of 
the lenses used in the entire chain of in
formation transmission represented by 
a television system.  Schade was able to 
show that the recording of fine detail 
was not necessarily related to the gener
al efficiency of information transfer. His 
most surprising result was that some 
highly rated lenses were not as good for 
television purposes as lenses that were 
thought to be inferior . 

Schade's investigations added a di
mension to the Rayleigh definition of 
image quality . The Rayleigh criterion is 
now seen as being a limiting case : it lo
cates one end of the quality continuum. 
It tells us when a lens is approaching 
perfection but does not tell us which of 
two imperfect lenses is the better. 

By regarding light-intensity variations 
in space across the image formed by a 
lens as the radio engineer regards signal
strength variations in time when he mea
sures the performance of transmitters, 
receivers and amplifiers, Schade was 
able to apply information theory to len
ses and to provide for them an "optical 
transfer function." The fact that the 
transfer function coincides rather well 
with criteria that lens designers have 
been using for generations is an indica
tion of its validity . Even more impor
tant, the transfer function of a lens can 
be combined with the transfer function 
of film, of photographic printing devic
es , of projection lenses and so on. The 
transfer function can be computed for 
the lens design and also measured on 
the manufactured lens. Hence with the 
computer we can mathematically model 
the entire photographic system, begin
ning with the subject and ending with 
the transfer function of the viewer's eye . 

The comparison of such objective cal
culations and measurements with peo
ple's subjective reactions to the corre
sponding photographic results tells us , 
in terms of design requirements, just 
what constitutes a better picture. Such 
conceptual models have greatly helped 
the photographic industry in deciding 
just where to concentrate its research
and-development efforts, thus improv
ing the ratio of quality to cost for people 
who make pictures . 

A new 35mm SLR camera 
is shaking up the whole camera industry. 

Why? 
Because it's smaller, lighter and 

quieter than any other 35mm SLR. 
And yet . . .  

you see more in the viewfinder! 

Writers i n  photog rap h i c  magaz i n e s  
a l l ove r the wo r l d  we lcomed the n e w  
O l y m p u s  O M - 1  cam e ra .  Because 
they knew that m a n y  p h otog raphers 
were gett i n g  t i red of 35mm came ras 
that were too h eavy, too big and 
too n o i sy. 

O l y m p u s  red uced both the s i ze 
and t h e  we i g h t  of a 3 5 m m  S L R  
c a m e ra b y  3 5 % .  A n d  b y  u s i n g  a 
spec i a l  a i r  d a m pe r, red uced t h e  
n o i s e  l evel  co n s i d erab ly. 

A l l  t h i s  without  sac r i f i c i n g  q u a l ity 
and prec i s i o n .  In fact the v i e wf i n d e r  
i s  70% b r i g hte r a n d  3 0 %  l arg e r  t h a n  
comparable c a m e ras.  

B y  red u c i n g  s ize and we i g h t  
O l y m p u s  m a d e  i t  poss i b l e  f o r  m a n y  

photographers t o  take the i r  c a m e ras 
with them i n stead of l e av i n g  the m at 
home. And the c a m e ra was d e s i g ned 
so even the casual  photog rapher  
co u l d  get con s i ste nt ly  s u pe r i o r  
p i ct u res .  B ut i t ' s  a l so part o f  a h u g e  
system of ove r 200 accesso r i e s ,  
s o  as you get m o re s e r i o u s ,  the 0 M - 1  
g rows with yo u .  

S e e  w h at a l l  the excite m e nt i s  
about .  V i s it  yo u r  O ly m p u s  d e a l e r. 
F e e l  the c a m e ra, look th ro u g h  
t h e  v iewfi n d e r, check o u t  t h e  acces
sor ies . l f  you d o n 't th i n k  t h i s  is the 
most i m portant deve l o p m e n t  i n  
ser i o u s  p hotog raphy i n  m a n y  a year, 
t h e n  the w h o l e  photog rap h i c  
i n d u st ry i s  wro n g ! 

OLYMPUS OM-1 
The experts call it "incredible" 
Marketed exclusively in the u .s . A .  by PDnder  &B e st, Inc .  
Corporate OHices : 1 630 Stewart Street, Santa Manica, Cal ifornia 90406 
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The Social Behavior 
of Burying Beetles 

These insects, usually working as a mated pair, can quickly inter 
a carcass many times their size. The carcass serves them and their 
larvae as food, and both parents participate in caring for the young 

by Lorus]. Milne and Margery Milne 

An observant person who sees the .fi carcass of a small animal lying 
on the ground is likely to find. if 

he returns to the spot the next day. that 
the object has disappeared. The chances 
are that it has been buried. either there 
or nearby. by a pair of Nicrophorus (or 
Necrophorus) beetles. They will use it as 
food for their young during the larval 
stages. The feat of these small insects in 
rapidly interring a carcass that is many 
times their size is remarkable enough. 
but it is only a step toward the most 
advanced form of parental cooperative
ness known among the Coleoptera (the 
beetles). We have spent much time 
watching these burying beetles (also 
called carrion beetles and sexton bee
tles) and putting them to various tests. 
which demonstrate an impressive plas
ticity in the behavior of the insects. 

The patient French naturalist Jean
Henri Fabre set out fleshy bait of several 
kinds to lure burying beetles to where 
he could watch them. He admired these 
little gravediggers of the animal world. 
describing them as being "elegantly 
attired" in black. with a "double. scal
loped scarf of vermilion" across their 
shining wing covers. The observer can
not watch for long. Unlike the scar
ab beetle of Mediterranean countries. 
which walks in plain view while rolling a 
ball of dung to some still undiscovered 
place of burial. a burying beetle quickly 
slides out of sight below the carcass of a 
mouse or a bird it has found. There. ly
ing on its back. the insect uses all six of 
its powerful legs as levers to shift its 
prize. From time to time it rights itself 
and bulldozes headfirst into the earth to 
loosen the soil and push it away. Incon
spicuously. a fraction of an inch at a 
time. the carcass moves horizontally or 
disappears into the ground. 

Nicrophorus beetles are by no means 
the only insects that sequester food for 
their larvae before they lay the eggs that 

84 

will give rise to the larvae. but they work 
as a team. whereas the others (the scarab 
and its relatives and various solitary 
bees and wasps) work alone. Either a 
male or a female Nicrophorus will initi
ate the flexible behavior that gets the 
larval food into a safe place. At any time 
during the operation a mate is likely to 
arrive. The partner is accepted with no 
time off for courtship. The two labor 
together at intervals and also separately 
in a loose cooperation that advances the 
common effort. Yet either member of 
the pair may also creep into a more or 
less concealed place and appear to sleep 
for as much as half an hour or depart on 
feet or wings to some unknown destina
tion for a comparable period. thereafter 
returning and resuming the work. Ordi
narily copulation is deferred until the 
beetles are securely in possession of 
their carrion in a chamber of their own 
making. an inch or more below the sur
face of the ground. 

At this juncture the male might be ex
I\.. pected to perform his brief sexual 
duty and depart. The inseminated fe
male would then carry on alone to the 
end of the sequence of behavior speci
fied by her inheritance. Occasionally 
this pattern is followed. but usually both 
parents remain. Together they work the 
mass of food into a compact ball. They 
free it of fur or feathers. perhaps adding 
secretions that modify the course of de
composition. 

As the insects clamber around the car
cass. which will provide food for them 
as well as for their young. the floor. the 
walls and the roof of the earthen cham
ber become firIl\ly packed. The female 
constructs a 8hort vertical extension of 
the chamber above the carrion and lays 
her eggs in the side walls of the passage
way. She returns to the carcass. and by 
a combination of selective feeding and 
clawing at the upper surface prepares a 

conical depression. Both beetles regur
gitate into the depression droplets of 
partly digested tissue. The fluid accumu
lates as a pabulum for the larvae that 
will soon hatch. 

This much Fabre or any other persist
ent observer could discover by exhum
ing the beetles and their food supply at 
the proper time. just before the young 
hatch. Erna Pukowski. studying species 
native to her Polish countryside. man
aged to learn more. She made captive 
burying beetles so much at home. not
withstanding the unnatural condition 
she created by illuminating their bur
ial chamber. that she could follow the 
next steps. 

One beetle (perhaps the female. al
though the members of a pair are too 
much alike externally for an observer to 
distinguish sex) stood beside the pool of 
liquid nourishment and began to stridu
late. The sound brought hatchling lar
vae (some two or three millimeters long 
and almost like maggots in appearance) 
to the parent's side. The parent sipped 
from the pool and then transferred the 
fluid food to one larva after another. 
The larvae lifted their mouth ends. the 
better to receive the food. Sometimes 
both parents shared in the feeding oper
ation. 

The British entomologist R. L. Mor
ley discovered in 1902 that the sound of 
stridulation arises when twin plectrums 
on the inner surface of the cover of 
a beetle's wing fret against crosswise 
ridges on the fifth segment of the abdo
men. The sound is clearly audible to hu
man ears. Pukowski noticed it also dur
ing the three or four seconds when copu
lation is in progress. We have heard it 
when burying beetles are under stress. as 
they are in repelling an insect of another 
species or a smaller member of the same 
sex and in confronting an obstruction 
that impedes the movement of a carcass. 

In 1972 Carsten Niemitz of Justus 
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BURIAL OF MOUSE by a pair of Nicrophorus beetles is depicted. 
Usually a carcass is discovered by one beetle, which is soon joined by 
a mate. Here a male and a female, indistinguishable externally, are 
shown as they inter the carcass of a mouse in a burial chamber 
they prepare hy moving earth and packing it radially and upward. 

2 

4 

6 

The scale is about two-thirds life size. At the end of the process (6) 
the carcass is about an inch below the surface of the ground. The 
beetles have shaped it into a ball and have removed the skin and tail. 
They create a pool of liquid food for their larvae in the top of the ball, 
and the female then 'lays her eggs in a small chamber above the pool. 
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BURYING BEETLE of the species N. marginatus is portrayed in top and side views. The 
beetle employs all six of its powerful legs in moving and burying a carcass. A beetle is likely to 
carry at all times a cargo of mites of the genus Poecilochirus, which evidently live in some kind 
of symbiotic arrangement with the beetles. Two such mites appear in the top view of the beetle. 

TRANSPORT OF CARCASS is a technique that Nicrophorus beetles employ when the 
ground where they find the body is too hard. The beetle lies on its back and uses its legs as le
vers to shift the carcass. If a pair of beetles are present, they work together at times and also 
separately in a loose cooperation. They will transport a carcass several meters if necessary. 
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Liebig University in West Germany dis
covered that very young larvae will ori
ent themselves to the sound of an adult·s 
stridulation recorded on tape. This re
sponse disappears. however. after the 
larvae have molted for the first time. 
Even so. older larvae renew their solici
tation of regurgitated food for a few 
hours after each molt by approaching 
any adult that is close to the pool of food 
and pressing their mouthparts against its 
jaws or palps. This action stimulates 
regurgitation as before. Otherwise the 
growing larvae feed directly from the 
pool or pull fragments from the surface 
of the carrion. 

The larvae receive parental care all 
through their period of feeding growth. 
The parents may even prepare a hori
zontal passageway into which the fully 
grown larvae can crawl to pupate. Only 
then. when the adults can contribute 
nothing more to their brood. do they 
force their way upward through the soil 
and fly away. 

We have not yet marked and followed 
the departing parents to see whether 
they do the same thing all over again. 
They probably do. since adult beetles 
live from three to 15 months. depending 
on the species. They search widely for 
the odor of recent death and are remark
ably efficient at finding carrion. Fran
tisek Petruska. a Czechoslovak ethol
ogist. has found. by capturing beetles 
with carrion bait. marking them and re
leasing them at various distances. that 
they will return to the carrion within 
24 hours from as much as four kilo
meters away. 

During one period of four hours. be
ginning just 3 5 minutes after we had 

laid out a newly dead mouse on birch
leaf litter. nine burying beetles arrived. 
Each beetle followed the guidance of 
the olfactory organs in its antennae. 
It dropped to the ground within three 
meters of the mouse. quickly folded its 
flying wings under its wing covers and 
came crashing through the litter to the 
carcass. There. after only a moment's 
hesitation. the beetle turned over onto 
its back. slid under the body and lifted 
the mouse slightly from the ground. ap
parently to test whether the body was 
movable. Emerging on the other side of 
the mouse and righting itself. the beetle 
began testing the soil. 

We had placed our bait on hard 
ground. Each beetle rejected the site for 
burial and began to explore. seemingly 
at random. for softer earth. This was our 
cue to remove the active beetle and wait 
for the next one. Each one of the nine 
beetles followed essentially the same 
routine. even though four of them were 
members of one species and five were 
members of another. 

Competition for small carcasses is fre
quently intense. Ants and flies (par-
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ticularly blowflies. which deposit active 
maggots) tend to take over during the 
day. Burying beetles of the species that 
are most active by day succeed only if 
they can inter a body quickly. For spe
cies that are active at night the competi
tion is mainly from other species. The 
largest beetle generally repels all the 
others except a mate. That is probably 
why one more often finds a large male 
cooperating with a small female (or a 
large female cooperating with a small 
male) than one finds two beetles of the 
same size cooperating. 

Burying beetles have other ways of 
reducing competition. Each species has 
a preferred combination of temperature 
range and relative humidity. This pat
tern. as Jean Theodorides of the Univer
sity of Paris showed in his laboratory. 
keeps certain beetles in woodland and 
others in open fields. Burying beetles 
that are active in the spring belong to 
species that go through the winter as 
adults. whereas the beetles found com
peting in the summer are likely to repre
sent species that spend the cold months 
dormant as pupae or full-grown larvae. 

Animals that eat insects are likely to 
constitute a hazard for burying beetles 
that are active by day. At least one diur
nal species of burying beetle in Europe 
and one in North America may escape 
being eaten as a result of their resem
blance to a small bumblebee. Unlike 
most burying beetles. these species have 
golden hair over some of their hard 
black surfaces. Color. sound and style 
of flight combine so convincingly that 
the British biologists Charles Lane and 
Miriam Rothschild have suggested that 
this is an example of mimicry. at least 
with respect to sound. Even a superficial 
resemblance might have survival value 
for the beetles. 

The most spectacular feature of the 
activity of burying beetles is the way 
they transport a carcass from hard 
ground to soft. in one steady direction. a 
fraction of an inch at a time. A beetle 
that has yet to acquire a mate may iden
tify a suitable burial site several meters 
away from the carrion. The beetle will 
alternate between loosening the earth at 
the burial site and rushing back to the 
carcass. There it performs its lifting 
feat. starting under the body at the end 
closest to the burial site. The dead 
weight is progressively shifted until the 
beetle emerges from under the opposite 
end. The insect may run around the car
cass and repeat the process time after 
time. If a mate arrives. the progress is 
more nearly continuous. 

A measure of the success of this way 
of life can be seen in the fact that the 
genus Nicrophorus includes almost 100 
species. with some overlap in distribu
tion. About half of the species are Asiat
ic. Almost the only areas where bury
ing beetles have not been found are the 

FEEDING OF LARVAE by a burying beetle of the species N. vespillo is shown on the basis 
of photographs made by the Polish naturalist Erna Pukowski. The parent beetle sips from the 
pool of fluid food in the top of the buried carcass and then transfers the material to one larva 
after another. The larvae rear up instinctively, much the way nestling birds do when feeding. 

West Indies. Africa south of the great 
deserts. Australia and New Zealand. 

Adult burying beetles range in length 
from 10 to 35 millimeters. with consid
erable variation within a species. All of 
them appear able to transport the com
pact body of a bird or a mammal weigh
ing up to 100 grams-up to the size of a 
rat or a big robin. Anything heavier is 
usually abandoned unless it is only 
slightly overweight and can be interred 
where it is found. A dead snake. howev
er. can weigh more and still be buried 
expeditiously. Its carcass is subdivided 
into two or more zones of operation. 
One pair of beetles attends to each zone. 

As Fabre observed. burying beetles 
I\. show considerable plasticity in be
havior. Noting the ,number of obstacles 
a typical environment is likely to present 
to beetles trying to move or bury a body. 
he wrote that the insect therefore "can
not employ fixed methods in performing 
its task. Exposed to fortuitous hazards. 
it must be able to modify its tactics with
in the limits of its modest discernment. 
To saw. to break. to disentangle. to lift. 
to shake. to displace- these are so many 
means that are indispensable to the 
gravedigger in a predicament. Deprived 
of these resources. reduced to uniformi
ty of procedure. the insect would be in
capable of pursuing its calling." 

Fabre's evaluation rested on watching 

the beetles at work rather than on exper
iments. He was reluctant to disturb the 
carrying and burying operations be
cause so few Nicrophorus beetles came 
to his bait. Our studies have centered in 
countryside (New Hampshire and On
tario) where richer woodlands and more 
varied fields support a larger population 
of beetles. Simple tests confirm the ver
satility encompassed within the insects' 
programmed patterns of behavior. 

To create a reasonable facsimile of 
the type of obstacle a burying beetle 
might encounter naturally. we place a 
dead mouse close to a clover plant and 
then tie the carcass down by arching the 
stalk of a leaf over the torso and fasten
ing the stalk to the ground with a hair
pin. The first burying beetle to arrive 
discovers that the front and rear ends of 
the carcass can be raised but that the 
middle cannot. The beetle promptly 
climbs over the mouse. discovers the 
tight leaf stalk. forces its head under the 
stalk and pushes forward. The stalk does 
not break. but it stretches enough to re
lease the carcass for transport and buri
al. Repetitions of the experiment with 
other beetles all have the same result. 

Once we drove a good-sized stake into 
the ground at a 45-degree angle and tied 
a strong cotton string around its upper 
end. We tied the dangling end of the 
string around a hind leg of a dead mouse 
lying on soft ground. A pair of Nicropho-
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/7 .. 
STRIDULATORY 
BANDS 

STRIDULATING MECHANISM is employed by a Nicrophorus beetle to call larvae to food 
and also in times of stress. Here the elytra, or wing covers, are shown (below) removed from the 
beetle's back and turned over, so that the plectrum at the bottom of each elytron is visible. The 
sound is made when the plectrums are rubbed against ridges on a segment of the abdomen. 

STRIDULATORY APPARATUS of the Nicrophorus beetle consists of the pars slridens 
(top), which has the crosswise abdominal ridges the plectrums rub against, and of the plec
trums, one of which is shown at bottom. The plectrum is the ridged white structure that is in a 
form approximating a right angle; the bottom part does the striking and the part at the left 
serves as a guide. In these scanning electron micrographs, made by Rolf Schumacher of the 
University of Bonn, the pars slridells is enlarged about 445 diameters and the plectrum 120. 
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rus beetles pushed away the soil below 
the body until the mouse hung from the 
tethered leg over a cup-shaped depres
sion. The insects cleared a space the 
thickness of their bodies between the 
mouse and the soil and then kept swiv
eling the carcass in wide arcs. The tail 
of the mouse dragged on the rim of 
the depression until one of the beetles 
chewed it off. 

That did not solve the problem. and so 
both beetles explored the surface of the 
carcass. Only about six hours after they 
had begun to work did one of them dis
cover the tether. In less than a minute 
the insect settled down to gnaw through 
the cotton fibers. By dawn the carcass 
had been liberated and buried. 

To test the strength of Nicrophorus 
beetles we rested one end of a fiat rock 
on the body of a 50-gram mole. The 
rock applied about half a kilogram of 
unyielding weight to the body. Two bee
tles were nonetheless able to work the 
body free. First they took up positions 
side by side with their back against the 
rock and their legs against the body. 
They shifted the body about a centime
ter in relation to the rock and then re
peated the performance with respect to 
the hard soil below the body. Alternat
ing between these two areas of contact, 
they freed the carcass in less than half an 
hour, whereupon they transported it to 
soft ground and quickly buried it. 

In tests of the memory of burying bee
tles we have found that if a beetle has 
had 15 or 20 minutes of experience with 
a suitable carcass, it can be removed and 
held captive for at least 16 hours with
out losing its readiness to return to the 
body within minutes of being released. 
After 24 hours of separation from its 
trophy the beetle is more likely to fiy off. 
Two beetles of the species Nicrophorus 
orbicollis that had shifted a mouse about 
six inches were picked up and put in sep
arate boxes with moist earth. Two hours 
later, while two smaller beetles of the 
species N. tomentosus were working on 
the mouse, we released the male orbicol
lis six inches to the east of the body and 
the female six inches to the north. They 
both feigned death for a few seconds 
and then set out almost directly for the 
body of the mouse. They repelled the 
tomentosus beetles and resumed their 
normal activities. 

In this test the female was the larger 
orbicollis. If the disparity had been the 
other way. the behavior probably would 
have been different. We find that fe
males are much more aggressive than 
males in ousting rivals from carrion. A 
male is more likely to allow other Ni
crophorus beetles, particularly those of 
other species. to work for a while be
fore repelling them. In the end each man
ageable carcass serves as food for the 
adults and larvae of only one pair of Ni
crophorus beetles-the ones that bury it. 
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Beetles need both memory and some 
special sense (probably olfaction) to rec
ognize a particular trophy. If we move a 
carcass a meter or less to one side while 
the beetles of a pair are momentarily 
away from it. they immediately begin 
exploring on their return to the vacant 
site. In a few minutes. aided no doubt by 
scent. they find the carcass and resume 
work as though nothing had happened. 

Possibly burying beetles mark a car
cass with a chemical secretion. which 
would explain what happens when the 
beetles return to a site where they have 
been working on a carcass only to find a 
different carcass there. They examine 
the substitute and then go off exploring. 
If they find the original carcass within a 
meter or less. they resume work on it. If 
they fail to locate their prize. they are as 
likely to fly away as they are to accept 
the substitute. A volatile substance that 
conferred a distinctive odor on a car
cass. as a message to be read later by the 
same insect or its mate. might serve also 
as a pheromone. Pukowski noticed that 
a lone Nicrophorus beetle. after laboring 
for a long time without being joined by a 
mate. would climb on top of a plant or 
a stone. elevate its abdomen obliquely 
and extend it as though emitting a se
cretion. 

The social behavior of burying beetles 
fits between extremes in the behav

ior of other insects. In the most primi
tive insect social behavior the parent or 
parents attend only to their own off
spring. The most advanced social insects 
have a female at least providing care for 
the offspring of other females. often as a 
sterile surrogate parent. Burying beetles 
often show some altruistic behavior in 
that small members of the same species 
or a different one may contribute signifi
cantly to the rapid burial of a carcass 
and then leave. taking no part in repro
duction. The dominant. mated pair take 
over the food supply. The female. at 
least. remains to care for the larvae. but 
she will not tend the larvae of any other 
female. 

Parental interactions that promote 
the survival of further generations have 
evolved independently in more than two 
dozen families of insects. Among the 
beetles. which are the most varied order 
of animals. Nicrophorus is unique in ex
tending maternal care so far and in hav
ing the aid of the male so often until the 
larvae are ready to pupate. No other 
members of the same superfamily show 
social behavior of any kind. Indeed. 
entomologists regard the superfamily 
(Staphylinoidea) and the family (Sil
phidae) to which the Nicrophorus beetle 
belongs as being made up of rather un
specialized beetles. It is odd that be
havior of such plasticity should have 
arisen at all and then should have suc
ceeded so widely. 
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The Curvature of Space 
in a Finite Universe 

Curvature of a surface is an intrinsic property that gives rise to 

distortion of distances on a map. The same is true for curvature 

of space, where the map is Einstein's general theory of relativity 

I
s the universe finite or infinite? Ac

cording to numerous ancient my
thologies, it has a complex structure 

but is nonetheless finite. That viewpoint 
developed in Greek philosophy and cul
minated in the cosmology of Eudoxus 
and Aristotle: the earth is a ball sur
rounded by a series of concentric crys
talline spheres, the outermost sphere 
carrying the fixed stars and containing 
within it the entire material universe. 
The primary purpose of this cosmology 
was to explain the motions of the planets 
and other celestial bodies. Each body 
was carried around the earth by the ro
tation of the sphere in which it was em
bedded. Nevertheless, an integral part 
of the theory was that the universe was 
finite. 

Aristotle's picture of the world was 
widely accepted in medieval Europe; it 
appears, for example, in scholastic phi. 
losophy and in Dante Alighieri's Divine 
Comedy. In fact, Dante actually extend
ed Aristotle's picture in a radical and 
thoroughly modern way. I shall take up 
Dante's interpretation in my conclusion. 
In spite of the popularity of the finite
world picture, however, it is open to a 
devastating objection. In being finite the 
world must have a limiting boundary, 
such as Aristotle's outermost sphere. 
That is impossible, because a boundary 
can only separate one part of space from 
another. This objection was put forward 
by the Greeks, reappeared in the scien
tific skepticism of the early Renaissance 
and probably occurs to any schoolchild 
who thinks about it today. If one accepts 
the objection, one must conclude that 
the universe is infinite. 

The notion of infinity has always been 
wrapped in mystery, and historically it 
triggered apprehensions that have only 
gradually been overcome. During the 
scientific Renaissance, Euclidean geom
etry became the main instrument for 
comprehending infinite physical space. 
Euclidean geometry contends that a 

90 

by J. J. Callahan 

straight line is the shortest distance be
tween two points, and that the sum of 
the angles in a triangle will always be 
180 degrees. The Renaissance scientists 
saw that Euclidean geometry treated 
ideal objects in a mathematical context 
that was infinite. but that its axioms and 
propositions exactly described the spa
tial relations of the real world. Leibniz 
and Newton shared the view that physi
cal space was infinite and Euclidean. 
They disagreed, however, on how mat
ter was situated in space. For Leibniz a 
finite group of stars was unthinkable: 
such a group would have to be in some 
specific location in space and God 
would have had no sufficient reason to 
put it in one place rather than in some 
other. Leibniz thus concluded that the 
universe must be infinite. Newton reject
ed that possibility, however, on the 
grounds that God is the only possible 
actual infinity. Although today these ar
guments may not seem persuasive, at 
the time they were considered sufficient. 

Who was right? Both arguments were 
essentially negative. Leibniz denied that 
the universe was finite, Newton denied 
that it was infinite. Neither was enthusi
astic, however, about the alternative 
with which he was left. In 1781 Imman
uel Kant offered in his Critique 0/ Pure 
Reason a thorough analysis of the entire 
problem of space, including a bold and 
novel resolution of the dispute between 
Newton and Leibniz. Kant said that they 
were both right and that we must admit 
paradoxically that the universe is nei
ther finite nor infinite! This basic contra
diction between principles that seem 
equally necessary and reasonable is 
known as Kant's antinomy of space. The 
antinomy of space is one of several an
tinomies that in Kant's view pointed to 
"a hereditary fault in metaphysics that 
cannot be explained, much less re
moved, except by ascending to its birth
place, pure reason itself." A major aim 
of the Critique 0/ Pure Reason was to 

remove such hereditary faults from 
metaphysics. Kant's method was dras
tic. He argued that since we cannot con
ceive of the universe as being either fi
nite or infinite, we shall never be able to 
discover empirically whether it is either 
finite or infinite. In other words, it is not 
an objective property of the universe to 
be either finite or infinite. Furthermore, 
space is not a thing but is a form through 
which we perceive things, and we make 
a fundamental error when we treat 
space as a thing. The antinomy reflected 
a basic limitation in the mental proces
ses we use to describe the world. Kant 
would insist that we discard our ques
tion as being meaningless. 

Today Kant's metaphysical analysis 
of space is disregarded by modern sci
ence because its foundation-notably 
Euclidean geometry-has been broad· 
ened by revolutionary developments in 
mathematics and physics. Einstein's 
general theory of relativity provides a 
new geometry of space, and it opens an
other approach, unforeseen by Kant, to 
the question about the finiteness of the 
world. For Kant the question had sim
ply been invalid. Einstein restored its 
validity by arguing that Kant's antino
my of space is only apparent and that it 
can be understood without resorting to 
metaphysics. In short, Einstein shows 
that a finite universe is a real possibility. 

T ike any other physical theory, the gen
L eral theory of relativity deals with 
matter and its properties. It regards a 
galaxy as being perhaps the most natu
ral unit of matter on the cosmic scale. 
Thus at this level the problem of space is 
the problem of understanding how the 
galaxies fit together. A convenient way 
of visualizing Einstein'S solution to the 
problem is to construct a laboratory 
model of the entire galactic system. One 
could construct the model out of balls 
and sticks, like a model of a large mole
cule, except that each ball would repre-
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sent a galaxy and each stick the distance 
between two galaxies. Before examining 
Einstein's model, however, let me go 
back and translate the views of Newton. 
Leibniz and Kant into the language of 
models. That may demonstrate more 
clearly both what they said and how the 
general theory of relativity went beyond 
them. 

Let us turn first to Newton and his 
assertion that the universe is finite. If 
Newton is right, then there can be only a 
finite number of galaxies. Furthermore. 
it is reasonable to expect that in time one 
might devise instruments for locating all 
of them, and then a complete model of 
the galactic system could be built. In any 
case such a model is possible as a men
tal construct, and that is sufficient for 
our purposes. If Newton had thought 

in terms of such a model, he certainly 
would have had in mind an exact scale 
model of the universe: one in which the 
distances between balls were exactly 
proportional to the distances between 
the galaxies they represented. 

The main consequence of exact scal
ing is that any metric feature of the 
model (that is. any feature that depends 
only on distance) will be shared by the 
galactic system. In other words, the 
model and the galactic system should 
have the same metric features. The laws 
of Euclidean geometry are known 
through direct observation to hold in the 
terrestrial laboratory, and they dictate 
all the metric properties of the model. 
Hence those same laws must dictate the 
metric properties of the galactic system. 
That conclusion is very important: in 

fact, it is the key to everything that fol
lows. It states that the laws of Euclidean 
geometry are valid in the galactic sys
tem not because they are directly verifi
able through observation and measure
ment in the galactic system but because 
the system can be reproduced in a scale 
model. The converse will also be true: if 
it is impossible to reproduce the galactic 
system in an exact scale model, then we 
must abandon the conviction that the 
geometry of intergalactic space is Eu
clidean. 

Now, a geometric figure and any scale 
model of it are similar, meaning that 
corresponding angles in the figure and in 
the model are identical and correspond
ing sides are directly proportional to 
each other in length. Thus we are essen
tially saying that space can contain simi-

SPACE WAS FINITE and had a definite edge, according to the 
Aristotelian cosmology accepted during medieval times. Here a man 
is shown looking beyond the edge of space to the Empyrean abode of 
God beyond. The illustration is often said to be a 16th-century Ger
man woodcut; according to Owen Gingerich of Harvard University, 
it is more likely a piece of art nouveau that was apparently pub
lished for the first time in 1907 in Weltall und Menschheit, edited by 

Hans Kraemer. In either case the picture clearly demonstrates a di
lemma posed by Immanuel Kant known as Kant's antinomy of 
space. Kant believed that the universe had to be finite in extent and 
homogeneous in composition, and that space had to obey the laws of 
Euclidean geometry. Actually, however, all those assumptions can
not be true at once. Newton, Leibniz and Einstein had different ways 
of resolving the dilemma, shown in illustrations on next two pages. 
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TWO "BALL AND STICK" COSMOLOGICAL MODELS demonstrate the philosophical 
views of Newton and Leibniz; each ball represents a galaxy and each stick represents the dis
tance between galaxies. Although both men accepted Kant's assumption that space obeyed 
Euclidean geometry, Newton believed the galactic system was finite and inhomogeneous 
(left); thus his model of the galactic system had both a center and a boundary. Leibniz, however, 
believed the galactic system was infinite and homogeneous (right), with no center or boundary. 

lar figures of arbitrary sizes if and only if 
its structure is given by Euclidean geom
etry. That result is actually very old: it 
was first obtained by the English mathe
matician John Wallis in 1663. In either 
case, using the language of models or of 
similar figures. we end up with a criteri
on for determining the geometric prop
erties of space. 

Any model of a finite universe has two 
metric features of special interest. First. 
the model has a "geographic" center. 
Second. it has a boundary, consisting of 
those balls with neighbors on only one 
side. Therefore if Newton is right. the 
galactic system must also have a center 
and a boundary, because it possesses all 
the metric properties of its scale model. 

It is the inhomogeneity of Newton's 
universe (the fact that not all galaxies 
have neighbors on all sides) and not its 
finiteness as such that Leibniz could not 
accept . Any finite model has a boundary 

B 

c D 
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and a center; in order to eliminate those 
features one would have to add an infi
nite number of new balls. Then the mod
el becomes impossible to build. Never
theless, it is possible to imagine an ar
rangement of balls reproducing exactly 
the arrangement of galaxies and fading 
into the distance in all directions. Let us 
take that mental construct as Leibniz' 
scale model. It resembles a model one 
can build of a crystal, which is also infi
nite in a theoretical sense. Hence Leib
niz' model is actually no stranger than 
Newton's. If the galaxies are more or 
less uniformly distributed, then the 
model will have neither a center nor a 
boundary. 

Like Leibniz, Newton and everyone 
else in the 18th century, Kant believed in 
the validity of Euclidean geometry. Un
like many, he knew that Euclidean ge
ometry could not be justified by experi
ence alone. In fact, our key argument, 

B 

D 

A 

EINSTEIN'S COSMOLOGICAL MODEL achieves Kant's desideratum of a finite and ho
mogeneous universe, but only by rejecting Kant's assumption that space was Euclidean. To 
say that space at large is curved means that it may not be possible to build an exact scale model 
of the galactic system in the laboratory, where the laws of Euclidean geometry rule. For exam
ple, five equidistant galaxies may exist in space, but any attempt to construct a scale model of 
such a system will fail (left). Einstein resolves Kant's antinomy of space by suggesting that 
when one builds the ball-and-stick model of the system, one should just say that one long stick 
joining two of the galaxies represents same distance in space as the nine shorter sticks (right). 
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that we judge space to be Euclidean not 
through observation but by constructing 
a model of the galactic system, is due to 
Kant. In the Critique 0/ Pure Reason he 
actually did not address either models 
or galaxies. He declared that a direct 
intuition of space-what I am calling a 
model-is given to each of us. and 
through it we discover the properties of 
space. Because the intuition is universal
ly shared among human beings. it is one 
of the dictates of pure reason and must 
be put on an equal footing with sensory 
experience in investigations of the 
world. What is more, since the intuition 
does not depend on experience. which 
can be faulty or incomplete. the knowl
edge intuition gives must necessarily be 
true. As Kant put it. Euclidean geome
try is synthetic a priori, by which he 
meant that it is a special kind of knowl
edge that is truly descriptive of the 
world of experience but is not itself de
rived from that experience. Just as to
day every science strives to become ex
act, in the 18th century classical physics 
saw geometry as its ideal. Kant made his 
beliefs explicit because he wanted to ex
ploit the special status of geometry to 
refute the claim of empiricists, most 
successfully advanced by David Hume. 
that all knowledge of the world is sen
sory. But is such a direct intuition ab
solutely necessary to understanding 
the universe? Must the world admit a 
scale model? Something fundamental 
in Kant's philosophy would be under
mined if a different situation were to be 
perceived. 

Newton's and Leibniz' models are two 
clearly distinct models of the galac

tic system. Kant rejected them both. He 
had to, because each lacked what he felt 
was an essential property. For his part 
he maintained that any study of the ma
terial universe must begin by acknowl
edging three facts: first, the galactic sys
tem is finite; second, it is homogeneous 
and unbounded: third, it can be repro
duced in an exact scale model. Those 
three facts. however. cannot be simulta
neously true. In other words. no exact 
scale model can be both finite and ho
mogeneous. Once again we have ar
rived at Kant's antinomy <?! sQace, this 
time through the language of models. 

Why does the antinomy arise? Kant 
blamed it on inherent limitations in the 
mental processes we use to describe the 
world. In this case the mental process is 
model building. Kant is saying that we 
are unable to build a model of the galac
tic system because our minds cannot tell 
us how. 

There is a way to get out of the antino
my: simply refuse to accept one of 
Kant's "facts." Remember. not one of 
them is a physical fact established by 
direct observation. They are all-intuitive 
assumptions. Even Kant admitted that. 
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EINSTEIN'S MODEL for a finite galactic system is shown here in 
somewhat more detail. The model is entirely contained within the 
limits of the illustration. The model appears to be highly inhomoge
neous: it is shown in two disconnected pieces each with a center and 
a boundary, and not all galaxies appear to have neighbors on all sides. 
Furthermore, two numbered balls, one in each piece, represent the 
same galaxy. Unnumbered balls represent distinct galaxies that are 
not duplicated. The model is not built to scale, however; therefore its 

peculiar properties are not necessarily reflected in the galactic sys
tem itself. In fact, the galactic system is actually quite homogeneous. 
The color line between ball A and ball B represents a continuous 
path through the galactic system being taken by a rocket (also shown 
twice). The continuous nature of the rocket's path is illustrated at 
bottom. One can think of the model as a pair of three-dimensional 
viewing screens in which every galaxy appears on at least one screen, 
and any galaxy at the edge of one screen also appears on the other. 

One possibility is to follow Newton and 
reject Kant's second assumption that the 
galactic system is homogeneous and un
bounded. Then there is no problem in 
accepting the remaining two assump
tions and building a suitable model. 
That may in fact be the correct choice. 
since a finite but inhomogeneous galac
tic system has never been ruled out ex
perimentally. In any case the antinomy 
is gone. Another possibility is to follow 
Leibniz and reject the first assumption. 
that the galactic system is finite. This 
choice also removes the antinomy. since 
a homogeneous but infinite system has 
not been ruled out experimentally ei
ther. Or. finally, we can follow Einstein. 

Einstein actually achieved Kant's am
bition by constructing a down-to-earth 
model of a finite homogeneous galactic 
system. He did it by rejecting Kant's 
third assumption. that the model must 
be exactly scaled. For example, in Ein
stein's model a three-inch stick in one 
location may represent an intergalactic 
distance of. say, 50 million light-years, 
whereas in another location it may rep
resent 60 million light-years. To see the 
impact of Einstein's innovation consider 
the following imaginary scene. 

One day at some time in the distant 
future the members of an intergalactic 

surveying team return to their home 
base, having measured all the distances 
between five galaxies in which they are 
particularly interested. They exchange 
information and discover that each of 
the five galaxies is equidistant from the 
other four. Immediately they can stick 
four balls together at the vertexes of a 
regular tetrahedron to represent four of 
the equidistant galaxies. Where should 
the fifth ball go? They can attach it to 
any three of the other four balls and 
form a second tetrahedron. It is then 
equidistant from the three balls but not 
from the fourth ball. Actually there is 
no way to build a laboratory model con
sisting of five equidistant balls. Forget 
about a grand design for the entire ga
lactic system; here is a mere handful of 
galaxies presenting a crisis in intuition. 
As a spokesman for the Euclidean posi
tion, Kant would have argued that the 
surveyors are mistaken, because space 
"is not like that." But the surveyors have 
already rechecked their work and there 
is no mistake. Space is like that. The 
assumption that we can build a scale 
model of any physical system. which is 
equivalent to the assumption that the ge
ometry of space is Euclidean, is thus re
vealed to be an attempt to make reality 
conform to our preconceptions. Ein-

stein turns that around and makes the 
model conform to reality: he takes the 
model already built and declares that 
one long stick should represent the same 
intergalactic distance as the other nine 
joining all the balls. 

I
t is only a short step from five galaxies 

to Einstein's model of the entire ga
lactic system. The illustration above 
presents a simplified version of Ein
stein's model using several dozen balls 
instead of the millions that might actual
ly be required. The number of balls does 
not really matter, since a larger model 
will exhibit the same essential features. 
Two features of the model are particu
larly noticeable. First, in this illustration 
there are two disconnected pieces. each 
with a boundary; second, sometimes 
two different balls, one in each piece, 
represent the same galaxy. Because the 
model is not built exactly to scale, how
ever, those peculiar properties need not 
carry over to the galactic system itself. 
In fact, the system is actually quite ho
mogeneous, as one can see by thinking 
of the model as a pair of three-dimen
sional viewing screens. In that case ev
ery galaxy appears in at least one of the 
screens, and to guarantee that none is 
overlooked. any galaxy appearing at the 
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e.dge of one screen also appears at the 
edge of the other screen. That explains 
why two balls sometimes represent the 
same galaxy. 

Now look at one of the galaxies that is 
visible in both screens. Half of its neigh
bors appear in one screen and half in the 
other. Thus although each ball repre
senting that one galaxy is on the bounda
ry of its own screen, the galaxy itself 
must be completely surrounded by 
neighboring galaxies. Since the remain
ing galaxies appear in the middle of ei
ther one screen or the other, they also 
have neighbors on all sides. Hence the 
galactic system has no boundary. Fur
thermore, the galactic system is con
nected, because an object can move con
tinuously from any one galaxy to any 
other, although it may be necessary to 
switch viewing screens at some point in 
order to follow the motion. 

Distance distortion is a third essential 
feature of the model, but it is not partic
ularly noticeable in such an incomplete 
illustration. Exactly how much dis
tances are distorted is a technical mat
ter, fully treated in Einstein's detailed 
model (the general theory of relativity). 
The simple presence of the distortion is 
what concerns us, because it reveals a 
fundamental property of space, that is, 
of the metric relations of the galactic 
system. Whether or not a model must 
distort distances is determined solely by 
the nature of space. As we have already 

seen, if the galactic system admits an 
exact scale model, space is Euclidean. If 
no scale model is possible, that fact must 
likewise be due to some contrary prop
erty of space. This property has been 
given the name curvature. 

The word curvature may seem an odd 
choice for a property of space, and 

so I shall discuss the reason for it below. 
In any event curvature of space refers 
simply to the need for distorted models 
and has nothing to do with space being 
somehow mysteriously bent. Taking 
Einstein's model into consideration, one 
can now draw one of the fundamental 
conclusions of the general theory of rel
ativity: Kant's antinomy of space arises 
from an unwarranted assumption that 
space is Euclidean. A finite and homo
geneous galactic system is conceivable, 
and it is the curvature of space that 
makes it so. 

The connection between curvature 
and a finite world is a common sub
ject in popular accounts of relativity, 
but it is usually explained by drawing an 
analogy with what can happen on sur
faces. On a flat plane any finite set of 
points has a boundary .  On the spherical 
surface of the earth, however, one can 
imagine a more or less uniformly dis
tributed network of, say, weather sta
tions, and although there are a finite 
number of stations, every station has 
neighbors on all sides, so that the net-

INTRINSIC GEOMETRY AND EXTRINSIC GEOMETRY of the surface of an object 
such as a sphere are quite different. Any intrinsic property of a surface refers to measurements 
that can be carried out on the surface itself; any other property is extrinsic. For example, the 
fact that on a sphere a uetwork of weather stations can be both finite aud unbounded is an in
trinsic property. The fact that the sphere casts a circular shadow from all viewpoints is an ex
trinsic geometric feature. Physical space has no known extrinsic geometry because every 
property we know of relates to figures and measurements made in space itself. Thus it is hope
less to try to imagine curved space as being mysteriously bent through a fourth dimension, 
since we caunot take an extrinsic view of space by getting outside it and looking back at it. 
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work has no boundary. The analogy 
suggests that the space of a finite homo
geneous galactic system must therefore 
be like the surface of the earth, only one 
dimension larger. Now, the earth's sur
face is only two-dimensional, which 
means that the position of a point on it is 
determined by just two numbers, lati
tude and longitude. The reason the 
earth's surface has no boundary, we 
feel, is that it curves around into a third 
dimension. We are led to infer that 
a three-dimensional "spherical" space 
must somehow curve around into a 
fourth dimension. The analogy collaps
es because it is hopeless to imagine what 
the extra spatial dimension looks like; 
no one has ever seen it. 

The analogy is actually a good one, 
but oddly enough it suffers from too de
tailed a picture of the earth and not too 
scant a picture of space. A surface has 
two kinds of geometric properties, in
trinsic and extrinsic. An intrinsic prop
erty is one that refers to measurements 
that can be carried out entirely on the 
surface itself; any other property is ex
trinsic. For example, in the third century 
B.C. Eratosthenes deduced the radius of 
the earth by combining an intrinsic fact 
about the earth's surface (the fact that 
the distance from Syene to Alexandria is 
5,000 stadia) with an extrinsic fact (the 
fact that when the sun is directly over
head at Syene, it is 7 .2 degrees from the 
zenith at Alexandria). 

Physical space has no extrinsic geom
etry that we know of. however, because 
every spatial property we know relates 
to figures and measurements made in 
space itself. Thus space cannot be analo
gous to the surface of a sphere, because 
it has nothing comparable to the 
sphere's extrinsic geometry. An analogy 
between different objects can exist in 
our minds only where we find it possible 
to overlook their differences. 

Still, there is a way to conceive of the 
curvature of space. Our actual goal is to 
understand what a finite homogeneous 
galactic system must be like. Here it is 
useful to consider the example of a net
work of weather stations on the surface 
of the earth. Notice that the relevant ge
ometric properties of the network are all 
intrinsic: each weather station is sur
rounded by neighbors, and the net
work of stations, although finite, has 
no boundary. Since those are intrinsic 
properties, we lose nothing by ignoring 
the earth's extrinsic geometry; more
over, since the extrinsic part was the 
stumbling block all along, we are even 
better off ignoring it. Irrelevant infor
mation can be just as distracting to a 
mathematician as it is to a reader of 
mystery stories. In mathematics the job 
of isolating what is genuinely relevant is 
called abstraction. 

The language of models can help once 
again. A terrestrial globe is an exact 
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ATLAS OF CHARTS of tbe spberical eartb captures all tbe intrin
sic properties of tbe eartb wbile filtering out tbe extriusic geometry. 
Since tbe curved surface of tbe eartb bas beeu flatteued out on tbe 
cbarts, distances are distorted. Tbe amouut aud kiud of distortiou' 

INFINITE PLANE CAN BE MAPPED onto an atlas of cbarts as 
well as a spbere can. In tbis particular case tbe atlas consists of one 
cbart, tbe disk, wbicb is made by first projecting tbe plane onto tbe 
bemispbere and tben up onto tbe disk. (Tbis is only one of many 

contaiu all tbe informatiou ueeded to reconstruct tbe full geometry 
of tbe eartb. Hence we no louger ueed a tbird dimension iu order to 
uuderstaud tbe curvature of tbe surface of a spbere; similarly, we do 
uot ueed a fourtb dimensiou to understand tbe curvature of space. 

-
---

--

--
-----

-

ways of mapping tbe plane.) Tbe geometric sbapes again reveal tbe 
distance distortions created by tbe mapping. Any unbounded two
dimensional surface can be mapped by an atlas of cbarts; sucb a sur
face, including tbe plane and spbere, is a two-dimensional manifold. 
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scale model of the earth's surface. It is 
too good, however, because it reproduc
es all the earth's geometric features, ex
trinsic as well as intrinsic, with perfect 
clarity. Ironically, using it denies us the 
understanding we seek. We need a mod
el that captures all the intrinsic geome
try but at the same time filters out the 
extrinsic. Let us turn now to the other 
familiar model of the earth: an atlas of 
maps. 

In many ways any atlas is inferior to a 
globe. It represents the earth as a collage 
of overlapping flat charts, and each 
chart distorts distances. Nevertheless, 
all the intrinsic geometry of the earth's 
surface can be recovered from an atlas. 
This is actually a surprising result math
ematically, and it is difficult to prove. 
The fact remains that the inevitable dis
tortions, although they are a nuisance, 

4 

are manageable. How else could world
wide air and sea navigation be based on 
charts? One might object that an atlas 
does not look like the earth, that it does 
not help one to grasp the earth's extrin
sic geometry. For our purposes, how
ever, the flatness of the charts, far from 
being a disadvantage, is their greatest 
virtue. It implies that one can under
stand all the intrinsic geometry of a 
sphere without ever leaving a flat two
dimensional plane. That fact is a tre
mendous economy, and it shows what 
abstraction can achieve: one does not 
need a third dimension in order to un
derstand the structure of the weather 
network; hence one does not need a 
fourth dimension in order to understand 
the structure of the galactic system. Fur
thermore, what seems to be a creaky 
analogy between the earth and space 

7 

is in fact a real analogy between their 
abstract intrinsic structures: Einstein's 
model (the general theory of relativity} 
is an atlas of space. 

How does curvature fit in? The way it 
is used in the general theory of relativity 
can be traced back to the work of Carl 
Friedrich Gauss, in a theory of curved 
surfaces he published in 1827. Gauss 
was the first to recognize that a surface 
has a separate intrinsic geometry. His 
most remarkable discovery, however 
(and he even called it that), was that the 
curvature of a surface is an intrinsic 
property. Basically Gauss said the fol
lowing: Take a small portion of a curved 
surface and flatten it out on a plane. In 
other words, make a chart. This can gen
erally be done only by stretching the sur
face, that is, by distorting distances. It 
should be evident that the original cur-

AN ATLAS FOR A TORUS (left) might consist of nine charts; the 
numbers around the edges of each chart indicate which of the other 

charts it overlaps. The numbered regions on the torus correspond
ing to the nine different charts in the atlas are shown at the right. 

AN ATLAS FOR A KLEIN BOTTLE (left) might also consist of 
nine charts. It is very similar to the atlas for the torus except in the 
way in which the charts overlap. That change, however, makes it im-
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possible to paste the charts together without making the surface in
tersect itself in places where it should not. The Klein bottle is a form 
that has one surface. It has no "inside," as a torus and a sphere do. 
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vature of the surface determines the pre
cise kind and amount of distortion. 
Gauss's remarkable discovery is the 
converse of that fact: the curvature of a 
surface can be completely determined 
solely from the distance distortions 
present in a chart. In other words, distor
tion of a chart and curvature of a sur
face are different aspects of the same 
thing: when the intrinsic geometry of a 
portion of a surface is abstracted to a 
chart, its curvature is given by distance 
distortion. That is why the completely 
analogous distortions in Einstein's mod
el of the galactic system are attributed to 
the curvature of space. 

Gauss studied the intrinsic geometry 
of a small portion of a surface by mak
ing a chart. In order to map an entire 
surface it is generally necessary to resort 
to several charts, or an atlas. A surface 
that can be mapped by an atlas of charts 
is called a two-dimensional manifold. 
The term is meant to emphasize that the 
surface is usually made up of many two
dimensional patches instead of a single 
chart. 

Every smooth surface without a 
boundary is a two-dimensional mani
fold. For example, an infinite plane is a 
two-dimensional manifold, and so is a 
torus. One can also start with any arbi
trary collection of charts that overlap in 
a coherent way; they constitute an atlas 
for some two-dimensional manifold. 

The notion of a manifold, which grew 
out of the attempt to understand the in
trinsic geometry of a surface, actually 
yields something more general. One can 
make charts out of solid, three-dimen
sional "blobs" instead of fiat, two-di
mensional "patches" and have some
thing that makes sense in three dimen
sions. The resulting object is called, 
naturally enough, a three-dimensional 
manifold, and it is a volume rather than 
a surface. Einstein's model of the uni
verse is an atlas for one particular three
dimensional manifold: it is called the 
three-dimensional sphere, or three
sphere. (The surface of an ordinary 
sphere is a two-sphere.) There are count
less other examples. The ordinary Eu
clidean space of mathematics is given by 
a single chart, analogous to the chart for 
the infinite plane. Other spaces quickly 
become too messy to describe in detail. 
Mathematicians have even defined 
manifolds for arbitrary numbers of di
mensions, by finding a way of getting 
around the need to visualize the funda
mental building blocks: the dimension 
of a manifold is simply interpreted as 
the number of variables needed to lo
cate a point on it. Manifolds have thus 
become a natural setting for problems 
requiring many variables, and their use 
now extends beyond mathematics to sci
ence in general. 

One of the most basic perceptions we 
have of our environment is that three 
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ORIENTABILITY is a global property of a surface. A circle with an arrowhead on its circum
ference is said to define a local orientation (either clockwise or counterclockwise) when it is 
drawn on a chart for a manifold. That orientation can be extended to other charts by moving 
the circle from one chart to another in the atlas. Moving along two different routes, however, 
may produce conflictiug orientations of the circular arrowhead in a distant chart. If that hap
pens, the manifold is said to be globally nonorientable. A Klein bottle is globally nonorientable; 
shown is its atlas with one chart (chart 7) and three of the positions of the circular arrowhead 
(a-c) included twice. When the circular arrowhead returns to its starting position in chart 3, it 
is an upside-down mirror image of its former self. In some manifolds, for example the torus, 
such a conflict can never arise; therefore such a manifold is said to be globally orientable. 

variables (height, width and breadth, or 
x, y and z) are needed to label complete
ly all positions within it. Physical space 
is a three-dimensional manifold. The 
mistake of common sense was to assume 
that it must be the one given by a single 
chart: Euclidean space. We can now see 
why this was such a natural error to fall 
into. Locally (that is, in the immediate 
neighborhood of any point) all mani
folds of the same dimension look alike. 
In principle they are distinguishable be
cause of the presence of curvature; in 
practice, however, curvature may not be 
detectable with sufficient experimental 
accuracy when it is measured over a 
small region. (The surveyors in my little 
scene had to travel to other galaxies to 
get their results; our own measuring in
struments have not yet left the solar sys
tem.) In other words, for all practical 
purposes space is Euclidean if it is taken 
in small enough pieces. The entire cos
mos is another matter, and the notion of 
the manifold provides a wealth of new 
possibilities for understanding the struc
ture of the universe in the large. Far 
from being bankrupted by the apparent 
nonsense of questions about the struc
ture of space, as Kant suggested, mathe
matics has been substantially enriched. 

The most striking differences between 
one manifold and another are global dif
ferences, differences that can be dis
cerned only by studying entire atlases. 
not single charts. One global property of 
a surface is orientability. For example, 
the atlases for a torus and for the surface 
known as a Klein bottle are quite simi
lar, but the Klein bottle has two peculiar 

features that set it quite apart from the 
torus. First, the Klein bottle cannot be 
constructed in space without intersect
ing itself in places where it should not 
intersect itself. Second, it cannot be ori
ented in space. Self-intersection cannot 
be inferred directly from the atlas. It is 
an extrinsic feature. Nonorientability is 
an intrinsic feature, however, and it can 
be discovered by following a moving 
clock face from one chart in the atlas to 
the next. Nonorientability is a global 
property. A second global property is 
connectivity, arising from the question 
of whether every closed loop sliced on a 
surface separates the surface into two 
pieces. A sphere and a torus differ in 
their connectivity. There are analogous 
notions of connectivity for higher-di
mensional manifolds. The study of 
global properties is a part of topology. It 
thus becomes evident that in a mani
fold-including Einstein's three-sphere 
model of space-a number of small lo
calities having a quite ordinary and fa
miliar geometry can be combined to 
produce a global effect that is both novel 
and surprising. This aspect of manifolds 
is also a part of the fascination of the 
drawings of Maurits C. Escher. 

I
n the search for the origins of Ein

stein's ideas much attention has been 
given to the non-Euclidean geometry 
that was developed in the early 1800's. 
That emphasis is somewhat misleading. 
Several mathematicians, including Jo
hann Heinrich Lambert, who lived be
tween 1728 and 1777 and who was a 
friend of Kant's. had come to the con-
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clusion that a different coHection of 
theorems, logically as sound as those of 
Euclidean geometry, could be derived 
from a new system of axioms that dif
fered slightly from Euclid's. A smaller 
number of 19th-century mathemati
cians, notably Gauss, Janos Bolyai and 
Nikolai Lobachevski, saw further that 
such a new system could plausibly de
scribe the structure of physical space 
just as well as Euclid's. It was no longer 
possible to maintain Kant's position that 
Euclidean geometry was synthetic a 
priori. The antinomy of space persisted, 
however, because the new Lobachevski
an space (as it is often called) had the 
same overall topological structure as 
Euclidean space. In particular any finite 
collection of galaxies in it would still 
have to have a boundary. 

The 19th century was a time of tre
mendous developments in geometry. By 
the 1870's comprehensive systems em
bracing all Euclidean, non-Euclidean 
and projective geometry had evolved. 
Curiously, the question of whether the 
geometric systems were physically rele
vant drifted from the center of attention 
and even became rather confused. Henri 
Poincare, one of the most eminent 
mathematicians of the time, even main
tained that there was no strictly correct 
geometry for the description of space. 
The choice of one geometry instead of 
another was purely a matter of conven
tion, he said, or was no more consequen
tial than the choice between Fahrenheit 

and centigrade thermometers to mea
sure temperature. 

The mathematics of Einstein's gener
al theory of relativity is quite distinct in 
style from that of the prevailing system
atic geometries at the beginning of the 
20th century. It is a part of differential 
geometry, which, as the name suggests, 
exploits the power of calculus. With it 
Einstein showed how to interpret gravi
tation as being a curvature of space. In 
other words, distance distortions will be 
present in a model of even a small por
tion of space if the space contains an 
appreciable amount of matter. That dis
tortion, and not gravitational "force," 
then dictates the paths of moving bod
ies. Curvature is therefore a local phe
nomenon as well as a global one. In fact, 
the general theory of relativity is mainly 
occupied with the local consequences of 
curvature. It is difficult to imagine how 
the geometry of the general theory of 
relativity, inextricably bound up with 
matter as it is, could have evolved from 
the tidy axiomatic systems of Euclid and 
Lobachevski. Borrowing a locution 
from the world of the New York thea
ter, where plays can be presented off-off
Broadway, we could say that the geome
try Einstein used is non-non-Euclidean. 
Einstein's ideas were cast in a language 
very different from even non-Euclidean 
geometry, called the absolute differen
tial calculus. Until Einstein used it and 
changed its name to tensor analysis, it 
had the reputation of being the kind of 

b 

pure mathematics that had no connec
tion with the real world. 

Ironically tensor analysis did not start 
that way. Its origins can be found in the 
work of Bernhard Riemann ( 1826-
1866). On the occasion of Riemann's ap
pointment to the faculty of the Universi
ty of Gottingen in 1854 at the age of 2 7  
h e  opened a n  entirely new line o f  think
ing in his probationary lecture, titled On 
the Hypotheses That Lie at the Founda
tions 0/ Geometry. The topic had been 
selected for him by his teacher and col
league, Gauss. The entire modern view
point can be found in Riemann's lecture: 
the concept of an n-dimensional mani
fold; the study of a manifold's intrinsic 
geometry-particularly curvature-by 
extending Gauss's work on surfaces; 
even the radical notion that geometry 
and physics are inseparable, that is, that 
the presence of matter determines the 
curvature of space. Riemann's central 
concern, however, was with the implica
tions his ideas had for the structure of 
physical space. His own words (translat
ed) explain it well: 

"That space is an unbounded three-di
mensional manifold is an assumption 
that is employed for every apprehension 
of the external world, by which at every 
moment the domain of actual percep
tions is filled in and the possible loca
tions of a sought-for object are con
structed; in these applications it is con
tinually confirmed. For that reason the 
unboundedness of space has a greater 

CONNECTIVITY is another global property of a surface, and it re
fers to the question of whether or not every closed loop on a surface 
separates the surface into two pieces. For example, the connectivity 
of a sphere and that of a torus are different. Any loop on a sphere 

separates it into two pieces (le/t). Such loops (a) also exist on the to
rus (right), but there are certain loops (b) that do not separate it. The 
fact that nonseparating loops can exist for some surfaces and not for 
others reflects a basic topological difference between those surfaces. 
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certainty than any external experience. 
But its infinitude in no way follows from 
this. On the contrary, space would nec
essarily be finite if we assumed that bod
ies exist independently of position-so 
that we could ascribe constant curvature 
to space-as long as this curvature had a 
positive value, however small." 

Riemann treated space as a manifold, 
and he recognized that one of its possi
ble structures is given by what we have 
been calling Einstein's three-sphere. 
Thus it was Riemann who first saw that 
a finite unbounded universe was concep
tually possible. He, not Einstein, actual
ly provided the way around Kant's an
tinomy of space. 

Although Gauss, for one, was aston
ished by what he heard Riemann say, 
the wider scientific community did not 
become generally aware of Riemann's 
lecture until it was published posthu
mously in 1868. (Riemann died of tu
berculosis at 39.) During the next half
century Riemann's mathematical ideas 
were developed extensively, but their 
applications to space were virtually for
gotten. A generation later Einstein ap
parently rediscovered the full wealth of 
Riemann's ideas about the physical 
world. Einstein's work, however, is no 
mere copy of what Riemann had al
ready done. The general theory of rela
tivity is above all a physical theory, a 
coherent and detailed account of the un
derlying geometric character of gravita
tion. Riemann provided the geometric 
language, but Einstein's physics was 
radically new. Riemann had only hinted 
at it. 

The positions of Einstein and Kant 
are by no means antithetical. On the 
contrary, as we have seen, one of the 
fundamental tenets of Kant's metaphys
ical idealism is that space is not a thing 
but one of the forms through which we 
organize our perceptions of things. 
Moreover, the structure of our percep
tual organization is given a priori. Those 
thoughts of Kant's are implicitly accept
ed by relativity. The basic quarrel be
tween Einstein and Kant is over the 
structure of space. Kant assumed, partly 
because he saw no more general possi
bility, that space must be Euclidean; 
Einstein maintained that it is Riemann
ian, and he includes Kant's position as a 
special case. That explains how the an-

. tinomy of space could arise in the first 
place, and also how Riemann and Ein
stein could resolve it without complete
ly undermining Kant. 

Afinal word about Dante, following 
some observations made by An

dreas Speiser in his book Klassische 
Stucke der Mathematik. In the first two 
books of The Divine Comedy Dante tra
verses the material world from the icy 
core of the earth, the abode of Lucifer, 
to the Mount of Purgatory. In the last 

"WATERFALL," a black-and-white lithograph by Maurits C. Escher, is an example from the 
world of art of how space might be locally quite ordinary and yet globally quite surprising. 

book, Paradise, Dante's beloved Bea
trice guides him up through the nine 
heavenly spheres, each sphere larger 
and more rapidly turning than the last, 
until he reaches the Primum Mobile, the 
ninth and largest sphere and the bound
ary of space. His goal is to see the Empy
rean, the abode of God. It finally ap
pears to him, as a blinding point of light 
surrounded by nine concentric spheres 
that represent the angelic orders respon
sible for the motions of the material 
spheres. Dante is puzzled, however, be
cause the smaller the radius of each Em
pyrean sphere is, the faster the sphere 
turns. Beatrice explains that there is no 
paradox between the material and the 
spiritual spheres; every sphere, whether 
material or spiritual. turns faster the 
more perfect or divine it is. The spiritual 
world completes the material world ex
actly as one viewing screen of Einstein's 

model of the galactic system completes 
the other. The overlap between the two 
is revealed by the correspondence be
tween the celestial spheres and their an
gelic counterparts, and again as in Ein
stein's model the farther a sphere is from 
the center of one chart, the nearer its 
counterpart is to the center of the other. 
And the speeds of the material spheres 
and of the spiritual spheres are in har
mony. 

Speiser suggests that Dante was able 
to come to this remarkable vision be
cause his geometric knowledge was de
rived from astronomy and not from Eu
clid, which he scarcely knew. Here is a 
translation by Barbara Reynolds (Pen
guin, 1962) of the conversation between 
Dante and Beatrice in Canto XXVIII: 

About this Point a fiery circle 
whirled, 
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With such rapidity it had outraced 
The swiftest sphere revolving round 

the world. 

This by another circle was embraced, 
This by a third, which yet a fourth 

enclosed; 
Round this a fifth, round that a 

sixth I traced. 

Beyond, the seventh was so wide 
disclosed 

That Iris, to enfold it, were too 
small, 

Her rainbow a full circle being 
supposed. 

So too the eighth and ninth; and each 
and all 

PARADISE 

More slowly turned as they were 
more removed 

Numerically from the integral. 

Purest in flame the inmost circle 
proved. 

Being nearest the Pure Spark ,  or so 
I venture, 

M ost clearly with Its truth it is 
engrooved. 

Observing wonder in my every feature, 
My Lady told me what I set below: 
" From this Point hang the heavens 

and all nature. 

Behold the circle nearest it and know 
It owes its rapid movement to the 

spur 

DANTE ALIGHIERI'S SCHEME OF THE UNIVERSE in illustration from "Paradise" in 
The Divine Comedy extends Aristotelian cosmology in a modern way, It is discussed in text. 

t OO 

Of burning love which keeps i t  
whirling so. " 

"If manifested in these circles were 
The cosmic order of the universe , 
I should be well content, "  I 

answered her; 

"But in the world below it's the 
reverse, 

Each sphere with God's own love 
being more instilled 

The further from its centre it 
appears; 

Whence, if my longing is to be 
fulfilled, 

Here in this wondrous and angelic 
fane, 

Where love and light alone the 
confines build, 

I must entreat thee further to explain . 
Why copy from its pattern goes 

awry, 
For on my own I ponder it in vain. " 

"There's naught to marvel at, if to 
untie 

This tangled knot thy fingers are 
unfit ,  

So tight 'tis grown for lack of  will 
to try. " 

Then she went on: "This is no meagre bit 
I 'll give to thee. Wouldst thou be 

filled? Then take, 
And round its content ply thy subtle 

wit. 

Material circles in the heavens make 
Their courses, wide or small , as 

more or less, 
Through all their parts, of virtue 

they partake. 

The greater good makes greater 
blessedness; 

M ore blessedness more matter 
must enclose, 

If all its parts have eq ual 
perfectness. 

It follows that the sphere, which as it 
goes 

Turns all the world along, must 
correspond 

To this, the inmost, which most 
loves and knows. 

Hence, if thou wilt but cast thy measure 
round 

The angels' power, not their 
circumference 

As it appears to thee, it will be 
found 

That wondrous is the perfect congru
ence 

Which every heaven with every 
mover shows 

Between their corresponding 
measurements. " 
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MATHEMATICAL 
GAMES 

The symmetrical arrangement of the stars 
on the American flag and related matters 

by Martin Gardner 

Whose broad stripes and bright stars . . . .  
-"The Star-spangled Banner" 

Took at the back of a dollar bill and 

L you will see above the eagle on the 
Great Seal of the United States 13 

five-pointed stars-symbols of the 13 
original states-arranged as a six-point
ed star. The pattern shows that 13 is the 
first nontrivial (larger than 1) figurate 
number of a type called "star numbers. " 
(See this department for July, 1974.) 

5 

** * 
* * 

* * 
* .* *
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* * * 
* * 

* * * 
* * 

* * * 

There are, of course, a multitude of 
other ways to arrange 13 points on the 
plane to meet the demands of aesthetic 
symmetry or the provisos of recreation
al mathematicians. In a moment we 
shall consider two unsolved problems, 
far from trivial. that concern ways of 
arranging 13 points. But first, in honor 
of the Bicentennial. let us take a look 
at how the Colonists arranged the 13 
bright stars on their earliest flags. 

According to popular legend, the first 

2 

stars-and-stripes flag was sewn by Betsy 
Ross, who based it on a rough drawing 
supplied by George Washington. She is 
said to have displayed her handiwork to 
Washington and others in May or June 
of 1776 at a house somewhere on Arch 
Street in Philadelphia. To show how she 
made the pattern for her stars she is said 
to have folded a sheet of paper and then, 
with one snip of her scissors, to have cut 
out a perfect pentagram. The 13 stars, so 
the story goes, were arranged on a blue 
field in a circle to imitate King Arthur's 
Round Table. It is the first design in the 
illustration below. Replicas of this "Bet
sy Ross flag" are flapping this year all 
over the U.S. The flag is on a 13-cent 
stamp. It appears in such famous paint
ings as "Washington Crossing the Del
aware, " "The Spirit of '76" and the 
picture that used to be in many school
books showing Betsy's nimble fingers at 
work on Old Glory. 

Alas, the story has been totally dis
credited. Its sole source was Betsy's 
grandson, who said he heard it when he 
was 11. Not a single flag with 13 stars in 
a circle has survived, and there is no 
evidence that such a flag existed in 
Revolutionary times. Many historians 
doubt that a stars-and-stripes flag of any 

3 

Alleged arrangemellts of the 13 stars 011 early flags of the U.S. 
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design flew during a single sea or land 
battle of the Revolution. 

The second design in the illustration 
shows how the stars are arranged on 
a flag that John Hulbert. captain of a 
company of minutemen from Long Is
land, is said to have flown in 1775. This 
arrangement too is not supported by any 
evidence. The truth is that no one knows 
who designed the first stars-and-stripes 
flag and that almost nothing is reliably 
known about the flag's earliest history. 

We do know that on June 14, 1777, 
the Second Continental Congress re
solved "that the flag of the United States 
be thirteen stripes, alternate red and 
white; that the union be thirteen stars, 
white in a blue field, representing a 
new constellation." There is not a word 
about the number of star points, how the 
stars are to be arranged or which color 
of stripe should outnumber the other. 
As a result, from 1777 until 1795 there 
were wild variations in flag designs. 
Some flags even violated the Congres
sional order by having red and blue 
stripes or red, white and blue stripes; 
some had blue stars on a white back
ground. 

The stars had five. six. seven or eight 
points and were arranged in all kinds of 

•••• 

••• * • 

•• *. ' 

* * * **' 
* * * 

' 
* * * .* 

The flag of 1794. with 15 stripes and 15 stars 

ways. No. 3 in the illustration is on a flag 
said to have been used by the Benning
ton militia in 1777. Nos. 4 and 5 appear 
in paintings by a Dutch artist on flags 
alleged to have been flown by John Paul 
Jones on ships in 1779. No. 5. with its 
field stretched horizontally. was perhaps 
the most common pattern on flags from 
1777 to 1795. (Note that it is No. 2 rotat
ed 45 degrees.) No. 6 is supposed to 
have been on the flag of a Maryland 
regiment and NO. 7 on a flag flown in 
Boston. both around 1781. No. 8 is 
credited to the North Carolina militia 
of 1781. 

In 1794. after Vermont and Kentucky 
had become states. Congress decided 
to add two more stars and two more 
stripes. arranging the stars as is shown in 
the illustration above. One congressman 
thought this was "a trifling business 
which ought not to engross the attention 
of the House." Another called it "a con
summate specimen of frivolity." But the 
bill was passed. and the flag became offi
cial the following year. This was the flag 
that Francis Scott Key saw flying over 
Fort McHenry during the War of 1812 
and that inspired him to write "The Star
spangled Banner." 

In 1817. after five more states had 
joined the union. Congress decided to go 
back to 13 stripes and to have a new star 
added each time a state was admitted. A 
flag with 20 stars in a four-by-fiv� rec
tangle became official in 1818. From 
then until 1913 there were 24 changes of 
the flag as stars were added. The stars 
were usually five-pointed and in stag
gered rows. although many other ar
rangements were popular. including 
star-shaped patterns. After the admis
sion of New Mexico and Arizona in 
1912 the flag was stable for 46 years. its 
48 stars arranged in a six-by-eight rec
tangle. In 1959. to accommodate a new 
star for Alaska. President Eisenhower 

ordered a seven-by-seven field. the rows 
staggered with odd rows aligned at the 
left. When Hawaii became a state later 
in 1959. he ordered the field changed to 
its present form of 50 stars in staggered 
rows of six and five. 

There are many puzzles based on the 
arrangementofn spots on a field. but the 
oldest and most popular are known as 
"tree plant" problems. They have that 
name because in early puzzle books 
they were usually presented with a story 
about a farmer who wishes to plant a 
certain number of trees in an orchard 
so that the pattern of trees will have r 
straight rows of exactly k trees in each 
row. The puzzles were made difficult by 
maximizing the number of rows. Sur
prisingly. the general problem of deter
mining the largest number of rows. giv
en nand k. is nowhere near solved even 
when k is 3 or 4. 

"These tree-planting puzzles." wrote 
Henry Ernest Dudeney. England's 
greatest puzzle expert (in Amusements in 
Mathematics). "have always been a mat
ter of great perplexity. They are real 
'puzzles' in the truest sense of the word. 
because nobody has yet succeeded in 
finding a direct and certain way of solv
ing them. They demand the exercise of 
sagacity. ingenuity and patience. and 
what we call 'luck' is also sometimes of 
service. Perhaps some day a genius will 
discover the key to the whole mystery." 

When k is 2. the problem is trivial. If n 
points are arranged so that no three are 
in line. every pair forms a row of two. 
When k is 3. the problem not only be
comes interesting but also is related to 
such mathematical topics as balanced
block designs. Kirkman-Steiner triples. 
finite geometries. Weierstrass ellip
tic functions. cubic curves. projective 
planes. error-correcting codes and many 
other aspects of significant mathemat
ics. The latest and most definitive paper 
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• • • 

n = 3, r = 1 

n = 6, r = 4 

n = 9, r = 10 

• 

• 

• • • 

n = 4, r = 1 n = 5, r = 2 

n = 7, r = 6 n = 8, r = 7 

n = 10, r = 12 

n=11, r=16 

Some solutions to the three-in-a-row problem 

a 

a 

00 <E-. ---iIIE;::--t-;--7(;--\-t-.,..-- c 
--�f-�������--- c 

b 

b 00 

Twelve points in 19 three-point rows 
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Sam Loyd's solution for rows of four 

• 

on the problem is by Stefan A. Burr, 
Branko Griinbaum and N. J. A. Sloane, 
all leading mathematicians. Called "The 
Orchard Problem," it appeared in Geo
metriae Dedicata, Vol. 2 (1974), pages 
397-424. What follows is taken mainly 
from that paper. 

The first nontrivial reference on tree
plant problems is a book called Rational 
Amusement for Winter Evenings, by John 
Jackson, published in London in 1821. 
According to Dudeney, who owned a 
copy, it contains 10 such puzzles. The 
mathematician J. J. Sylvester worked 
continually on the general problem 
from the late 1860's until his death in 
1897. (The temperamental Sylvester 
had a stormy career. He was denied a 
degree at Cambridge because of his 
Jewish faith but obtained one at Trinity 
College of the University of Dublin. He 
was a professor at the University of Vir
ginia for three months until an alterca
tion with a student led to his resignation. 
At Johns Hopkins he founded American 
Journal of Mathematics. One of his books 
is The Laws of Verse [he was fond of 
writing poetry], and for many years in 
England he was a barrister.) 

Maximum solutions for three-in-a
row tree plants, from 3 through 11 
points, are shown in the top illustration 
at the left. Note that not until n equals 9 
does the maximum number of rows ex
ceed n. It is easy to get eight rows with 
nine points (a three-by-three square ar
ray does it), but adding two more rows is 
a bit tricky. In his book Jackson intro
duced the problem as follows: 

Your aid I want, nine trees to plant 
In rows just half a score; 

And let there be in each row three. 
Solve this: I ask no more. 

The solution, derived from a famous 
theorem in projective geometry called 
the Pappus theorem, has been credited 
to Isaac Newton. 

The II-point pattern is given by 
Dudeney (Problem 213 of his Amuse
ments) as a military puzzle. In lecturing 
on tree-plant problems Sloane has sim
plified Dudeney's narrative line by de
scribing a World War I battlefield on 
which 11 Turks were surrounded by 16 
Russians. Each Russian fired once, and 
each bullet passed through exactly three 
Turkish heads. How were the Turks 
standing? The remarkable solution-II 
points in 16 rows of three each-is said 
by Dudeney to have been constructed 
about 1897 by the Reverend Dr. Wilker
son. (Does any reader know who he 
was?) Sloane tells me that this is the only 
practical application of the orchard 
problem he knows, although he once in
vented a fictional "Haltwhistle triode" 
of n pins, which, because of unexplained 
capacitance effects, have to be arranged 
in rows of three. 

Twelve points will make 19 rows. 
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• • 

• • • • • • • • • • • • 

n = 4, r = 1 n = 5, r = 1 n = 6, r = 1 

• 

n = 7, r = 2 n = 8, r = 2 n = 9, r = 3 

n = 10, r = 5 n = 11, r = 6 n =12, r=7 

More solutions for rows of four po�ts 

Nineteen points in 19 rows of four 
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Thirteen points (one at infinity) in three-point rows 

A blossom of Hoya carnosa, a milkweed, in a pattern of points 
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This result was announced, apparently 
for the first time, by R. H. Macmillan in 
a note to The Mathematical Gazette, Vol. 
30 (1946), page 109, and is proved maxi
mal in the Burr-GrUnbaum-Sloane pa
per. The illustration at the bottom left 
on page 104 shows a way of drawing the 
pattern symmetrically by placing three 
points and one line at infinity. This pat
tern can be projected to give a standard 
solution, but it is difficult to show on a 
small sheet of paper. Imagine the pat
tern viewed in perspective with the eye 
below and to the right. Each of the three 
sets of four parallel lines (labeled with 
a's, b's and c 's) will converge, the three 
meeting points lying on the horizon to 
form the 19th row. 

Only one other three-in-a-row case 
has been solved, that of n = 16. Burr, 
GrUnbaum and Sloane prove the maxi
mum number of rows to be 37. Thus the 
lowest unsolved case is n = 13. The 
best-known result, 22 lines, is shown in 
the top illustration at the left. One point 
is at infinity. If the pattern is viewed in 
perspective from the left, the six parallel 
horizontal lines, of two points each, will 
converge on the 13th point. In other 
words, the pattern can be projected to 
give a standard solution, but it is diffi
cult to show it except on a large sheet. 
The best-known results for n equals 
14 through 20 are 26, 31, 37,40,46,52 
and 57. 

When the number of points demand
ed for each row rises to four, the prob
lem becomes more difficult. As in the 
case of k = 3, maximums have been es
tablished through 12 points, with 13 as 
the lowest unsolved case. Examples of 
best patterns from four through 12 
points are shown in the top illustration 
on the preceding page. They are taken 
from Griinbaum's "New Views on 
Some Old Questions of Combinatorial 
Geometry," a paper he gave at the Inter
national Colloquium on Combinatorial 
Theories in Rome in 197 3. It is sched
uled for publication (any year now) in 
the colloquium's Proceedings. The best
known results for n equals 13 through 
20 are 9, 10, 12, 15, 15, 18, 19 and 20. 

The case of n = 10 has many topolog
ically distinct solutions (see Chapter 2 
of my Mathematical Carnival), providing 
Dudeney and his American rival, Sam 
Loyd, with more than a dozen puzzles. 
When n equals 16, the best-known result 
(15 rows) is an elegant pattern of three 
nested pentagons surrounding a central 
point [see illustration on opposite page]. In 
The Canterbury Puzzles and Other Curi
ous Problems, where this arrangement 
solves Problem 21, Dudeney admits he 
cannot prove it but says he has a "strong 
pious opinion" that 15 rows is maximal. 
It is surprising and infuriating that no 
one has done better with 17 points than 
this same pentagonal pattern with the 
17th point added as a total irrelevancy. 

The pentagonal pattern appears in the 
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photograph on the opposite page of a 
blossom of Hoya carnosa, a member of 
the milkweed family. Imagine the sides 
of the outer petals extended to points as 
shown in the diagram below. The three 
largest sets of pentagon ally placed ver
texes, together with the flower's center, 
beautifully give the 15 rows of four each 
in the best-known solution for 20 points. 

The number of rows of four begin to 
exceed the number of points when n 
equals 21 (for which 23 is believed max
imal), but when n equals 18, 19 or 20, 
rows equal to n are possible. The bottom 
illustration on page 105 shows how 
Grlinbaum gets 19 rows with 19 points. 
The case of n = 20 is answered in two of 
Loyd's puzzle books with 18 rows [see 
illustration at bottom right on page 104]. In 
about 1945 Macmillan found a simple, 
beautifully symmetrical way to make 20 
rows with 20 points. It was later redis
covered by Grlinbaum, who was un
aware at the time of Macmillan's un
published results. Can readers construct 
it before I reveal it next month? 

When n equals 13, no one has done 
better than the nine rows shown in the 
illustration on page 109. Dudeney gives 
this as the solution to Problem 149 of 
his Modern Puzzles and How to Solve 
Them, reprinted as Problem 435 in 536 
Puzzles & Curious Problems (Scribner's, 
1967), a collection of his puzzles. If any 
reader can improve on this solution, I 
shall report it in a later column. 

Very little work has been published 
on rows of five or more points. Accord
ing to Grlinbaum, the best results 
known for k = 5, points five through 20, 
are 1. 1. I, 1. 2, 2, 2, 3, 3, 4, 6, 6, 7, 9,10 
and 11. I do not know how many of 
them have been proved maximal. A set 
is known of 35 symmetrically arranged 
points that determine 36 rows of five. 
Grlinbaum conjectures that no smaller 
example exists in which the number of 
rows of five exceeds the number of 
points. I know of no work that has been 
done on the extension of tree-plant 
problems to spaces of three dimensions 
or more. 

Burr, Grlinbaum and Sloane conjec-

The flower pattern: 16 points in 15 rows 

GIANT BINOCULARS! 
These large-aperture binoculars are superb! Designed by Novatrou 

lusts. to be the finest at any price, they equal or surpass models selling 

for UP TO TEN TIMES MORE! The 

incomparable instrument for long

distance or night time use they 

are endorsed by the world's 

foremost experts, Astron

omers, big-game hunters, 

ornithologists, yachtsmen, 

aviators - all agree -

you must own a pair, 

9x65 binoculars 

10x70 binoculars 129.95 
with case 

1 1  x80 binoculars 169.95 
with case 

20x80 binoculars 179.95 
with case 

30x80 binoculars 179.95 
with case 

Please add $5.00 
postage 8t handling 

Novatron� Box 531-SA, Big Bear City, Calif. 92314 

"Forme, 
life really began 

13 years ago 
with breast cancer!' 

Martha Knighton, Model 

"I know that sounds strange, but I 
do more now than ever before. Model
ling is one. And it's proved that hav
ing a breast removed is not the end of 
the world nor does it 'de-feminize'you. 

"I still swim, play golf, water-ski
everything I did before. No better, 
but no worse because of my mastec
tomy. I also have six children. And, 
believe me, that's a full-time job 
in itself. 

"Examine your own breasts. Have 
regular check-ups. And please give to 
the American Cancer Society. We want 
to wipe out cancer in your lifetime. "! 
American Cancer Society ThIS space contributed by the publisher. 8 

(40363 Big Bear Blvd.) 

The 
IMSAl8080 
personal 
computer. 

Here is a professional digital computer 
for home or business use. Complete with 
front panel, paddle switches, program 
controlled LED display, 20 amp power 
supply, card cage, PC Mother Board and 
documentation. Unassembled, it's $599. 
Fully assembled, $931. 

It's easy to program with IMSAl's 
BASIC software in 4K, 8K and 12K. 
Expandable to a powerful system with 
64K memory. It will accommodate video, 
teletype, printer or other input/output 
peripherals. 

Send one dollar for a complete 
brochure describing the IMSAI 8080, 
options, peripherals, price and specifications. 

IMS Associates, Inc. 
Dept. SA 
14860 Wicks Boulevard 
San Leandro, CA 94577 
(415) 483·2093 
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SCIBNCB/SCOPB 
Now, with the launch of the second Marisat, the new maritime communications satel
lite system blankets the sea lanes in a 120-million-square-mile area of the Atlan
tic and Pacific. For the first time, ships can communicate clearly and without 
interruption with other ships and with shore bases. The two Marisat spacecraft -
built by Hughes for COMSAT General Corporation -- are relaying high-quality voice, 
telex, facsimile, and data transmission. Vessels flying the flags of 10 nations 
already are equipped for satellite communications. The U.S. N.avy also is leasing 
a substantial portion of Marisat's capacity for its fleet communications needs. 

Men at sea have depended in the past primarily on international Morse code 
and radio telephony that often was disrupted and delayed by adverse weather condi
tions, signal fading, or crowded frequency channels. The Marisat system has eli
minated these delays. 

Marisat earth stations in Connecticut and California, interconnected with 
terrestrial networks and linked by 24-hour voice and data lines to COMSAT General's 
Washington, D.C., control center, complete the Marisat satellite system. 

Digital watch modules with three new features have been introduced by Hughes. One 
is both a regular watch and a stopwatch (or chronograph) which measures to 1/100th 
second. Another module, in addition to the usual time and date readout, displays 
a pre-programmed message of up to four five-letter words. Custom modules with 
special commercial messages or slogans are available. 

A wrist watch that's also a nine-function calculator is the third new type in 
the Hughes line. The solid-state electronic module, which measures only 1.4 by 
1.25 inches, features an eight-digit LED display for both calculator and watch 
functions. The keys of its standard calculator keyboard can be pressed with a pen
cil point. Hughes does not market a watch to consumers, but is the largest pro
ducer of modules for watch manufacturers. 

Hughes needs systems-level engineers: Sonar Systems -- design and develop surface 
and subsurface ASW tactical and surveillance sonar systems for Undersea Systems 
Laboratory • • • •  Special Projects -- engineering analysis of foreign air defense com
munications, command and control systems. Evaluation of C3 networks and system 
performance evaluation.- Requirements: BS or higher degree, U.S. citizenship. 
Please send resume to: Engineering Employment, Hughes Aircraft Company, P.O. Box 

-3310, Fullerton, CA 92634. An equal opportunity employer. 

The location of enemy artillery can be pinpointed in seconds with the U.S. Army's 
new AN/TPQ-37 artillery locating radar. Its three-dimensional antenna scans the, 
horizons with a pencil-shaped beam which moves so fast it forms an electronic bar
rier that can detect incoming projectiles as they rise above the horizon. These 
are tracked and their trajectories are back-plotted to locate the firing weapons, 
often before the first shell hits the ground. A contract for further development 
and for limited production of 10 ALRs has been awarded to Hughes. 

The ALR �an be deployed quickly and set up in 30 minutes. It has two main 
units: an antenna trailer towed by a 5-ton truck which carries the transmitter, 
receiver, and generator, and an operations unit housed in a standard S-280 shelter 
mounted on a 2�-ton truck. The shelter has room for two operators and a super
visor, although one man can do the job if necessary. 

Cre.ting • new WOfld with �/ect,onics 
r------------------, 
I I 

: HUGHES: 
I I 
L __________________ J 
HUGHES AIRCRAFT COMPANY 
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Thirteen points in nine rows of four 

ture that, with the four exceptions of n 
equals 7, 11. 16 and 19, the formula for 
the maximum number of rows of three. 
given n points, is 

1 + 
[ n(1I ; 3) ]

. 

The brackets indicate rounding down to 
the nearest integer. If the conjecture is 
correct, no one can do better with 13 
stars than 22 rows. For rows of more 
than three points there are not even 
good conjectures. 

The solution to last month's crypta
rithm is 

4379 

-----.1.2. 
39411 

30653 
345941. 

The problem appears in Joseph S. Ma
dachy's Mathematics on Vacatioll (Scrib
ner's, 1966). Other questions in July's 
column are answered as follows. 

To prove that the series 

1/1+3/2+5/4+7/8+ .. 

converges on 6, first halve each term to 
obtain 

1/2 + 3/4 + 5/8 + 7/16 + .... 

Subtract this from the original series: 

III + 3/2 + 5/4 + 7/8 + 9/16 + .. . 
-1/2+3/4+5/8+7/16+ . .  . 

1 + 1 +112+1/4+ 118 + .. . . 

The sequence at the right of the first 
term has a sum of 2, so that the entire 
series must have a sum of 3. Since this 
series is half of the original series, the 
original has a sum of 6. 

If we begin with any natural number 
and then repeatedly take the 11th root 
and multiply it by m, the limit, L, is 

mn/(n -1). 

Don Morran's proof is as follows. As
sume that mLlln approaches a nonzero 
limit L. At the limit mL1ln = L; mnL = 

Ln; Ln -mnL = 0; L(Ln-1 -mn) = 0; 
L = mn/(n -I). 

Do you want to observe 

in comfort; carry your 

"portable observatory" 

with one hand? or-

Photograph, in sharp 

detail, wildlife near at 

hand or at inaccessible 

distances? 

Or have you an industrial 

requirement, a need for 

the finest optical system 

available built into 

special ruggedized 

equipment? 

Other optical systems are 

performa nee-tested 

against Questar; why not 

come right to the source? 

QUESTAR 
DOES IT ALL 

© Questar Corporation 1973 
All rights reserved 

Questar started out in life as a fine personal telescope in the days when you either 
ordered a conventional, custom-built refractor, or built a reflector yourself if you 
had happened to come across the wonderful book "Amateur Telescope Making" 
by the now-legendary A. G. Ingalls. But Questar's originator foresaw that we were 
entering upon a period which might almost be known as "the optical age," when 
this superfine optical system would be in demand not only as a multi-purpose 
telescope but for all sorts of modern engineering developments, to permit 
miniaturization and portability that would be otherwise impossible. 

Because of its world-wide reputation for quality and versatility, Questar is the 
specified optical system, and it is on-the-shelf here, ready for many special 
applications. Our ruggedized versions save you engineering time and money. 
Why not let us help solve your problems'? 

QUESTAR, THE WORLD'S FINEST, MOST VERSATILE 

TELESCOPE, IS PRICED FROM $865. SEND FOR OUR 

BOOKLET IN COLOR WITH 150 PHOTOGRAPHS BY 

QUESTAR OWNERS. $1 TO COVER MAILING AND 

HANDLING COSTS ON THIS CONTINENT; BY AIR 

TO SOUTH AMERICA $2.50; EUROPE AND NORTH 

AFRICA, $3; ELSEWHERE, $3.50. 

BOX 520. NEW IIOPE. PENNSYLVANIA 18938 

109 

© 1976 SCIENTIFIC AMERICAN, INC



BOOKS 
Snack-food factories, biological energy, 
the new universe and Newton's alchemy 

by Philip Morrison 

SNACK FOOD TECHNOLOGY, by Samu
el A. Matz. Ph.D. The Avi Pub
lishing Company. Inc. Westport. 

Conn. ($29). Popcorn has been an 
American foodstuff at least since the an
cient deposits in Bat Cave. which were 
in place 4.000 years ago. The attractive. 
convenient. crisp white puffs expand 
from the unique kernel. which bursts 
sharply when it is heated at atmospheric 
pressure. Hundreds of square miles of 
good Corn Belt farmland are planted to 
this crop and about as much again grows 
in home gardens. It is no traditional area 
of husbandry: some 30 years ago the 
volume expansion of a good grade of 
popcorn was about 26 to one. whereas 
the expansion of the hybrids patiently 
bred at Purdue and Iowa State is now as 
much as 40 to one. (This seems a benign 
enough change: the producer cuts his 
costs and the consumer of a fixed vol
ume ingests fewer calories!) 

Popcorn and potato chips. baked 
wheaten pretzels and crackers and bits 
of cornmeal dough extruded at high 
temperature and pressure so that they 
puff into a variety of forms for sub
sequent drying-those are the chief 
American snacks. Peanuts and other 
nut meats are popular (P. T. Barnum 
brought roasted peanuts in the shell to 
New York in 1870); even pickled pigs' 
feet and beef jerky are well known. if 
rather restricted in appeal. The big vol
ume. however. is in starchy foodstuffs 
that are crisped. coated with oil. fla
vored primarily with salt and marketed 
to be eaten out of the hand. Insofar as 
French-fried potatoes and a dozen other 
savory temptations eaten avidly in the 
marketplace and the home the world 
over fit this description. it must be a 
mark of some quite general human in
dulgence. 

This coolly technical book is devoted 
to the snack-food industry in the U.S .. 
and in particular to packaged snacks to 
be eaten cold. between regular meals. It 
treats systematically the ingredients. 
equipment and processes required to 
produce the entire wide range of snacks. 
together with packaging and even the 
development of novelties. The aim is to 
introduce the reader to the quite sub
stantial periodical and patent literature. 
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The general reader will not find it all of 
equal interest. but the picture the book 
conveys is engrossing: from the pH of 
vanilla wafers to the tradition of secrecy 
in the pretzel trade. ('The production of 
pretzels is more of an art than a sci
ence.") 

For example. a special pretzel salt 
from a particular salt dome of the Loui
siana coast has the peculiar character
istic that "it breaks up into uniformly 
flat. rectangular-shaped particles upon 
crushing." A photograph is presented in 
evidence. Such granules adhere particu
larly well to the smooth. hard pretzel 
surface. and the natural salt impurities 
add a note of "huskiness." Pretzel-twist
ing machines are not described in detail; 
stick pretzels can be made with almost 
any flour. but "the flour used in twisted 
pretzels is very critical." 

The slice of peeled potato from one 
millimeter to two millimeters thick that 
is fried to become the natural potato 
chip is generally acceptable only if its 
color after frying is golden rather than 
dark brown. The slice is darkened by the 
presence of reducing sugars that react 
with cellular amino acids. Potatoes 
ought therefore to be stored near room 
temperature so as to slow the accumula
tion of the sugars; the lower the temper
ature is. the more rapidly the unwanted 
sugars form. The apparent packed bulk 
density of the thin. bent plates of fried 
potato we call chips is less than a twenti
eth of their true density. and so the pack
ing and shipping are substantially con
trolled by that loose. bulky fit. In 1971 
the ingenious A. L. Liepa patented a 
scheme for simulating potatQ chips by 
rolling out thin sheets of quite solid 
dough in which reconstituted dehydrat
ed potatoes play a major role. with sup
port from cereals and other additives. 
Carefully cut pieces are held in a saddle 
shape by molds during the frying proc
ess. Such mashed-potato chips stack 
neatly in a shipping cylinder as Pringles 
(the registered trademark of the makers. 
Procter & Gamble) at an apparent densi
ty three times greater than conventional 
chips, and they now enjoy commercial 
success. It is a clear victory of geometry 
over substance. 

The oil layer of the fried snack is a 

source of serious problems because the 
limit to the shelf life of such foods is set 
by rancid taste. which develops from the 
slow oxidation of double carbon bonds 
in the oils. The reaction is catalyzed by 
light and by trace amounts of metal 
ions. particularly copper. No copper. 
bronze. brass or Monel metal is allowed 
to touch the fat; equipment surfaces are 
preferably of welded stainless steel; the 
empty space at the top of tanks of oil is 
filled with nitrogen. Expensive products 
such as nut meats are packed in a vacu
um or are held under refrigeration. 
Opaque pigmented plastic films are al
most universal in food pouches; mois
ture loss and light leak are fought with 
composite bagging materials and some
times with a layer of aluminum foil. 

The oils favored in order to avoid ran
cidity are the saturated ones. which are 
perhaps the least healthful. The fried 
snack foods are prepared with hydro
genated soybean or cottonseed oils. Co
conut oil is widely used for spray fat. as 
on the familiar unsweetened but rich 
round crackers. That oil is based mostly 
on lauric acid. which is highly saturated 
but has a rather low melting point; the 
main carbon chain is short. only 12 at
oms long instead of the 18 or 20 of the 
commonest fatty acids. Antioxidant ad
ditives are incorporated to fight rancidi
ty; they include such unexpected snack 
ingredients as tertiary butylhydroqui
none (TBHQ). The Food and Drug Ad
ministration allows only 200 parts per 
million of fat and oil for such constitu
ents. whose side effects the book does 
not mention. 

The mechanical engineering of all this 
slicing and extruding and frying and 
packing is described here quite clearly. 
with a good many references to specific 
manufacturers. If you want to start up a 
corn-puff product line. expect to spend 
some $60.000 before installation in or
der to turn out 300 pounds of cheese 
curls per hour. You will own an auger 
feeder for the cornmeal mix. a pressur
ized collet machine with a water-cooled 
die head to turn out the puffs. a con
veyor that feeds the puffs steadily to the 
drying oven. plenty of hot air and anoth
er transfer belt that drops the dried curls 
into the tumbler where they are coated 
with oil and cheese powder. Pumps and 
blenders are required too. The packag
ing machinery is extra. A cheese curl of 
quality will run about 60 percent corn
meal collets. 25 percent oil and from 10 
to 12 percent cheese powder (mostly a 
spray-dried emulsion of cheddar. well 
salted and with added color). 

Flavors are the product of quite a 
distinct ind ustry. since synthetic flavors 
call for a heavy investment in sophisti
cated analytical techniques before the 
flavor can be caught. Snack foods gener
ally depend on rather few and simple 
flavorings. As a response to attacks 
on snack foods as "empty calories." the 
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present trend is to enrich them with sup
plemental nutrients. Vitamins are useful 
in such small amounts that it is not diffi
cult to add them. but effective amounts 
of minerals are hard to include without 
"textural and visual defects." which are 
apparent with. say. half a gram of trical
cium phosphate per portion. Protein can 
be added-with care-in the form of de
fatted soy flour. which may constitute 
up to 15 or 20 percent of the protein 
of the cornmeal puff. Pure amino acid 
supplements are possible. but they are 
tricky and not cheap. The only fat re
quired in the human diet. arachidonic 
acid or its linoleic acid precursor. is 
needed mainly for infants; there is little 
indication for adding it to the fatty 
snack foods. 

The technology laid out here is rather 
disarming. The snack-food technologist 
is trying to please. and by and large he 
takes no part in fraud or deception. That 
the result is not very praiseworthy seems 
to reflect on grander problems. from the 
motives and scale of U.S. production to 
the uses of leisure. to television com
mercials and on to the social role of 
youth and who knows what profundities 
of depth psychology. Popcorn will be 
munched. one expects. as long as maize 
grows. Close-packed potato chips and 
TBHQ antioxidant appear more tran
sient; there will be ebb and flow in the 
salience of the junk-food junkies. Sug
ar and cigarettes belong to other and 
gloomier chapters. 

ENERGY TRANSFORMATION IN BIOLOGI
CAL SYSTEMS. elBA FOUNDATION 

SYMPOSIUM 31. IN TRIBUTE TO FRITZ 
LIPMANN ON HIS 75TH BIRTHDAY. Else
vier/Excerpta Medica/North Holland 
($29.25). The genetic specificity of 
evolving life turns out to be a matter of a 
marvelous system of information stor
age and transfer. a codicil of the second 
law of thermodynamics. On the other 
hand. the activity of living forms not as 
pedigrees and species but as individuals 
functions of course under the sway of 
the first law of thermodynamics. which 
governs energy transfer. It is no less im
portant and no less molecular. for all 
that it has some of the flavor of classical 
physiology. Behind the information lie 
the long helical molecules of the nucleic 
acids. and behind the transfer of energy 
lies the relatively small molecule of 
adenosine triphosphate (ATP). The en
ergy of A TP is released when the mole
cule is cleaved by the enzyme adenosine 
triphosphatase (ATPase). In the open
ing paper of this broad and lively sym
posium. written by Fritz Lipmann. there 
is a remarkable electron micrograph. 
made by Humberto Fernandez-Moran. 
that shows the ATPase molecules lined 
up along the surface of two mitochon
dria like so many tadpoles. 

It was Lipmann who. in the years be
fore World War II. saw the key impor-

tance of the "high-energy phosphate 
bond" and gave it its wiggle symbol 
( � P). He reviews the "roots of bioener
getics" in the symposium. whose partici
pants include the household names of 
modern bioenergetics. Besides Lipmann 
himself there were Sir Andrew Huxley. 
Sir Alan Hodgkin. Sir Hans Krebs and a 
cluster of other British. U.S .. French 
and German research workers. young 
and old. Their papers are complement
ed by a report of the discussion that fol
lowed each of them. from which it is no 
surprise to glean a lot of new and fasci
nating ideas and puzzles. 

After the opening paper two reviews 
discuss the function and origin of two 
widespread cellular organelles: chloro
plasts and mitochondria. In the chloro
plasts light energy is converted into 
ATP and coenzyme and is stored in car
bon-carbon bonds. Those in turn are 
burned in the mitochondria with oxygen 
to form A TP again for powering metab
olism throughout the cell. The flow of 
carbohydrates and gases can be macro
scopic; the entire atmosphere is part of 
the process. The elaborate circuit is still 
far from being known in detail, in par
ticular the structures of the enclosing 
membranes that arrange for some re
markable chemical gradients. That both 
of these organelles arose from free-liv
ing prokaryotic cells is widely believed. 
although the descent of green chloro-

plasts from blue-green algae is the more 
easily accepted. Why are these organ
elles. like all prokaryotic cells. so 
slow to evolve. small and single-celled? 
Are they biochemical inventors rather 
than elaborating genetic systems? Lip
mann cites Fran90is J acob's answer: 
Prokaryotes do not die. A cycle of life 
and death is essential for evolution. 

One participant. F. R. Whatley of Ox
ford. tells of a form of amoeba that 
slowly poisons itself by secreting lactic 
acid. It has no mitochondria. and so it is 
in fact an anaerobic organism. but it 
needs oxygen in order to dispose of the 
lactic :!cid. Encapsulated within itself in 
small cavities. it holds a supply of aero
bic bacteria; the metabolism of those 
aerobic residents is able to "mop up the 
unwanted lactic acid" even though they 
make A TP not for the host but only for 
themselves. There is an instance of sym
biosis prior to the postulated origin of 
the mitochondrion ("an evolutionary 
fairy story"). 

Then there is the matter of light and 
life. An admirable modern review of 
bioluminescence is full of novelty. Cer
tain colorless proteins extracted from 
coelenterates emit light in a flash when 
calcium ion is added. with a good yield 
of 10 or 20 percent. The stored molecule 
need not be enzymatically modified to 
yield light; a protein-bound excited state 
radiates when it is triggered by the ion. 

Special salt crystals used to coat pretzels, from Snack Food Technology 
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ON "THE UNSUSPECTED ILLNESS" 
- HYPOTHYROIDISM 

How it can subtly sap health - physical or mental, or both 
III a remarkable variety of ways ... and a simple test you 

can use to help uncover it. 

Of all the problems that can affect health, none, it 

now appears, may be more common, more easily cor

rected, yet more often untreated and unsuspected than 

hypothyroidism, or low thyroid gland functioning. 

It's hardly a new story that severe thyroid deficiency 

can have its obvious and devastating effects. But evi

dence has been mustered now that hypothyroidism in 

mild or moderate form can be responsible for any or 
many of an astonishingly large number of diverse prob

lems, ranging from low energy and excessive fatigue to 

repetitive infections and chronic headaches, and from 
circulatory disturbances and stubborn skin disorders to 
difficulties with memory and concentration, and even 

mental depression, to name just a few. 
Moreover, thyroid deficiency-with startlingly high 

incidence, affecting, according to one estimate, 40% 
of the population to some degree-may have much to 

do with blood cholesterol elevation, atherosclerotic 
disease of the arteries, and heart attacks. 

Yet it commonly escapes diagnosis-for one reason, 
because of the failure of many physicians as well as 

lay people to recognize that low thyroid function can 

have effects that vary considerably from one victim to 
another; and, for another reason, because commonly 
used tests are not always reliable. 

The controller and the confusion 

It's almost impossible to exaggerate the importance 

of the thyroid, a small butterfly-shaped gland in the 

neck that weighs less than an ounce. 

It is the thyroid which controls metabolism-the 

process by which nutrients are transformed into energy 

and many essential chemical reactions in the body are 

carried out. 

Minute secretions of the gland-less than a spoon

ful a year-are responsible for much of the body's 

heat production; they help maintain blood volume and 

the vital flow of the circulatory system; are essential 

for muscle health; and heighten the sensitivity of 

nerves. Every organ, tissue and cell in the body is 
affected by the hormone secretions of the thyroid. 

Both the cretin child and the myxedematous adult 
demonstrate the all-pervading influence of the thyroid. 
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YOU HAVE BUT ONE LIFE 
doesn't it make sense to find out how 
to take the best care of it you can? 

What keeps well people well? Medical If You Sit At a Desk All Day, how to Trace Minerals • • • Part II: On your 

men have long concentrated upon sick avoid a pot-belly and double-chin. danger from cadmium in the water 
people and how to get them well .. , Never Take a Chance. Never Ignore you drink and the food you eat-and 
not upon well people and how to keep Any Sign of a TIA (Transient Ische- how to protect yourself! 
them well. Now many top research mic Attack) such as a sudden tem- Dr. Hans Selye: On Stress Without 
scientists are concentrating their ef- porary weakness of an arm or leg. Distress. Your mind can make or 
forts on preventive medicine ... how break you! 

The Anatomy of Courage. Some truths to keep well people well. 
b I'f The B Vitamins • • •  Part I. On B'2 • • •  a man must learn to accept a out 1 e. 

May we suggest that you get the bene- When to suspect a deficiency of this 
fits of this new research for yourself? 120/80 or what? High blood pressure: remarkable vitamin in your diet. 
Do as so many thousands of execu- the hidden hazard of your executive 
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tives do. Subscribe to Executive job. 

Hurry-up Disease." Why it may be a 
Health Report. The members of our The executive's dilemma: "Now I lay key factor that triggers heart attacks 
Editorial Board are among the world's me down to sleep" (I hope!). at 40. 
most distinguished authorities on pre- On "The Horizontal Exercise." New The B Vitamins • • •  Part II. On Vita-
ventive medicine. Their wise advice research findings about sex and how min B6 (Pyridoxine) "The Sleeping can help you not only live longer but to keep your middle age young! Giant of Nutrition." enjoy those extra years! (Note their 

Professor John Yudkin: On "This Dr. Linus Pauling: For The Best of 
high qualifications as shown on oppo-

Slimming Business" • • . The truth Health, How Much Vitamin C Do You 
site page.) 

about the prevention and cure of over- Need? 
Executive Health Report is not sold on 
newsstands but only by private sub-
scription at $18 a year in the U.S.A. 
and its possessions. $19 a year in 
Canada and Mexico. All other coun
tries $24 by surface mail, $28 by air 
mail. Individual reports (back issues) 
$1.50 per copy. 

Subscribe now under this unusual 
introductory offer: 

( 1 ) Your choice of any three of the 
reports listed below ($1.50 each) 
FREE! 

(2) Your money back at anytime 
during the entire year if you do not 
find our reports live up to your ex
pectations. 

Never forget: "Men's lives are 
chains of chances" but as Euripides 
saw clearly so long ago: "Chance 
fights ever on the side of the prudent." 
Your only insurance against "tomor
row" is what you do today . You have 
but one life ... doesn't it make sense 
to find out how to take the best care 
of it you can? 

Please study the reports listed here 
and circle your three choices: 

Sir Hans Krebs, M.D.: On the overuse 
and misuse of medication. 

Dr. Alton Ochsner, "On the Role of 
Vitamins C and E in Medicine." 

James Greenwood, Jr., M.D. On Vita
min C in the Treatment of Back Pain. 

Mark D. Altschule, M.D.: On the Much 
Maligned Egg. Are we taking a lot of 
pleasure out of eating unnecessarily? 
Mark D. Altschule. M.D.: What Causes 
Your Arteries to Harden. 

On Fatigue, the Great Deceiver: Why 
most men never get their "second 
wind." 

weight! 
Dr. Linus Pauling: What About Vita

min E? Eminent investigators now 
suspect it may be one of the key fac
tors to help resist disease and slow the 
aging process. 
Go easy gentlemen, too much social 
drinking damages your liver (even 
though you may feel well, eat well, 
and never get tight!) 
Nothing to fool with: It's that danger
ous old devil, your prostate. 
"The non-dieting diet." Walking is 
magic to keep or win back a strong, 
lean body (and that is just the first of 
its great health benefits.) 
On how to live 90 to 100 healthy 
years! (The syndrome of longevity 
. .. its 7 great "constants"). 
On The Arthritis Mystery. Can what 
you eat-or don't eat-make you ar
thritis-prone or arthritis-resistant? 
Alton Ochsner, M.D.: On "The Chair 
Disease" ... Why blood clots in your 
veins are a little-realized occupational 
hazard of desk-bound executives. 
Trace Minerals . . • Part I. On chromi
um deficiency and atherosclerosis. 

The B Vitamins, Part III . . . On 
Biotin and Pantothenic Acid. 
The B Vitamins, Part IV • • •  On Folic 
Acid: The most commonly deficient B 
vitamin. 
George C. Griffith, M.D.: On those 
irregular heart beats (arrhythmias). 
Some mean little or nothing, but others 
warn your heart is in trouble. All call 
for a doctor's immediate examination. 
Ross Hume Hall, Ph.D.: Beware of 
those fabricated foods. There is still 
too much we do not know about all 
the chemical additives that are hidden 
away in the fine print on the labels 
of processed foods. 
Roger J. Williams, Ph.D., D.Sc.: On 
your startling biochemical individual
ity. Some amazing facts about your 
body you need to know if you want 
to understand yourself (and other 
people) better. 
On "The Unsuspected Illness"-Hypo
thyroidism. How it can subtly sap 
health in a variety of ways ... and a 
simple test to uncover it. 
Please use the coupon below, under 
our money-back at any time guar
antee. 
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In life the package is held within some 
compartment and triggered. most likely. 
by electrical action potentials. The tiny 
sparks of light that glow with every 
wave and ripple in tropical seas display 
the emission by dinoflagellates. Parti
cles in the cell flash when the pH is low
ered in the presence of oxygen. Here the 
"precharged" carrier protein releases its 
excitation whenever the molecule is 
freed to reach the enzyme. The tiny cell 
moves strictly with the sea. but the iner
tial difference between the cell and its 
flagella flexes that delicate bond and 
evokes some action potential that trig
gers the flash. 

Why should a microorganism glow? 
It has no eyes. no signaling partners. To 
be sure. the total energy evolved in the 
flash is small; glowing cells expend per
haps 1 percent of their total energy in 
light. but our eyes are so sensitive that 
we perceive that emission. Perhaps the 
flashes frighten the grazing predators of 
the algae or even expose the grazers in 
turn to their own predators. One form of 
reef fish has luminous bacterial sym
bionts that it keeps in a lantern pouch. 
complete with shutter. 

Visual purple. or rhodopsin. is a fa
miliar specialized protein in the retina. 

through which the energy of photons is 
converted into the firing of neurons. A 
brief but comprehensive piece by the 
TUbingen biologist Dieter Oesterhelt re
views the remarkable work he and his 
California colleagues have done in the 
past few years. They have found that 
same purple substance in the membrane 
of a bacterial cell living in extreme salt 
concentrations. The patches of retinal 
purple serve. in these halobacteria. to 
produce ATP with photon energy in 
place of chlorophyll. which these bacte
ria lack. The informational photosensor 
here becomes an energetic photo trans
ducer. There is evidence that the funda
mental mechanism is a light-driven pro
ton pump. in which ATP is made at once 
when the light is turned on. The pump
within the structure of the purple mem
brane-produces gradients in potential 
and pH that in some way convert adeno
sine diphosphate (ADP) to A TP without 
a chain of intermediate compounds. 

Finally. energy must lead to .life in 
motion. A TP somehow energizes the 
long. interleaved. parallel fibers of stri
ated muscle. sliding them past one an
other without any change in fiber length. 
This model is discussed in depth by 
Huxley and Torkel Weis-Fogh in partic-

ular. Their discussion brings out the ex
istence of three distinct biological mo
tors. One. on the smallest scale. is the 
rotation of bacterial flagella at their 
roots. It is not immediately fueled by 
ATP. The second is the world of muscu
lar motion we mammals share with all 
other advanced forms. the "active slid
ing" fueled by the hydrolysis of ATP. 
The third is new: a genuinely contractile 
system of rods. more or less rubberlike 
structures whose length is directly af
fected by calcium-ion concentration. 
These are seen clearly in some small co
lonial marine ciliates resembling tiny 
sea anemones. 

Not all the papers here are sufficiently 
general for the inexpert reader; one of 
them dwells on a heterodox view of 
thermodynamics. not at all persuasive
ly. Overall. however. the symposium is a 
feast that allows any reader with an in
terest in biology at the molecular or bio
chemical level to come in direct contact 
with a few outstanding research workers 
who span a full generation. 

BLACK HOLES. QUASARS, AND THE 
UNIVERSE, by Harry L. Shipman. 

Houghton Mifflin Company ($ 12.95). 
"While I try to avoid speculation. I have 

Globular ATPase molecules are lined up along two mitochondria in electron micrograph by Humberto Femandez-Morall 
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found that nonastronomers are general
ly interested in the most speculative 
parts of the field." The young theorist 
who has written this elementary intro
duction to the trendiest topics in physi
cal science today has faced that problem 
with discrimination, honesty and good 
humor, attributes that are lacking in the 
other books aimed at the same readers. 
There is not one equation, although the 
book does not avoid the indispensable 
numerical results that alone can make 
such a strange domain accessible. Pro
fessor Shipman's style is informal and 
ingratiating, with little of the detached 
passivity of the journal page; at the 
same time his aim is clarity, not exhorta
tion. From the beginning he makes it 
plain that theories are "castles in the 
air," describing a model world and not a 
real one. The observations too are mere 
images: voltages and developed silver 
grains are not themselves quasars. We 
try to match the airy world and the 
imaged one; in astronomy today, un
like in the days of Newton and Hal
ley, we claim prediction rather less than 
we seek understanding. The Pygma
lion syndrome-infatuation with one's 
own model-is a classical danger and 
is "moderately prevalent among black 
hole theorists, so watch out for it." A 
successful revolution in science is not 
the usual outcome of each powerful 
challenge to the established view. The 
odds are with the conservatives. It seems 
now that the ingenious and attractive 
steady-state cosmology was one more 
attempt at a revolution that failed. Like 
history, science does not end; the few 
loyal partisans of such a cosmology who 
survive are off in some mathematical 
fastness of infinities and antimatter, lay
ing their plans to capture the microwave 
radiation. 

This approach, a candid and self-con
scious discussion of method and change 
in science, takes little space, but it marks 
this book apart from the thrillmongers. 
The substance comes out, for example, 
in several summary lists that present 
in clear tabular form the various succes
ses and failures-the evidence for and 
against certain novel ideas. 

The first of the three parts concerns 
black holes. It begins quite helpfully 
with an overview of the iarger ideas of 
stellar evolution, and of white dwarfs 
and neutron stars in particular. Then it 
treats carefully the strange model of the 
event horizon, aided by a long numeri
cal table of what a distant observer and 
an infalling probe (or unhappy astro
naut) might experience. The topic turns 
next to the search for real black holes, 
the ambiguous case of the peculiar bina
ry Epsilon Aurigae and the more per
suasive, if still open, example of Cygnus 
X-I. A brief account of "frontiers and 
fringes" follows, in an effort to part the 
wilder proposals of wormholes and 
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Synchrotron radiation is explained in Black Holes, Quasars, and the Universe 

white holes from better-founded black
hole structure theory. A skeptic might 
complain a little that even the Einstein 
field equations, well tested and elegant, 
are not able to yield black holes without 
certain quite far-reaching extrapola
tions. 

The second portion of the text treats 
galaxies (a little sketchily) as a prelude 
to active galaxies. Much space is given 
to a very simple account of radio inter
ferometry, the wonderful means of find
ing the radio fine structure of quasars 
and their kin. Quasar theories are treat
ed with as much care as they deserve, 
and the rebellious view that the red shift 
is misleading us about quasar distances 
is fairly, if skeptically, presented. 

The third and shortest portion of the 
text surveys cosmology. There is no 
more up-to-date popular treatment of 
the troubles of the old Hubble program 
and its present state. The microwave 
background radiation is given the top 
billing it requires, with a helpful set of 
graphs reviewing measurements. The 
book ends with a neat two pages sum
marizing cosmological facts, theory, in
formed opinion, unanswered questions 
and speculation, "leaving the problems 
of creation to the philosopher and the 
theologian. " 

Handsome diagrams adorn many 
pages of this well-presented book. The 
level of exposition, although logically 
high, is surprisingly elementary in terms 
of assumed preparation in science. 
Simplified sketches show a rocket that 
reaches-and one that does not reach
the velocity of escape, synchrotron radi
ation drawn as waves of differing length 
out of a coil-wrapped sheaf of lines of 
force, the blue shifts and red shifts of a 
diagrammatic spectrum from a single-

line spectroscopic binary and so on. On 
the other hand, there are diagrams of the 
innermost galaxy, of a quasar model 
and of the stages of the big bang that are 
much more demanding. 

There are a few oversights. The edi
tors must have cut out the comparison 
photographs that would have made the 
supernova of 1939 meaningful. The text 
certainly plays down the enormous en
ergy in the extended radio lobes of such 
quasars as 3C 273; Professor Shipman 
sets quasars off from radio galaxies a 
good deal more strongly than seems jus
tified. The volume is a real success on its 
own honest terms, and it can be recom
mended for the general scientific reader 
who wants a treatment that will supple
ment articles in magazines or enrich and 
update a more formal course in astrono
my at the introductory level. There is a 
good, if brief, annotated bibliography 
that includes original papers. 

Are we at the edge of new physical 
laws? Sir Fred Hoyle asked three years 
back: "Do we cross a bridge into wholly 
unfamiliar territory?" Shipman com
ments: "As I have worked on this chap
ter, I have seen this fascinating bridge in 
front of me. But does it lead to the 
Promised Land or off a cliff?" Perhaps it 
leads, as it has so often before, to the 
qualitative modification of a splendid 
theory such as general relativity-but 
only across the stream, beyond the do
main in which it has so far withstood 
quantitative test. 

THE FOUNDATIONS OF NEWTON'S AL
CHEMY, OR "THE HUNTING OF THE 

GREENE LYON," by Betty Jo Teeter 
Dobbs. Cambridge University Press 
($22.50). "For no man lives that ever 
hath seene I Upon foure feet a Lyon 
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colloured greene." So runs a verse pub
lished by an English alchemist, a con
temporary of Isaac Newton. The verse 
was abstracted at Trinity College by 
Newton sometime between his early op
tical publications and his great book of 
mathematical-mechanical principles. 
Newton added a couple of pages of his 
own notes to this rather undistinguished 
work of "spiritual alchemy." "The script 
contains ye Regimen of ye work in com
mon gold after ye Philosophers' mercu
ry is made." Newton himself aimed at 
the great work: transmutation. 

This study is the most explicit exami
nation of the bulky alchemical papers of 
Newton (a couple of thousand pages, 
almost all in his own hand) that has been 
reported in a long time. We know well 
that Newton worked seriously at trans
formations of matter. "About 6 weeks at 
spring, and 6 at the fall, the fire in the 
elaboratory scarcely went out.... His 
brick furnaces ... he made and altered 
himself." Professor Dobbs has made an 
admirable start at the refining of New
ton's mind, but that great work has only 
just begun. 

It is made pretty clear that Newton 
was primarily devoted not to the spiritu
al alchemy, which was "a way of life " 
for the quasi-religious adept, but rather 
to laboratory alchemy, which was at 
heart a true study of matter, if a more 
philosophical study than most metallur
gy today. Another historian has made it 
plain that all Newton's studies were ani
mated by "one overwhelming desire, to 
know God's will through His works in 
the world." Newton had good reason for 
seeing in himself a scholar set apart, des
tined to sift the knowledge of past and 

present. All one to him were cryptic al
lusions by alchemical Rosicrucians or 
by the Fathers of the Church, the work 
of a prism on sunlight, theorems on con
ic sections, the orbital measures of the 
Cassinis or the look of the crucible full 
of the reduced "Greene Lyon, " which 
was the "crude and immature " ore of 
antimony. 

The most remarkable yield of Profes
sor Dobbs's learned and painstaking 
study is the evidence of Newton's suc
cesses in the toxic small-scale heavy
metal metallurgy he undertook so labo
riously (and perhaps dangerously) at 
those brick furnaces. Where the adepts 
wrote of a "Philosophers' sea " with fat 
and scaly little fishes, and of the skillful 
fisherman who might take them "with a 
finely woven net," Newton saw a literal 
network formed over the surface of the 
frozen impure alloy of copper and anti
mony: "noe pit but a net work forme 
spread all over ye top." He made many 
trials and summarizes the results over a 
range of proportions. In another and 
fascinating paper (Keynes manuscript 
18), which the author argues strongly is 
Newton's own, the alchemist went on to 
describe "a mercury as living and mo
bile as any mercury found in the world. 
For it makes gold begin to ... spring 
forth into sprouts and branches, chang
ing colors daily, the appearances of 
which fascinate me everyday." He had 
reached, he may well have thought, the 
philosophers' mercury, the essence of 
fluidity in metals, with the tail of the 
peacock. "I reckon this a great secret in 
Alchemy." 

We no longer look for a seamless posi
tivism in the old masters. Indeed, it little 

"Star regulus" pattern in antimony metal, from The Foundations of Newton's Alchemy 
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becomes us who live in a world where 
plutonium is a potent commodity to re
gard transmutation as irrational or in
conceivable; it is now done wholesale. 
All simple particulate theories of matter 
surely predict it. Newton, like Boyle, 
tried to find it. They failed only quanti
tatively: they did not have enough ener
gy. Neither, of course, was free of myth, 
but they sought the key to the inner na
ture of matter eventually in the furnace, 
guided but never ruled by the strange 
allusions and metaphors of their mysti
cal predecessors. 

Here the historian has examined 
mainly the writings and intercourse of 
the 17th-century alchemists, among 
whose work Newton was convincingly 
at home. Her arguments flow from 
weighing the experiences of Newton as 
he read, copied, argued, pondered. The 
case seems strong: he did not flee the 
mystery men, as he did not flinch from 
the Book of Revelation. He looked to 
both for clues and guides. One piece of 
the furnace world enters this history in 
evidence. It is the star regulus of anti
mony, shown in a splendid photograph 
from the Science Museum in London. 
The remarkable dendritic network seen 
in this material can either suggest a radi
ation outward or, seen as "lines radiat
ing in to a central point," connect direct
ly with the ideas of particulate attrac
tion that underlie Newton's most evi
dent success. That success, however, lay 
not in the idea itself, widespread and at 
least as old as the works of William Gil
bert and Kepler, but in Newton's magis
terial brand-new quantitative exploita
tion of it. "Halley asked him how he 
knew it? Why, replied he, I have calcu
lated it." On the other hand, he pub
lished no alchemical results, perhaps be
cause he could find there no single prop
osition as clean as ·the dispersion of a 
prism or the beat of a pendulum. 

It is a real debt we owe historians such 
as Dobbs. The word is a mirror of 
thought, and they carefully assay the 
words. But Newton is not all in words, 
or in metaphysics, or even in the ambi
ent world of thought. He is revealed in 
other tongues, surely in mathematics 
but also in the daily renewed fascination 
of the furnace. It is not enough to men
tion vaguely "some sort of stable in
termetallic compounds" or conclude 
that "now no one considers doing such 
an experiment." Paradigms and precon
ceptions are certainly important, but the 
actual journey to a world as pungent as 
the "elaboratory" cannot be slighted. Of 
course, we do not expect to find in the 
fire a mystical peacock or even the true 
transmuting mercury, but we may find 
among Newton's "sprouts and branch
es" more of the mind of the 17th-centu
ry founders of science than we yet know. 
Enough of bookstacks; Clio, to your 
furnaces! 
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